Journal of Cleaner Production, Volume 202, Issue November, 2018, pp. 779-791
DOI: 10.1016/j.jclepro.2018.07.308

Agricultural development in Ecuador: a compromise between water and food security?
Gloria Salmoral®, Kaysara Khatuli, Freddy Llivé® Cristina Madrid Lop€?%

a. Centro de Prospectiva Estratégica (CEPROEC), instite Altos Estudios Nacionales,
Ecuador.

b. Environment and Sustainability Institute, Colledd=agineering, Mathematics and Physical

Sciences, University of Exeter, UK.

Cranfield Water Science Institute (CWSI), Cranfieddiversity, Cranfield MK43 0AL, UK

Environmental Change Institute, Oxford Universitgn@e for the Environment, UK

Ministry of Agriculture and Livestock, Ecuador.

School of Forestry and Environmental Studies, Yéeversity, United States.

g. Institut de Ciencia | Tecnologia Ambientals, Unsiéat Autonoma de Barcelona, Spain.

=0 Qoo

*Corresponding author. Email here: gloria.salmoral@field.ac.uk

Abstract

Ecuador is facing several threats to its food aradewsecurity, with over a tenth of its
population currently undernourished and living overty. As a response, its government is
incorporating new patterns of land use and devefppegional water infrastructure to cope
with the related challenges. In this study, we ss$e what point these efforts contribute to
integrated water and food security in the couritAe investigated the period 2004-2013 in
the most productive agricultural region - the Gugayeer basin district (GRBD) - and
analysed the impacts of different scenarios ofcadfiral change on local water security. Our
approach integrates MuUSIASEM (Multi-Scale Integdafenalysis of Societal and Ecosystem
Metabolism) with the hydrological SWAT model. Frestter allocation is evaluated within
all the water cycle from its source (natural syseno the final users (societal systems).
Water security is assessed spatiotemporally indesfiwater stress for the population living
in poverty. Water productivity is obtained in rébat to agricultural production and nutrition.
The multi-scale analysis shows that whereas abmaltilevel the median annual streamflow
has a similar magnitude than rainfall stored inl,sthese two parameters differ
spatiotemporally at subbasin level. The study fitiesgreatest challenges in achieving water
security is the south-east and central part ofGRBD, due to water scarcity and a larger
population living in poverty. However, these area® also simultaneously, where the
greatest crop water productivity is found. We cadel that food production for both
domestic consumption and market-oriented exports ba increased while meeting
ecosystem water demands in all the GRBD regiongmxior the east. Our integration of
methods provide a better approach to inform integrdand and water management and is
relevant for academics, practitioners and policyenalalike.

Keywords: irrigation; national development policy; SWAT; wataetabolism; Socio-
Ecosystems.
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Agricultural development in Ecuador: a compromise between water and food
Security?

1. Introduction

Ecuador faces an important food security challeivgaere approximately two million
people - 11% of its population - are undernourisiEAO, 2017). In response, the
government has implemented a legal reform that revesh food sovereignty in its
Constitution (Republica del Ecuador, 2008) follogvithe principles of the National
[Development] Plan for Good Living—-NPGL- (SENPLADES, 2013). The NPGL
principles were incorporated into the Food SovergigRegime Organic Law of 2009,
which sought to avoid further monocultures and mles support for local farmers in the
country. It has resulted in a raise of public ine@nt in agriculture from $93 million to
$268 million in the period 2003-2009 (Nehring, 2D1Pespite legal efforts, public
investment has not achieved local food securitytli@ncontrary, it resulted in an increase
in food production for export — a similar trendaiter Latin American countries (Falconi et
al., 2017).

The country has a large water endowment (averageffriof 1,275 mm), but it also

presents an unequal distribution of water throughcegions and dry-wet seasons
(CISPDR, 2014). A number of studies assess theigdlysnd social drivers of Ecuador’s
water allocation within the water cycle. These ugd the effects of land use change
(Espinosa and Rivera, 2016) and climate change iflélaét al., 2015) over freshwater
provision or the contribution of paramo and aguifeetention capacity to baseflow
(Guzman et al., 2015). Research has also addréssedle of water user organisations in
water management (Hoogesteger, 2013) and howutistil reforms strengthen water
rights (Cremers et al., 2005) of local irrigaticanmamunities. Those studies focus mainly on
small (i.e., <500 ki) highland catchments from the Andean region, bulate and to the

! The National Plan for Good Living (Plan del Bueivi¥) comes out at four-year intervals (2009-2013
followed by 2013-2017). It is based on the indigegnh®Quechua concept of Sumak Kawsay (Buen Vivir) - a
social paradigm - with objectives to ‘better thalify of life of the population, develop their cajitees and
potential’.
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best of our knowledge there are no detailed spatipbral assessments of Ecuador that
cover the distribution of available water resourdasd use distribution (including irrigated

areas) and their assigned water demand. More ity there are no studies on the areas
with larger population densities of people living poverty and where the most valuable

crops are produced.

Distribution of available water resources will alskely be affected by future political
decisions, related to changes in agricultural lpattierns and water infrastructure, to ensure
local and global food demand. The National Hyd@a®lan (period 2014-2035) and the
National Plan for Irrigation and Drainage foreseeirecrease of the irrigated area by 53%
(from 941,000 to 1,443,000 ha) (MAGAP, 2013) arel élisting reservoir volume by 90%
(from 7,690 hm to 14,672 hrf) (CISPDR, 2014), showing a strong connection betwe
food and water security. Thus, for successful immaetation over time, both agricultural

development and water resource management musileeent.

Integrated Land and Water Resources ManagementRNMWs a scientific approach that
highlights the connections between land and watanagement with the purpose of
strengthen their interaction (Falkenmark et al140ILWRM builds on Integrated Water
Management principles, but it provides a furthepsio environmental evaluations due to
the considerations of water-land interactions atltital level ipid). Indeed, local issues
are more tractable because the systems co-exibdoe (de Loé and Patterson, 2017).
Despite the scientific consensus on the usefuloegee approach, ILWRM has had limited
practical applications by water practitioners anacks explicit consideration on
environmental policies and development plans. Foangle, in Europe, the Water
Framework Directive does not mention the relevaame effects of land use changes and
practices on available water resources, which leaslted in a disconnection between
agricultural and water policy objectives (CabellndaMadrid, 2014). Moreover, certain
agricultural policy measures also determine larelaanagement practices with effects on
water allocation (Salmoral et al., 2017). This laéso been the case in Ecuador, where
national development plans, aim to increase foogipion by including additional irrigated
areas and changing crop patterns distributions, thete is no evaluation on the

implications of such decisions on local water reses.
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We focus on the Guayas river basin district (GRB®&),it is central to Ecuadorian water
and food security. The study aims to answer tHeviing questions: 1) What are the water
needs for food security in the GRBD? 2) How doeedfesecurity and the related
agricultural development affect water security? paper is organized as follows. Section
2 describes the selected case study and the ILWRMad, which combines MuSIASEM
(Multi-Scale Integrated Analysis of Societal andoggstem Metabolism) (Giampietro et
al., 2009) and the hydrological model SWAT (Soitlaivater Assessment Tool) (Arnold et
al., 1998). The applied indicators for food andevatecurity links and water productivities
are described and scenarios towards water and deodrity aims presented. Section 3
shows the main results, also including an evalnatibwater and food security changes
under the proposed scenarios. Section 4 discusseslevance of our method and obtained
multi-level results, and highlights the pressureslacal water resources as well as the

related implications of national development styags for water and food security.
2. Materialsand methods
2.1. The Guayasriver basin district

The Guayas river basin district (GRBD) has a larehaf 44,532 ki(i.e., 16% of the
country surface) and provides water resourcestfouta6 million inhabitants (i.e., 40% of
the national population (INEC, 2015)). In 2010, tBBBD contained 380,840 ha irrigated
land, which holds 57% of the national agriculturabated area (CISPDR, 2014; CISPDR,
2015). The GRBD is a humid tropical system compgsa rainy season from December to
May and a wet one for the remaining months. Theeepaecipitation variations from the
north (2,900-3,100 mm) to the south (300-700 mMBRDR, 2015). The GRBD contains
the largest share of the national agricultural &oedhe region’s most significant crops i.e.,
rice (96%), banana (68%), sugar cane (97%), coB%o}f5, coffee (33%) and palm oll
(19%) (MAGAP, 2015) (Fig. 1; Table Al).
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Fig. 1. Location of the Guayas river basin distidain land use classifications and irrigated areas
are shown.

2.2. Studying the water metabolism within ILWRM

ILWRM analyses face an important ‘issue of sca@urfiming et al., 2006) because joint
water-land analyses require the simultaneous adlopti different spatial-temporal scales.
These differences are marked by water and land ndipsa with differing cycles and
geographical boundaries. To address these fadtirstudy assesses the water metabolism
of socio-ecological systems from an ILWRM perspeztising MuSIASEM (Giampietro et
al., 2009).

MUSIASEM is a very powerful framework for the argil/ of water use and its resulting
impacts (Madrid-Lopez et al., 2014; Madrid et @Q013; Serrano-Tovar et al., 2014).
However, it needs to be adapted to soil and larel dygramics for its application to
ILWRM. Fig. 2 shows a chart that summarizes theptaton and how the water
metabolism of socio-ecosystems is conceptualizé. dpper part connects the flows of
water that reach the land surface and are avaiktiilee ecosystem level with those water
flows used for food production. The lower level wisothe structural organization of each
system and the factors that transform them: clinchBnge, ecosystem water requirements
and food provision. Policy making is an importaattpof the metabolism, as it guides the

biophysical flows that and has a direct influenaerowater and food security. Current
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policy goals have been used in the analysis tallsgenarios. They are further developed

in Section 2.5.
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Fig. 2. The water metabolism of the food socio-gsten of the Guayas river basin district.
Adapted from (Madrid-Lopez and Giampietro, 2015).

2.3. MUSIASEM-SWAT integration

In this study, MUSIASEM serves as a framework iniochhh(1971) Georgescu-Roegen’s
‘flow’ and ‘fund’ concepts are used to structure timalysis. Funds refer to the components
of the socio-ecosystems, which must be maintaitregg, people, river patterns, etc.) In
general terms, a specific analytical tool is chosenording to the type of flow to be
studied. The results of this analysis are contdizeehwith a study of the fund elements. As
this study focuses on a river basin district, we thee hydrological model SWAT (Arnold
et al., 1998). SWAT is able to simulate ecosysteatewfunds and societal water flows and
integrate different spatiotemporal levels of wdserd links. The model presents the
capacity to combine hydrological components witlplant growth module, which is
essential for the assessment of agricultural priboluén our study. However, it fails to tell
the story behind those flows, thus the fund desionpof MuSIASEM is used for their

contextualization.
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We use SWAT parameters as proxies for the estimatidive different water metabolism

semantic categoriésas presented in Madrid-Lopez and Giampietro (2(I4ble 1):

Ecosystem water fund®fer to the natural runoffR{s;) and soil water storage

(SWScosystems patterns Ryar and SWecosysiem@ire calculated following Salmoral et al.

(2017).

Ecosystem water floweefers to the water demand from terrestrial andatq

ecosystems for their proper functioning.

Societal available watefSAW is the amount of water that can be used by spciet

taking into account constraints of ecosystem walemands and available

infrastructure.

Gross water appropriatiofGWA) includes the consumptive (i.e., evaporation,

transpiration, integration into a product, or reke@to a different drainage basin or

the sea) and non-consumptive (i.e., water useddoling or polluted water) water

used for human activities.

Net water us€NWU) considers only consumptive water that has agtumden used

(excluding losses).

We perform a monthly step analysis during the per&®04-2013 for each subbasin

generated by SWAT. The outputs are later summabetthe total river basin district and

at yearly steps. The detailed information requitedun SWAT, design the model and

evaluate its performance is included in the Supplaal Material.

Table 1. Water metabolism semantic categories addptm Madrid-Lopez and Giampietro (2014)
and the proxies estimated with SWAT.

Water

Water metabolism

. Water types SWAT parameter
function category

Natural runoff R,a) Streamflow without human abstractions

At annual step: evapotranspiration without
. irrigation practices
Fund Ecosystem water (SSO\I/|\/$ watne)sr storage At monthly step: sum of the soil moisture and
cosyste effective precipitation at the beginning of each
month
Flow Environmental flow River flow left to the aquatic ecosystems

Ecosystem water

requirementsFR)

Evapotranspiration Evapotranspiration from teriakgcosystems

2 More details in Supplemental Material
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from the environment

Water yield without human abstractions minus
Available streamflow environmental flow requirements. It only

(lelxl%wster (Rhat— EFR considers surface water connected to active
Societal lu shallow aquifer.
Fund available Reservoirs $Te) Water stored in reservoirs
water At annual step: evapotranspiration without
(SAW Green Soil water storage for irrigation practices for croplands and pasturelands
water human purposes At monthly step: sum of the soil moisture and
(SAWreen  (SWRuman effective precipitation at the beginning of each
month for croplands and pasturelands
Househ(_JIds water Gross water withdrawn
abstractions
Industry_ water Gross water withdrawn
abstractions
Surface water
Gross water . . .
. evaporation Evaporation losses from surface water bodies
appropriation GWA
Agricultural irrigation Gross irrigation from surface water and reservoir
water abstraction? sources
Agricultural soil water Evapotranspiration in  agricultural  areas,
flows excluding irrigation
Flow Householt_js water Net water withdrawn
consumption
Industry . yats( Net water withdrawn
consumption
Blue water Surface water
Net water (NWU, e . Evaporation losses from surface water bodies
use evaporation AR .
(NWU) Agricultural  irrigation SN(;eljr(l:rélsgatlon from surface water and reservoir
water consumptioh®
Green . . o . .
water Agricultural soil water Evapotranspiration in  agricultural  areas,
flows?® excluding irrigation source
(NWUyeer) 9mg

)1t does not consider losses during water distrdsuti
@ Ppart of the water consumed for local agriculturadduiction will be exported in the form of
virtual water

2.4. Evaluating food and water security linksand water productivities

The evaluation of food and water security has bassessed with three different
approaches

» Water security can be framed focusing on quantitg availability of water
(Rodrigues et al., 2014), which in the end is akdated to food security to meet

agricultural needs (Cook and Bakker, 201BJue flow/fundshows the water stress

® See Supplementary Material for more details réggrothethods and data used.



154 by subbasirs and monthm and is quantified as a ratio of water consumedsdter

155 available:
156

_ NWUpe
157 blue flow/funds,, = AW [1]
158 Where, NWU,,s net water use in streamflow (volume tifie SAW e
159 societal available water in streamflow (volume ftithe
160 Similarly, green flow/fund
161 green flow/fundg, = NWSU% [2]
162 Where, NWUyeen agricultural soil water consumption from rainfalburce
163 (volume timé"); SWS soil water storage (volume timg
164 NWU,,e andSAW,e are calculated as the sum of the flows and fundsif subbasins
165 upstream of the subbasin under study. In conthédtlleenand SWSonly refer per
166 subbasin.
167 * Blue water security is also evaluated with a weaghtopulation under poverty by
168 the volume of unavailable water per unit of dramageaPoverty water unsecure
169 sm iN inhabitants fim?), when net blue water use exceeds societal al@iedter:
170

POPUZationpoverty X (NWUppe — SAWpie )
drainage area

Poverty water unsecureg,, =

171 if NWliue > SAWue

172 [3]

173 Where, populationpeverny Population under poverty for each drainage area,;
174 drainage area sum of the total upstream subbasin area for each
175 under study ()

176 In the GRBD a total 3,681,472 inhabitants are atereid to be living in poverty
177 (INEC, 2011; CISPDR, 2015).

178 « Crop water productivity QWP in kg/nt) and crop water nutritionQWN kcal/L)

179 assess the level of food production in relatiow&er consumption, including both
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blue and green water. These are calculated at sublezel and annual resolution in
dry matter content for croplands and pasture. Cpopsluction is first converted

into the main food product applying extraction ¢wméfnts and later to kcal.

2.5. Scenariostowardswater and food security aims

Four scenarios evaluate the implications on localewresources and food provision by

2035 due to changes on water infrastructure aridudyral land uses (Table AB)
“Irrigation”: Development of new water infrastructa under current crop patterns

This scenario exclusively shows the planned expangf irrigated areas (from 413,420 to
814,900 ha) and reservoir storage capacity (frod2®Bto 12,332 hr) according to the

GRBD Hydraulic Plan. The crop distribution areahe same as in the baseline scenario
(Fig. 1).

In the following scenarios, the irrigated areasyrage capacity and water transfers are kept

the same as ilrrigation. The only condition that changes is crop distiiins.
“Exports”: Crop pattern changes supporting intermatal exports

Crop pattern changes are justified by the enthosifs international exports. Between

2013 and 2035 coffee, cocoa and palm oil areasaaneally increased by 1% and the
reforested areas by 2%, according to the existgrg¢c@tural and reforestation programs.

To meet this expansion, pasture land and natunddabeous vegetation are reduced by
170,283 and 2,090 ha, respectively.

“Sovereignty™ Crop pattern change®wards food sovereignty aims

This scenario promotes agricultural production aadsumption within the country. Sugar
cane, soya and yellow corn are selected towards $owereignty aims, since these are the
main products that Ecuador currently imports. They increased with an annual growth

rate of 1.6%, 2.2% and 2.2%, respectively. To allbis crop pattern change, a total area of

* More details about data and methods applied aiadle in the Supplemental Material.
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171,470 ha is reduced, including mainly pasturel ldollowed by natural herbaceous

vegetation, white corn and bush areas.
“Mix” : Promotion of both international exports and foodem@ignty aims

The last scenario assesses the overall changesSoemarios 2 and 3, supported by the

idea that a mix from previous scenarios might leertiost plausible future option.
3. Results
3.1. Thewater metabolism of the GRBD

The annual median ecosystem blue water fund dafiegstudy period (31,793 Hmi.e.,
714 mm) is slightly larger than the green waterdf80,553 hr — i.e., 686 mm). At
subbasin level both streamflow (between 90 andQLfAf) and soil water (between 60 to
1030 mm) funds differ spatially (Fig. A2). At theaetal level, streamflow availability is
reduced to meet environmental flow requirementsthoel presence of reservoirs provide an
additional median annual volume of 5,375°hffhe agricultural character of the river basin
district is shown by the dominance of freshwatetewdlows for agricultural production.
Agricultural production allocates 75% and 64% oé thlue and green net water use,
respectively. The GRBD is water self-sufficient food trade because it exports in the
international market more virtual water (4,345%nthan it imports (1,064 hij However,
the exports depend on a greater extent to bluerwakéch comprises 30% of virtual water

exports, whereas blue virtual water imports onlkenap 10% (Fig. 3).

10
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Fig. 3.Links between the water metabolism of ecosysterdssaniety in the GRBD. Annual
median values in hirfor the period 2004-2013.
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1300

2L Virtual water
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The south-east of the basin is where the largesiaimet blue water use (i.&NWU,ue)

occurs (> 200 mm). In those subbasins irrigatiommases more than 98% of thNaW U ye,

except for subbasin 31 where 50% of the water aqopsion refers to urban demand to

supply Guayas city. Subbasins with the gred8teen (i.€., >800 mm) are located in the

centre and north (Fig. 4). The values of thesergvester flows are shaped by existing land

use distribution, and also by climatic conditionsl @apacity of soils to store water.

11
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Fig. 4. Blue (left) and green (right) net water g$en) by subbasin as annual median values for the
period 2004-2013. Pie charts show the proportiomaih water users.

3.2. Water stressand population under poverty

At subbasin and monthly steps, some regions apgseatue water unsecure due to water
scarce conditionsNWU, e exceeds the available blue water for human pugdse.,
SAW,,e) In the south east, central and upper parts @iglue flow/fundtakes values > 1
upstream Angas, Cafar, Macul dam and Quevedo mimgtstations. There are also cases
(i.e., Babahoyo, Chimbo and Macul dam stations)néeen the monthlbAW,e shows
negative values (Fig. 5), which means that avalaftreamflow and water stored in
reservoirs cannot cover the environmental flow negoents (Table A7). In contrast, Daule
Peripa and Vince reservoirs, located at the nogktwand central part, allow water savings
during the wet period to maintain water demand dsiveam (i.e., Daule Il and Vince

stations).

Green flow/funchas the smallest values (i.e., < 0.6) for all sdliis between February and
April, which coincides with the rainy season. O@&pland November, is whegreen

flow/fund> 0.6 occurs mostly for subbasins located in #m@re of the GRBD, whereas in

12
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July, it occurs for subbasins located in the noesim(Fig. A4). This is probably explained

by different precipitation distribution in the studrea.
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Fig. 5. Median (p50) and f(percentile (p10) of monthly societal available evaSAW,.) and net
blue water useNWU,¢) during the study period 2004-2013 for upstreaairdrge areas.

Poverty water unsecur@nhabitants mfm?) weights the total population living in poverty
by the volume of unsecure blue water per drainaga. &ast GRBD is where most times
NWU, e exceeds the existing fund for human purposes (gupasins in Fig. 6Poverty
water unsecurshows monthly median values larger than 1,000kit&ats ni/m?upstream
Babahoyo station, Chimbo station and subbasin 83 @. The population under poverty
and blue water stress differs greatly from year mnoahth depending on the climatic years
(i.e., from zero to a maximum of 1,260,317 inhatisy (Table A8). Median monthly
values ofpoverty water unsecureanges from 2,057 (February) #522 (September)
inhabitants mYm? considering all the affected areas. A total popoiatof 1,200,996
inhabitants and 51% GRBD'’s area is under monthig bvater stress (unsecure volume of
blue water from 39 to 142 hin(Table A9).

13
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Fig. 6. Population under poverty and unsecure Wiater per drainage areRdqverty water
unsecurein inhabitants im?). The dots refer to the sum of all the upstreapujation,
unavailable water and area.

3.3. Food vswater security

In the GRBD, 28.9 x 10"13 kcal (including pasturas produced as median annual values
for the study period, 31% allocated for crops fapats and the remaining for food
sovereignty crops. Regarding blue water, cropsefgorts account for 53% of the gross
water appropriation, whereas sovereignty cropscate 47%. For green water, the
magnitude of sovereignty crops goes up to 72% ef tttal green water consumption
(Table 2).

14



280

281  Table 2. Summary of median annual values of wattabolism variables by crops for exports or
282  food sovereignty purposes.
Yield in dry Keal Gross blue  Net blue Green water  Crop water Crop.v.vater
Area (ha) weight (ha)  supplied water flow  water flow flow productivity nutrition
(hn) (hn) (hn?) (kg/nT) (kcal/L)
Total 666,470 2.7 8.90E+12 3,140 1,550 5,400 0.26 1.28
Banana 167,870 8.9 7.80E+12 1,960 990 1,370 0.63 31 3.
Exports Cocoa 408,250 0.3 6.30E+11 1,180 560 3,280 0.03 6 0.1
Coffee 38,640 0.2 0 0 0 310 0.02 0
Oil palm 51,710 4 4.80E+11 0 0 440 0.48 1.1
Total 2,307,960 35 2.00E+13 2,730 1,340 14,100 0.52 1.3
Total (without 4 5,7 g7 3.4 1.90E+13 2,430 1,190 6,480 0.55 2.48
pastures)
Pasture 1,080,090 3.6 7.60E+11 300 140 7,620 0.5 1 0.
Sovereignty Rice 370,010 3.3 5.30E+12 1,070 540 2,390 0.41 1.81
Soy 52,860 1.2 1.20E+11 20 10 100 0.56 1.04
Sugar cane 147,270 13.8 1.30E+13 1,120 530 980 134 858
White corn 262,010 0.4 5.00E+11 90 40 1,620 0.07 30
Yellow corn 395,730 2 5.10E+11 120 70 1,390 0.54 350.

283

284
285
286
287
288
289

290
291
292
293
294
295
296
297

The most efficient areas for food production inmterof water consumption (i.e., greater
CWP, in kg/nf) are mostly found in the centre and south eash wiedian values from
0.41 to 2.85 kg m (Fig. 7a). High pasture yields generate hi@WP in some subbasins
(e.g., subbasin 18). Larg@WP also takes place in subbasins with a dominantepiss of
sugar cane and banana (e.g., subbasins 23 anieh 2dptrast, subbasins within the Andean

region have the lowe&WPwith values below 0.1 kg th(Fig. 7a).

In terms of nutritional value, as expected, thaggbasins with irrigation can produce larger
guantities of kcal too (i.e. great&@WN in kcal/L). CWN shows a similar geographic
distribution asCWP. However, some differences are found due to thistieg crops
patterns per subbasin and caloric content of tlod faroduct they provide (Figb). For
instance, subbasins 42 and 43 has a median of@d5.34 kg i CWP, respectively, but
the mediarCWNIis 8.3 and 6.3 kcal/L. This is due to the exiseeatsugarcane in 10% of
each subbasin area, which shows both a high cedg gind caloric content (387 kcal/100

grams).
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Fig. 7. a) Crop water productivity (kg Hhand b) crop water nutrition (kcal'). as median values
per subbasin for the period 2004-2013. The wafaslbgies (soil water and streamflow) are also
shown.

3.4. Water and food security changes under 2035 scenarios

In the proposed scenarios, annual median valuesaétal available blue wateBAW),e)
(i.e., natural runoff - environmental flow requirems + reservoir storage) decreased in
comparison toBaseline (from 17,940 inBaselineto 16,130 hr in Mix). Available
streamflow decreased from 12,565Baselineto 8,460 hm in Mix, but this decrease is
offset by providing water from reservoirs. Groast] irrigation raises from 5,890 (2,895)
in Baselineto 10,165 hrfi(6,135) inMix. In contrast, agricultural green water consumption
declines from 19,66aseling to 18,505 hr(Export9 (Table A10).

The scenarios show a decreaseNWU, e in relation to existingSAWue as additional
reservoirs can mitigate water stress that was dogum some regions iBaseline Blue
flow/fundis reduced fronBaselineto proposed scenarios into values < 1 in Macul,dam
Chimbo, Babahoyo and Cafiar (Fig. 8 for median wahmd Fig. A5 for 90 percentile).
Moreover, with the proposed scenarios, no negdfis&V,,. takes place as in baseline
scenario (Table A7), meaning that available strémmfind water stored in reservoirs can
meet the required environmental flow requiremeassjong as adequate management of
water release from reservoirs is carried out. Niwedess, upstream Chimbo station still
faces water security issues due to water streskeirproposed scenarios. About 95%hm
16
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reservoir capacity have been added in Chimbo’sre@st subbasins, but blue water stress
has worsened due to increased irrigation.
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Fig. 8. Changes betweeBaseline Irrigation, Exports and Sovereigntyscenarios for median
monthly blue flow/fundfor selected drainage areas. Median values ddnchide negativeblue
flow/fund occurred during baseline scenario. See Fig. %oftation of drainage areas. The number
in the headings refer to the subbasin outlet nurabeach drainage area.

Considering the entire GRBD, the largest increasagricultural production occurs in the
Irrigation scenario, which is related to the weight that yr&sproduction provides to the
total agricultural production, also reflected ire threatesCWP in the Irrigation scenario
(0.55 kg/ni). However, the greatest amount of kcal is produnetie SovereigntyandMix
scenarios, mainly due to sugar cane, soya amd Bath scenarios also show the greatest
CWN (1.47 kcal/L inSovereigntyand 1.48 kcal/L inVlix) (Table A10). At the subbasin
level, CWP increases in 31 out of 45 subbasinslriigation, whereas in thdexports,
scenario only 23 subbasins increment tliAlYP. Sovereigntyshows the largest number of
subbasins increasing th&iWPwith a total of 36 subbasins out of 45, relatethtschange

of crop patterns. In contrast, all subbasins irseetheirCWN The largest changes take
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place inSovereigntyand Mix, where 11 out of 45 subbasins increase the armedian
CWNDby more than 2 kcal/L (Fig. 9).

Irrigation

Crop water producitivity (kglm’) 0.19 - 0.00 0.12 - 0.21 - 0.41-3.07
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Fig. 9. Changes on median values for crop watedumrivity (kg/nT) and crop water nutrition
(kcal/L) between the proposed scenarios and bassdienario.

4. Discussion
4.1. The novelty of water metabolism for assessing water and food security

Within hydrological research, there are many eusdna on the different components of
the water cycle (e.g., runoff generation, groundwaecharge, evapotranspiration) and a
vast experience in hydrological planning on thedtion of flowing blue water resources.
However, approaches that are able to consider irerdetail the current links between
natural and societal water systems are needediHikene addressed here. A multi-level
visualization to work towards ILWRM approaches &evant to understand the overall
view (from the natural system to final users) oftavaallocation, considering both
streamflow and rainfall stored in the soil. In B&BD, within the ecosystem water budget,
annual streamflow water availability exceeds 1i@#e$ soil water, which coincides with
the 1.05 ratio that has been found in similar saygtal humid conditions (Chen et al.,

2016). In contrast, under drier climate conditiogs;h as in the Mediterranean climate, this
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value can drop to 0.3 (Salmoral et al., 2017), whils ratio depending on the capacity of
soils to store rainfall.

In the GRBD and period under study, green watemnadian annual value) comprises the
largest water consumption with 29% of the annuetipmitation, in comparison to the net
blue water with 6% annual precipitation. The higinfall and runoff generation in some
regions of the GRBD accounts for green water comgiom values below the 55-60%
global estimations, whereas the presence of irdgahakes blue water consumption above
the 1% global average of precipitation (Vanham,5)0Agriculture is the largest water
consuming sector, demanding 64% and 75% of thenges® net blue water flows,
respectively, showing blue water consumption vakleghtly below the global average of
80-87% (Hoekstra and Mekonnen, 201id). The detailed evaluation of blue and green
water flows indicates the dependence on climatit,asd anthropogenic conditions as well
as the relevance of assessing both flows in waigf@d security evaluations (Veettil and
Mishra, 2016).

The GRBD can be considered rich in blue water nesm) however, these are
spatiotemporally unevenly distributed (i.e., annmeddian values from 90 to 1,960 mm)
making it difficult to meet societal water demantbar sustainable boundaries throughout
the study area. Our water metabolism approachth the application of flow/fund ratios -
applies a bottom-up process of defining water baved at the watershed level
(Rockstrom et al., 2014). It adds value to exgstiiver basin scale studies (Steffen et al.,
2015) due to the detailed spatiotemporal assessofievter impacts which occur at more
local levels. Our method also shows the value ahiiflying those populations not
achieving water security as well as accounting repst blue water available to
downstream users, as previous global studies hiaeedane (Green et al., 2015). In the
GRBD, the greater number of people living underevainsecure conditions are located in
the east of the river basin district. This is theaawhere the central and regional
governments will require to put more efforts - lnre tfuture - to meet both water and food

security for local livelihoods.

Some authors claim that the key for resolving tla¢ewfood dilemma is a focus on having

more nutritional value per drop of water consumBadkstrom et al., 2014), which we
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addressed with the application of crop water pradig indicators (i.e.,CWPand CWN.

In the GRBD, the increasing order for tB8VNis: coffee < pasture < cocoa <white corn <
yellow corn < soy < palm oil < rice < banana < sugane, ranging from 0 to 8.6 kcal/L
(Table 2). However, what needs to be highlightedthat the largest crop water
productivities are found in subbasins that are watarce and with a large proportion of
the population living in poverty. In contrast, tt@vest productivities are found in the
lower populated Andean region due to the lowerdgebroduced under harsh climatic
conditions. Besides the uneven biophysical conastion the GRBD, differences in crop
water productivities would also be related to thyges of irrigators and their purpose. The
aims of indigenous farmers located in the Andea@moreare mainly for local markets and
self-sufficiency. Whereas, farmers located closéht coast largely produce for national
consumption and exports e.g., rice, and bananalaftex are associated with agricultural
producers associations that give them greater sidoesational and international markets
(Gaybor et al., 2008).

4.2. Under standing agricultural water management findings

A general concern in irrigation water managemerbiseduce pressures on local water
resources. Consumptive water savings can be achiglien increasing irrigation systems
efficiency, as featured in the National IrrigatiBtan in Ecuador, which calls for irrigation
technology and system efficiency. At field levelud water withdrawal (i.e., gross water
volume) can be reduced with modernized irrigatigateans, which helps to redistribute
water between sectors (e.g., agriculture, houssh@dosystems), but at catchment level
consumptive water (i.e., net irrigation) savingsm take place. Even an increase in blue
water consumption can occur with higher irrigatgystems efficiency, if additional areas
are converted into irrigation (Olen et al., 2016)/@r crop patterns change to more water
consuming crops (Rodriguez-Diaz et al., 2011) - &itd a related added energy demand

from ‘technified’ irrigation systemsk{id; Perez Neira, 2016).

The study finds that agricultural soil water congtion declines from the baseline to
proposed scenarios, because an appropriate iomgdtse has not taken place in relation to
crop water requirements. Under auto-irrigation ngamaent, SWAT can be set up to a

specific irrigation amount when the crop reachesedain limit of water stress, but this
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amount must remain consistent, depending on thel lglvwater stress. This leads to: 1)
blue water percolation losses, when more irrigati@ter is applied to what the plant can
transpire, and 2) rainfall losses after the iriigatevent, because the soil cannot store more
water or be used later by the plant. On the figidhilar situations can occur. For instance,
when land is converted from rainfed to irrigatedditions, crop yield will increase due to
a steady application of water throughout the crepetbpment. However, not following an
adequate soil water balance and applying an apptegrrigation dose at a given moment
can lead to scarce or excess of irrigation. Ineheé, appropriate crop irrigation schedules
can help farmers to understand crop water requin&srand irrigate accordingly. To date in
Ecuador, there is still an inadequate water managefor irrigation (Espinosa and Rivera,
2016).

4.3. Implications of Ecuadorian national development on food and water security

This study demonstrates how water security is drimet only by agro-climatic and
geophysical conditions, but also by policy decisiabout land use and food security. Food
sovereignty in Ecuador is a national issue thatdaased centrality in the political debate
(Giunta, 2014), but not every nation can be fooecesgign because of restrictions imposed
by limited arable land, irrigation water and oth@sources (e.g., energy, fertilizers),
particularly in geographically small countries. Bhirade is necessary to overcome
ecological, climatic and other location specifestithat make up crop division of global
production (Agarwal, 2014). In the country, intefonal trade plays a key role on food
security, because of scarcity in specific commeditior the Nation’s requirements (e.g.
wheat mainly supplied from international trade lbooilers feed in Ecuador). In the GRBD,
we see that that the region can be water selfeseiffi for agricultural production and
related food trade. The GRBD exports more virtuatex than imports, although exports
embed a larger proportion of blue water resourbas imports (i.e., 30% blue water in
exports against 10% blue water in imports). Newwdess, the role of primary products
exports in the national economy is shown with tlegnificant share of the Ecuadorian
GDP; 24% in 2013 (Latorre et al., 2015), particiylaelevant in the production of cocoa,
bananas and coffee (Burnett and Murphy, 2014).
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In Ecuador future irrigation plans will support badbcal food supply and international
exports. Scenarios designed in this study can gandecomplement future agricultural and
water management decisions, towards achieving veaitgrfood security. Currently in the
GRBD, about 28.7 million kcal are produced, as ahmedian values for the study period.
In our scenarios, total kcal production is increbagh the inclusion of new irrigated areas.
Nevertheless, the scenarios with the largest ta@al production ar&overeigntyand Mix,
where more kcal for local consumption also takegldn both scenarios, the area of crops
for exports (e.g., banana) and pasture reduceseati¢he area of crops that contribute to
local consumption (e.g., yellow corn, sugar cang soya) increases. Another scenario that
could increase total food provision in Ecuadorng offered by Knoke et al. (2013). They
propose shrinking existing pasture areas in Ecu&mldacilitate an increase in cropland
area, while total pasture area could still increigeugh the re-cultivation of abandoned

grazing lands.

The planned state driven development of new ireigadreas and crop patterns will
influence distribution of available water resour@sillustrated in the scenari@AWe in

the proposed scenarios decreases in comparisbe tmaseline, which is partially offset by

a greater reservoir management capacity during s#tgsons. The planned reservoirs
development will help to alleviate water scarcedibons, as long as all reservoirs can be
build (and properly) managed, and their constructiot be constrained by an unstable
national economy. However, additional reservoiredepment and irrigated areas do not
mean that all farmers will have access to land waater. Development of additional

reservoirs is managed by the state, but canalizdteom new infrastructures to final users
has not been considered and there is no a plaatéoodl how these new infrastructures will
reach the final end users. There is a risk thaeldgwent of new irrigated areas might put
the country in a similar situation to that durin@-80’s, when public irrigation systems

were created, but only a small part of the popaoilatiwith better economic and social

position, could get access to it (personal comnatian, 2015).
5. Conclusions

Achieving food security is part of the Ecuadoriadiical debate and influences decisions

around land use and water management. This stunlyides a detailed spatiotemporal
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assessment of freshwater resources, and relatext seturity indicators for agricultural
production. The importance of catchment approachédsghlighted for balancing human
and nature water requirements, and how feasibaffitagricultural development needs to
address impacts on local water security. Agricaltysroduction allocates the largest
freshwater share with 75% and 64% of net blue aeérgwater flows, respectively, and
the GRBD can be considered as water self-sufficienfood trade due to the positive
virtual water exports (4,345 Hjnand imports (1,064 hipbalance. Nevertheless, a total
population of 1,200,996 inhabitants and 51% GRB&&a is under blue water stress, and
the study finds water security as a challenge adu¢hé combination of scarce water
conditions and population under poverty in the Ba#st and central part of the GRBD. It
is in this part of the river basin district, wheaethe same time, the greatest annual crop
water productivity (0.41 - 2.85 kg ™ and crop water nutrition (1.9 — 8.35 kcal/L) are
found. The study also provides a first step towacdsating agricultural scenarios in
Ecuador for water and food provisioning and caniaidheeting the country’s water and
food security goals, providing alternatives thatskn the impacts for land and water use.
The scenarios reveal that food provision, towamsall food consumption or exports
market-oriented, can be increased and ecosysterr wiamand still be met, with the

exception of the east of the GRBD.

Future research could build on our study and furto@sider other drivers that will affect
both water and food security, including demogramhianges, droughts (Vicente-Serrano et
al., 2016), flooding events (Hallegatte et al., 20Jand existing climatic trends (Moran-
Tejeda et al., 2015). Moreover, this research cdd extended to perform water-for-
energy assessments with the consideration of hyevep development in Ecuador. A
comparison of the seasonal effects of water-fodfon hydropower production versus the
effects of reservoir management on food productionld allow this study to provide
additional insights to policy makers regarding theroposed national development
strategies, including the recent projects on nuutipose reservoirs. Finally, the flexibility
of the methodology adopted in this study may bdiegiple to a worldwide scale with an
integration of the water metabolism approach tobglohydrological and crop growth
models. Insights from the study can extend beyondd@amia to practitioners and

policymakers in water and land management beyond case study. Ultimately, the
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504 provided alternatives to promote integrated landl \@ater management in Ecuador can aid

505 towards meeting the country’s future water and feecurity needs.
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Highlights

» Ecuador isfacing important changes on agricultural land and reservoirs devel opment

* Inthe Guayasriver basin district, agriculture is the main consumer of blue and green
water

» Eastern Guayas will increase food production at the expense of ecosystem water
supply

* Water security is challenged in areas with scarce water and population in poverty



