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- Context -

Global population growth is driving increasing demand for food and energy
Intensified pressure on natural resources (water, soils)
Uruguay is a country which the economy depends heavily on agricultural production

Climate change is manifesting in our country through an increase in the frequency and
intensity of extreme weather events

Exposure of producers to climate variability imply an increased risk in their economic returns

Irrigation as a key for food security and further economic development (exposure to
variability)

o e oy,

Agriculture is central too

Uruguay's economy:

*~6—/% of GDP directly;
«~/0% of total exports
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Context

Embalse de Paso Severino, Florida

\ <N —\ Y Sk I P WA
e 11 Februrary 2025 - El Telégrafo (www.eltelegrafo.com)
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Arapey river basin
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Location: Northwest of Uruguay

Population = 9,780 inhabitants

Total surface area = 12,000 km?

Climate: subtropical: monthly rainfall 730 + 94 mm
mean monthly ET: ~63 mm

Principal landcover: Natural grassland ~ 91%

High potential for rice production

Action plan for Irrigated Agriculture in Arapey River
Basin.
Source: MGAP — Proyecto DACC (2018) - World Bank
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Study Area & Motivation -

Arapey river basin

Location: Northwest of Uruguay
8?%) Population =~ 9,780 inhabitants

&> Total surface area ~ 12,000 km?

Climate: subtropical: monthly rainfall 730 + 94 mm
mean monthly ET: ~63 mm

Principal landcover: Natural grassland ~ 91%

High potential for rice production

Action plan for Irrigated Agriculture in Arapey River
Basin.
Source: MGAP — Proyecto DACC (2018) - World Bank
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- Research question and objectives -

To what extent can irrigation expansion improve economic returns while keeping
environmental impacts within sustainable limits?

Develop Evaluate Inform

an integrated model the trade-offs between irrigation

coupling biophysical production, water quality, infrastructure
processes with an and economic returns plabnn!ng at|the
' ~ - asin scale
economic model under across different reservoir

uncenlyss expansion scenarios.




- Research question and objectives -

To what extent can irrigation expansion improve economic returns while keeping
environmental impacts within sustainable limits?

To
g
Develop Evaluate Inform

an integrated model the trade-offs between irrigation

linking the biophysical production, water quality, infrastructure

processes simulated by and economic returns planning at the
SW'A_‘T+ with an across different reservoir basin scale

economic model under

, expansion scenarios.
uncertainty.




- Integrated Assessment Models (IAMs) -

Economic decisions & policies

Land & water use Regulations

|

=hhydrological response
-

P! Biophysical model: SWAT+ reservoir development
swater allocation

=crop yield
Water availability Crop yields Nutrient loads (N&P) =water quality

K

@ Economic outcomes

( Profit ) ( Risk & uncertianty ) C Internalized environmental cost)

Adapted from Kling et al. (2017)



Discharge (m®s™")

Discharge (m*s™)

Arapey Chico

- Hydrological calibration -

100+

50 1

Arapey Grande

Station Timestep KGE NSE PBIAS (%)
Daily 0.47 0.45 +0.90
Arapey Chico
Monthly 0.76 0.81 -1.50
Daily 0.20 0.05 +18.50
Arapey Grande
Monthly 0.83 0.78 +11.13
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—— Simulated (with uncertainty band)
- - - Observed

2 gauging stations - ~34 years of daily records

Calibration period: 2011-2018 + 3-year warm-up

lterative sampling: 16 parameters - ~6x150 simulations - KGE-maximized
Most sensitive parameters: k, latg_co, cn3_swf, perco

Validation pending (1990-2012 window)

30.8°S
31.0°S
31.2°S
31.4°8
31.6°S

[l Projected reservoirs

s1aes O Existing reservoirs
¥ Gauging stations
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- Land use classmcahon
‘National DB (20/21) ‘f e

Land use: model vs national database
Arapey River Basin

HRU classﬂr” cation

16,623

Rice A =+11.2%

D 1,474

Pivot irrigated ~ |

summer crops A =+20.2%
1,772

6,271
Rainfed

: y % ‘A =. o,
= ' summer crops 4=-4.9%
g e . il 5,964
- : ’ :
'-l| o2 9 = A

IHRU classification DNationaI DB

Agriculture Rice crop Rice crop
Pasture Sprinkler irrigated summer crops Sprinkler irrigated summer crops 0 5,000 10,(/)&)3%1 ([1155;)00 20,000  25,00(
Reservoir Rainfed summer crops Rainfed summer crops Sprinkler = Central pivot
HRU Regenerated natural grassland Regenerated natural grassland
Reservoir Reservoir
HRU

Base land cover: MapBiomas Pampa (2023). mapbiomas.org



-  Crop management -

Rice rotation: Rice 140 / Pasture (ryegrass)

YI 1 Y2 | Y3 | Y4 | Y5 ]| Y6 o

G 6| M W N/ N 10,000
ZER AR AN R AR
3 M| M M M| 6| O

~33% of rice area under active cultivation each year
Active rice area: 3,500-5,900 ha/year

Crop yields (kg/ha)

7,500

5,000

Grain yield (kg/ha)

Summer crop rotation: Corn / Soybean — Irrigated / Rainfed 2,500

Y1 | Y2 0
ﬁ‘ ice oybean oybean aize aize
::Ti cﬁ " (Sraxilr?fed) (?rr?;t;ted) (rI:iInfed) {irt?gated)
Perennial crop: Pasture (rnge = GRASS) Yield calibration parameters: Median
plants.plt Crop voh
V1 * harv_idx : 2
« harv_idx_ws Rice 7,971
m Fertilization / 4 yr © bm_e Soybean (rainfed) 2,719
Soybean (irrigated) 3,806
Pasture - linked to livestock production (next stage) Maize (rainfed) 7,877

Maize (irrigated) 9,398

Yield references: INIA (national agricultural research institute) and DIEA-MGAP (national agricultural statistics).



Reservoirs and water allocation -

Rice: irrigation supply reliability
|rr|ga‘tlon Sys‘tem Red gap = unmet demand - fraction of area not planted (area adjustment)
_ . 100% -
46 existing reservoirs - ~140 hm? of total storage
. . . . } ) . X 75%
Irrigation in the basin: flood (rice) - center pivot (maize/soybean) >
: : 5 50%
All crops are supplied through the water allocation system £
. . . . . . . . m 25%
29 irrigation districts (22 reservoir-fed + 7 direct channel intakes)
. : : . .. . 0%
D|str|ct§ deﬁned by subbasm. HRUs are supplied from reservairs in their O TSNS S N S A B
subbasin or drainage line vy vv v v v v v v v v v
Maize / soybean (pivot): irrigation supply reliability
Higher interannual variability — each district depends on a single reservoir
Rice area adjusted to water reliability 100% —
= | =year ® 75%
» P, = annual rice production % 50%
P; =A; ><>< Y; = A, = total irrigable rice area (ha) 9 Jeog
= R, = supply reliability (water delivered / demanded)
0%
water allo yr.txt - = mean yield of adequately irrigated HRUs
B B ( L 90% der)r/vand met) g b

Rice area adjusted to water reliability — command-area matching principle FAQ,
Irrigation Water Management - fao.org/4/u5835e



- Crop water supply

Irrigation depth by crop (mm/season)
| rrigation System . Green bands: reference irrigation depth (INIA). Rice values = water delivered through the allocation system.
’ 1600
46 existing reservoirs - ~140 hm? of total storage oo RN
Irrigation in the basin: flood (rice) - center pivot (maize/soybean) 100
All crops are supplied through the water allocation system E 000 —s000 I b
29 irrigation districts (22 reservoir-fed + 7 direct channel intakes) f‘g 500 f
Districts defined by subbasin: HRUs are supplied from reservairs in their ‘35% o
subbasin or drainage line £
400
200
RICG area adJUSted tO Water re||ab|l|ty Rice Maize (pivot) Soybean (pivot)
= [ =year Rice simulated as a conventional crop (paddy module not yet coupled)
= P, = annual rice production
P;=A;r XR; XY; . AT = total irrigable rice area (ha) Crop Median
= R, = supply reliability (water delivered / demanded) mm
. = mean yield of adequately irrigated HRUs Rice 408

( £ 90% demand met)
Soybean (irrigated) 204

Maize (irrigated) 204

Rice area adjusted to water reliability — command-area matching principle
FAO, Irrigation Water Management - fao.org/4/u5835e



- Environmental evaluation -

Biophysical

Water quality indicators Reservoir expansion

> N and P loads per subbasin (SWAT+ channel output)

> Reference: Decree 226/025, 2025 — National water quality
standards 1 Irrigated area TN & P loads
, Total P < 30 — 70 pg/L | T Economic benefit | Water quality
Depending on
> Total N < 0,5-1,0 mg/L stream order



Under uncertainty

; = Revenue; — Costs;

hru _pw
management.sch
Revenue; = X Prlce]
hru _pw
Costs; = Z[‘x Pricerq ¢ +>< Priceyier + C l]]

Expected utility function E[U(m;)] = —E[e” "]
= profits 1
= [ unit of analysis: HRU CE; = —— log[E(e_ani)]
a

= j: crops in the rotation within HRU (

U: utility, function of profits

E[]: expected value (over climate/yield uncertainty)
= o risk aversion

= Cj: other production costs

Integrated economic model

= Certainty Equivalent: guaranteed income

equivalent to uncertain returns:
CI;fZAETTIiI—‘I?[n

= Risk Premium: income given up to avoid
uncertainty

Irrigation raises average yields and reduces
vulnerability

Marginal environmental cost:
ACE ACE

K= A=

|channel_sd|

Welfare response to environmental degradation (k, A)

Framework: Souto, Carriquiry & Rosas (2024), Aust. J. Agric. Resour. Econ. 68(2). DOI: 10.1111/1467-8489.12555



Potential vs. constraint

Scenario design -

p
Suitable rice soils (CONEAT)
188,900 ha — agronomic potential

(&

s

7 projected reservoirs - +280 hm?

+11,250 ha rice/year (action plan)
~33,750 ha systematized (rotation)

irrigable with 7 projected reservoirs

Water is the constraint for rice expansion:
» Quantity - water stored in projected reservoirs
* Quality - N & P loads (to be evaluate)

Scenario design

Combination of reservoirs
activated on /off (27)

Ve

Not a simple switch
storage - spillway - water allocation

&

[

Two analyses
* Economic — expand while marginal benefit > cost
* Environmental — explore combinations to minimize N & P

.

J

Vs

Integrating both — methodology under development

CONEAT — Uruguay's national soil productivity index

.

~




- Conclusions & next steps -

Conclysions Nextsteps

> Integrated SWAT+ model for the Arapey basin — > Calibrate nitrogen and phosphorus outputs
reproduces crop yields and the irrigation system's . . _
behavior > Run the economic model on expansion scenarios

> Highly sensitive to dry sequences: water quantity is the > Link the paddy rice module to the water allocation

main constraint identified so far > Refine crop calibration and distribution efficiency

> Water quality is a potential constraint, still to be

> Methodology to explore reservoir combinations
evaluated

: L - : > Second stage: climate change
> The economic framework, applied in a similar case in

Uruguay, is being adapted to this basin
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Gracias

juanignacio.pais@fcea.edu.uy

2026 Greece SWAT Conference
Aristotle University of Thessaloniki
19 June 2026
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Taken from: A comparison of the climate risks of cereal, citrus, grapevine and olive production in Spain. DOI: 10.1016/j.agsy.2009.03.006



Parameter definition

Parameter File Type Min Max
perco hru absval 0 1
esco hru absval 0 1
cn3_swf hru absval 0 1
latq__co hru absval 0 1
lat_ttime hru absval 0.5 180
petco hru absval 0.8 1.2
dep__bot aqu relchg 0.1 2
flo_min aqu relchg 0 16
revap__min aqu relchg 0 10
alpha aqu relchg 0 20
deep__seep aqu relchg 0 2.5
revap__co aqu relchg 0.1 10
sp_yld aqu relchg 0 10
awc sol relchg 0.01 1
k sol relchg le-04 2000
surlag bsn absval 0.05 24

INNOVAGRO Calibracion SWAT Arapey 2026-05-27



Parameter sensitivity (Spearman corraltion with KGE)

Absolute Spearman correlation with KGE

k

latq_co
cn3_swf
perco
flo_min
petco
deep_seep
esco
revap_co
surlag
awc
sp_yld
dep_bot
lat_ttime

alpha

revap_min

0.00 0.25 0.50 0.75
Sensitivity

Calibracion SWAT Ara

INNOVAGRO

1.0

2026-05-27
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   𝑷 𝒊 =  𝑨 𝑻 ×  𝑹 𝒊 ×  𝒀 𝒊


   𝑷 𝒊 =  𝑨 𝑻 ×  𝑹 𝒊 ×  𝒀 𝒊


   𝝅 𝒊 =   𝑹 𝒆 𝒗 𝒆 𝒏 𝒖 𝒆 𝒊 −   𝑪 𝒐 𝒔 𝒕 𝒔 𝒊


    𝑹 𝒆 𝒗 𝒆 𝒏 𝒖 𝒆 𝒊 =  ∑  𝒋 = 𝟏 𝑱    𝒀 𝒊 𝒆 𝒍 𝒅  𝒋 𝒊 ×   𝑷 𝒓 𝒊 𝒄 𝒆 𝒋


    𝑪 𝒐 𝒔 𝒕 𝒔 𝒊 =  ∑  𝒋 = 𝟏 𝑱   [    𝑭 𝒆 𝒓 𝒕  𝒊 𝒋 ×   𝑷 𝒓 𝒊 𝒄 𝒆  𝑭 𝒆 𝒓 𝒕 +   𝑾 𝒂 𝒕 𝒆 𝒓  𝒊 𝒋 ×   𝑷 𝒓 𝒊 𝒄 𝒆  𝑾 𝒂 𝒕 𝒆 𝒓 +  𝑪  𝒊 𝒋 ]


  𝑬  [  𝑼 (  𝝅 𝒊 ) ] = − 𝑬  [   𝒆  − 𝜶  𝝅 𝒊 ]


    𝑪 𝑬 𝒊


  𝑬  [   𝝅 𝒊 ] −   𝑹 𝑷 𝒊


  κ =   ∆ 𝑪 𝑬  ∆  𝑷  𝒎 𝒆 𝒅 𝒊 𝒂 𝒏


  λ =   ∆ 𝑪 𝑬  ∆  𝑵  𝒎 𝒆 𝒅 𝒊 𝒂 𝒏


    𝑪 𝑬 𝒊 = −  𝟏 𝜶 𝒍 𝒐 𝒈  [  𝑬  (   𝒆  − 𝜶  𝝅 𝒊 ) ]

