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Abstract

We integrate a model that simulates biophysical processes
in soils and water with spatial and temporal heterogeneity
at the basin scale with an economic model of decisions
under uncertainty, to simultaneously evaluate the eco-
nomic and environmental effects of farming practices and
land uses that characterise agricultural intensification.
The introduction of uncertainty allows the evaluation of
economic impacts both due to changes in average prof-
its and in their volatility. Through our model integration,
we endogenously tackle the trade-offs between economic
benefits and environmental outcomes, in terms of nutri-
ent levels in water. Results show that a sizable increase
in economic benefits from supplemental irrigation comes
from lower risk premiums. Medium-to-high increments of
fertiliser rates in irrigated crops are dominated in terms
of economic benefits by low fertiliser rate increments. We
find that water quality deteriorates with intensive farming
practices. However, the magnitude of the trade-offs be-
tween economic benefits and water quality is mixed and
depends on the nutrient and level of risk aversion consid-
ered. The ability of our model to quantify and document
the mentioned effects is a relevant input to inform the
decision-making process of agricultural and environmen-
tal authorities, often characterised by competing and op-
posing objectives.
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1 | INTRODUCTION

Increasing global demand for food, fibre and fuels is forcing an accelerated expansion of agri-
cultural output, placing producers and their use of natural resources at centre stage. The grow-
ing demand implies enhanced pressure over resources, entailing global consequences that can
be traced all the way to regional and local scales. While in certain areas output expansion is
the result of increases in the land brought into production (the extensive margin), with limited
amounts of land available, the history of the last century has shown that most of the output
growth is obtained through the intensification of land already in use (intensive margin), mostly
in areas where agriculture is already developed (FAO, 2021; Hertel et al., 2013). This imposes ac-
celerating environmental pressures, in particular, on water quantity and quality (Pretty, 2018).
The identification and analysis of sustainable intensification practices are urgently needed,
mainly those that balance potentially competing goals such as increasing economic benefits,
reducing risk in the face of enhanced rainfall variability due to climate change and preventing
water quality impairment. This is the focus of the current paper. We argue that improved inte-
grated assessment models are needed (Khanna et al., 2018; Kling et al., 2017), and contribute
with the development of a new model to aid the analysis of the above-mentioned balances in
the context of a developing country.

At the local scale, agriculture faces high competition for water from other sectors, such
as industry and energy sectors, as well as from the municipal demand (Burek et al., 2016;
IEA, 2016). Moreover, water availability and scarcity are time- and space-dependent adding
other dimensions to this issue. Averages tend to mask seasonal and intra-annual fluctuations
(Mekonnen & Hoekstra, 2016), and the spatial variability of rainfall and water flows within
a basin. Water quality impacts are driven not only by farming practices, including those that
characterise the development of agriculture along the intensive margin, but also by the munic-
ipal and industrial wastewater releases into water bodies. The existence of multiple pollutants
from multiple sources, their high spatial and temporal variability, transaction costs and lim-
ited political acceptability of regulatory measures impose further challenges for controlling
the degradation of water resources (OECD, 2017).

Our study seeks to inform the regulator's decision-making and policy design and imple-
mentation to adequately manage water resources in the context of increasing intensification
of agricultural production. We develop an integrated model to address these types of prob-
lems. The calibration of a biophysical model at the basin scale tackles the issue of local ef-
fects, and its spatial structure allows us to assess problems related to diffuse pollution and
the pollution from point sources. The fact that the biophysical model runs at daily or monthly
time steps incorporates the seasonality and intra-annual fluctuations of the variables driving
these problems. The integration with an economic model of decisions under uncertainty cap-
tures the impacts of various land uses and farm practices, allowing us to simultaneously anal-
yse the production, economic and environmental effects of the activities carried out within
the basin. Unlike typical analyses focussing only on expected returns, our model can also
evaluate the contribution to economic benefits arising from the reduction in volatility of re-
turns. Furthermore, we document the trade-offs between economic benefits and water quality
through a set of indicators computed with variables that are endogenously determined.

The sustainable availability of water in quantity and quality interacts in complex ways with
economic decisions made by economic agents. It both affects and is affected by their choices.
These decisions affect the functioning of ecosystems and ecosystem services, and the latter
affect the options available to individuals. Analysing these interactions requires a combination
of modelling frameworks that simultaneously consider economic and biophysical elements.
The assessment of these phenomena has been typically carried out independently through
different types of models, which may be roughly grouped into economic models on the one
hand, and biophysical models on the other (Kling et al., 2017; Plantinga, 2015). Economic
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models can assess changes in land use and practices when other (endogenous) economic vari-
ables change, but taking biophysical variables as given. On the other hand, biophysical models
assess changes in (endogenous) biophysical variables by considering the economic factors that
drive land use as exogenous.

More recently, however, under the recognition of the necessity of capturing the interac-
tions and feedback of the different components of the socioecological systems, there has been
a strong interest and progress towards developing and using integrated assessment models
(IAMs). In contrast to classic economic analysis, this approach could account for omitted
links between human and biological systems, allowing for a more comprehensive analysis of
the nexus between natural resources and production (Khanna et al., 2018). According to Keiser
and Muller (2017), using IAMs to analyse water conservation policies and the benefits of water
quality improvements has became widespread in the present century. In addition, Miao and
Khanna (2020) highlight these models' usefulness in analysing the impacts of new technologies
on agriculture, such as precision farming, gene editing, second-generation biofuels or agrivol-
taics. Nonetheless, Dai et al. (2018) note that the analysts must be aware of the scope of differ-
ent studies using an IAM approach. While most of them present new methodologies to assess
the relationship between production and natural resources, studies analysing the technical and
political feasibility of implementing the proposed solutions are also needed.

In the IAM literature, the relationship of agricultural intensification practices with eco-
nomic and environmental outcomes can be divided into two types of approaches according to
the number of solutions analysed. The first type explores a large set of agricultural practices
to find the optimal combination within the context of a computationally intensive problem.
It includes the work by Rabotyagov et al. (2010, 2014) and Pastori et al. (2017), who applied
evolutionary algorithm methods to find Pareto-efficient solutions. The second type consists of
analysing a limited set of scenarios that are compared against a baseline (Corona et al., 2020;
Griffin et al., 2020; Lee et al., 2012; Liu et al., 2020; Lupi et al., 2020), which is convenient when
the aim is comparing specific policy settings.

Our study belongs to the second type of approach. We analyse the economic and environmen-
tal impacts of farm management practices scenarios employing the Soil and Water Assessment
Tool (SWAT; Neitsch et al., 2011), a spatial and dynamic biophysical model at the basin scale.
We compute the effects of changes in the area under supplemental irrigation and fertiliser appli-
cation rates on a set of SWAT output variables such as crop yields and water quality indicators,
namely nitrates and phosphorus concentrations. These output variables, crop prices and other
economic variables are then inputted into an economic model of decisions under uncertainty to
evaluate the impacts on economic benefits and water quantity and quality of each proposed sce-
nario of agricultural intensification pathways. These scenarios are compared with the baseline
or benchmark consisting of rain-fed agriculture and business-as-usual fertiliser rates.

We make at least two other contributions to this literature. First, our model of decisions
under uncertainty allows us to disentangle the portion of economic benefits due to changes
in expected returns from those resulting from reduction in their volatility. This goes beyond
previously cited studies that focus only on the expected returns. Second, the trade-offs be-
tween economic benefits and water quality are assessed by means of a set of ratios that show
the amount of money that producers need to give up to increase water quality by one unit. In a
context of lacking economic valuations of environmental characteristics of water bodies, these
results provide useful information for policymakers for assessing water resource quantity and
quality at the basin level, as well as economic factors that influence them.

To show the appropriateness of the approach in tackling the two main issues around water
(quantity and quality), and their interaction with the economic activities within the basin, we
calibrate and run the model and the scenarios on a particular basin of the temperate region of
South America. This basin of the San Salvador River in Uruguay is characterised by the expan-
sion of agriculture along both the extensive and intensive margins, the growth of urban areas
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318 | SOUTO ET AL.

and industrial development, and as a result, an increasing pressure on water resources (Hastings
et al., 2020; MVOTMA, 2017). The scenarios implemented replicate two of the main challenges in
the basin. One is the expansion of supplemental irrigation driven by the high-productivity soils,
the prospects of developing additional water sources (through dams or reservoirs) and the tax
incentives to invest in irrigation developments. The other is that farmers seek to increase row crop
yields by applying higher fertiliser rates when using irrigation to avoid nitrogen and phosphorous
being limiting factors, but with potentially unintended consequences on water quality.

From a more local perspective, and to the best of our knowledge, this is the first application of
the IAM approach in the case of Uruguayan agriculture. Our results are a key input for environ-
mental regulators to monitor the compliance of the existing nutrient concentration thresholds in
water bodies and how they relate to the intensification practices carried out in the basin. Also, the
results are relevant for agricultural policymakers to assess the effects on the economic benefits
of higher fertiliser application rates and the expansion of irrigation when constrained by specific
environmental regulations. Market or non-market instruments (taxes and subsidies, or command
and control) to change farmers' incentives to use fertiliser or irrigation can be evaluated, quanti-
fied and monitored with the proposed model. Furthermore, our scenarios can provide insights to
stakeholders in other basins that experience similar challenges from their own crop intensifica-
tion processes. While we illustrate with an application to a particular river basin, these methods
can be readily applied to other basins, provided a calibrated SWAT model is available.

We explain the model in the next section. Section 3 is devoted to the description of the basin
and the implementation of the scenarios. We present results in Section 4 and a conclusion in
Section 5.

2 | THE MODEL

This model aims to choose the set of farm management practices, including supplemental irri-
gation levels, fertiliser rates and crop sequences over time that provide the maximum economic
benefits at the aggregate basin level, among several feasible alternatives. While the more inten-
sive practices are often associated with higher crop yields, these do not necessarily maximise
profits and are also potentially associated with higher adverse effects on water quality. The
latter can be due to, for example, increased soil erosion, run-off and nutrient concentration
levels in water bodies. Hence, an appropriate assessment model must be able to capture both
the economic and environmental outcomes simultaneously. Below, we describe the economic
and biophysical models and their integration.

Consider utility as a function of the per-hectare profits of the ith production unit, U(r,). Per-
hectare profits are computed as crop revenues minus costs, as shown in Equation (1). Revenues
in Equation (2) are the yield of crop j (measured in tons per-hectare, tonne/ha) times the price
(in dollars per tonne, $/tonne) and aggregated over the J crops in unit i. Costs in Equation (3)
are the sum over the costs of the J crops in that unit, which include the expenditures on fer-
tiliser, the expenditures on irrigation and the expenditures on the remaining inputs (seeds,
pesticides, labour and machinery services) summarised by Cl.j.

7; = Revenue; — Cost; )

Revenue; = Yield,; X Price; 2)
J=1
J

Cost; = z [Fert,-j X Pricege, + Water; X Priceywye, + Cl-j] )
j=1
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Profits of each production unit i are uncertain since they are affected by random variables
in the revenue equation (crop yields) and in the cost equation (quantity of water needed for
irrigation). In our model, yields and water use are a function of climate conditions (e.g., pre-
cipitation, temperature, evapotranspiration and solar radiation). They are the output of the
structural biophysical model, as we explain below. While output prices are also random, we
assume the decision-maker considers prices at their expected values, and therefore, they do not
contribute to the randomness of profits. We assume that input prices are fixed because they are
known when production decisions are made.

Profit uncertainty determines a problem in which producers located in production unit
i face a lottery on profits. As they tend to be risk-averse, they will place value on risk-
reducing technologies, such as the use of supplemental irrigation, as it reduces the income
volatility relative to rain-fed production via more stable crop yields (Apland et al., 1980;
Pandey, 1990; Shi et al., 2019). An appropriate methodology to tackle the problem in this
context is the expected utility approach, which we instrument by using an exponential util-
ity function of profits:

Ulr,) = — " @

This is a continuous, concave and monotone function. A measure of the Arrow—Pratt ab-
solute risk aversion level can be obtained as the ratio of the second to the first derivative, as in
Equation (5).

U”(ﬂ'i)

U

)

To account for the economic benefits in production unit i given the uncertain nature of
profits, we rely on the concept of certainty equivalent, CE, defined as the sure amount of
money the decision-maker in each unit 7 is willing to accept to avoid the uncertainty of the
lottery but maintaining the same level of expected utility. It can be shown that it equals the
expected value of the lottery E(rz;) minus its risk premium (RPI.).1 This premium represents how
much money an agent is willing to pay to avoid the risky lottery holding the same level of ex-
pected utility. Thus, a higher CE, can arise for a given production unit due to higher expected
profits, lower risks or both. Throughout this study, it is regarded as our measure of the eco-
nomic benefits. For an exponential utility function as in Equation (4), and for each produc-
tion unit 7, it is computed as in Equation (6).

CE, = — Llog[E(e")] ©)
Finally, we compute the per-hectare certainty equivalent at the basin level CE by adding
up the CE, of each production unit i weighted by their area in hectares (h,) and divided by the
total area of the basin.
> CE; xh
= I—
Zi:l hi

Biophysical variables that enter the economic model, such as crop yields, quantity of fer-
tilisers and water for irrigation, come from the structural biophysical SWAT model.

CE (N

'"The certainty equivalent CE, is defined such that U(CE)) = E(U(x,)). Then, solving for CE,, we obtain
CE,=UNE(U(x)))=E(z)-RP,.
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320 | SOUTO ET AL.

The SWAT is a river basin scale model based on geographic information system (GIS)
input data, which simulates biophysical processes (e.g., plant growth, evapotranspiration,
soil erosion, run-off and leaching) into a series of decision-making units called ‘Hydrological
Response Units’ (HRU). Each HRU is unique and represents a homogeneous type of land use
and soil within a sub-basin, where each sub-basin may contain one or more HRUs. This model
reports as output variables, physical quantities of production in each HRU and water quality
results for a number of spatially distributed modelled streams within the basin. Crop growth
is simulated in SWAT with the Environmental Policy Integrated Climate (EPIC) structural
model (Williams et al., 1989) using a set of equations and calibrated parameter values unique
for each crop. For each HRU, the model simulates biophysical processes such as leaf intercep-
tion of solar radiation, biomass conversion, biomass division into roots, above-ground mass
and yield, root growth, water use and nutrient uptake. Crop growth begins with planting at
the specified day and month and with the specified number of heat units required to reach
maturity. Biomass production is computed daily as a function of soil physical and chemical
characteristics, farm practices (tillage, fertiliser, pesticides and irrigation) and climate vari-
ables (relative humidity, precipitation, potential evapotranspiration and solar radiation). Crop
yields are computed as a fraction of the total biomass produced (harvest index), leaving the
rest as crop residues that continue their biological process in the soil. Yield is recorded on the
harvest date and is considered as that year's output. This generates a distribution of yields for
each HRU that is spatially correlated.

This model has been widely used to analyse the impact on water quantity and quality caused
by land use and farming practices (Gassman et al., 2007).> In recent years, Uruguayan author-
ities and research groups have made significant efforts to implement, calibrate and validate
this model for various relevant basins in the country (Mer et al., 2020).> Our study capitalises
on these endeavours.

Biophysical output variables (namely yields, quantity of fertilisers and water for irriga-
tion) that are simulated by SWAT are plugged into Equations (1)—(3). More specifically, in
Equations (1) and (2), we input crop yields, fertiliser and supplemental irrigation rates, such
that conditional on output and input prices, we can evaluate the economic impact of the set of
farming practices we intend to analyse.

To assess their environmental impact on water quality, we rely on a set of indicators defined
by the environmental regulator. For example, we obtain daily water concentration levels of
nitrates (NO,, which we denote by N to save on notation) and phosphorus (P) and compute the
proportion of time that the concentration level is above the threshold given by the regulator. As
shown in Equations (8) and (9), we compare the concentrations with the environmental thresh-
old (TN and TP) such that if the level of N and P is higher than this threshold, the indicator
variables (IN and IP) take the value of 1, and 0 otherwise. These variables are outputs of the
SWAT model and are computed at the basin outlet.

1 if N,>TN
IN, = =
' { 0 if N,<TN, ®

1 if P, >TP
IP — t= t
! { 0 if P,<TP, ©)

%A comprehensive list of journal articles and studies employing the SWAT model can be found here: https://'www.card.iastate.edu/
swat_articles/

3For example, the ‘Grupo Interinstitucional de Herramientas de Modelacion para la Gestion de la Cantidad y Calidad de Agua

— GmicUy’ https://proyectoinia-iri-usyd.github.io/GmicUy/antecedentes.html
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Thus, by adding up the indicator variables and dividing up by the number of simulated
days (7)), as in Equations (10) and (11), we obtain the proportion of time in which the envi-
ronmental indicators defined by regulation are violated (i.e., the thresholds are
exceeded).*

T
IN
PropN = % (10)
T
IP
PropP = % (1D

Finally, to evaluate the economic and environmental impacts of the mentioned farming
practices and land uses, we run the model with a set of scenarios that are compared with a
baseline. We explain the baseline and the scenario design in the next section. We are interested
in assessing the trade-offs between economic benefits and water quality levels. To this end, we
compute the indices given in Equations (12) and (13), which show the change of the aggregated
certainty equivalent relative to the baseline scenario, ACE, due to the change in the median
concentration of N and P at the basin outlet.

1= ACE (12)
A]\"median
ACE
K=o (13)
APmedian

Hence, using Equations (12) and (13), we measure by how much the CE changes when the
median concentration levels of nitrates and phosphorous deteriorate by one unit. We choose
to report these ratios with respect to the median to account for the asymmetries and extreme
values of daily nutrient concentration levels caused by the combination of low precipitations,
low stream flows and high nutrient export levels to the catchment.

3 | STUDY AREA, PROPOSED SCENARIOS AND DATA

The San Salvador River basin belongs to a major agricultural area in the Southwest region
of Uruguay characterised by a smooth hilled landscape under a humid subtropical climate
and with an average precipitation of 1100 mm/year. Since 1990, but mainly after the 2000s,
this basin was a subject to an intensification process of fast-growing crop areas with soy-
beans, corn, wheat and barley as the main crops, which generally substituted native grass-
lands (Hastings et al., 2020). Despite showing a high inter-annual rainfall variability, most
of its area is under rain-fed crop production. Supplemental irrigation is an attractive tech-
nology for farmers since it can potentially increase crop yields and simultaneously reduce
their volatility (Failde et al., 2013; Montoya et al., 2017; Montoya & Otero, 2019; Rosas &
Sans, 2023). However, intensification of crop production leads to increasing concern since it
tends to add more pressure on water resources (Baker, 2006). More specifically, since 2014,
environmental authorities (MVOTMA, 2017) have found nitrogen and phosphorous con-
centrations at the basin's outlet above the regulation's threshold (I mg/L and 0.0025mg/L,

“The number of days T corresponds to the 20 years for which the biophysical mode is run. More on this in the description of the
SWAT runs in the next section.
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322 SOUTO ET AL.

TABLE 1 Representative crop sequences in the San Salvador River basin, Uruguay.

Crop seq. Year 1 Year 2 Year 3 Area

1 Oats Corn Oats Soybean 18.6%
2 Oats Soybean Oats Soybean Oats Corn 25.0%
3 Pasture Soybean Oats Soybean 37.4%
4 Wheat Soybean 2 Oats Soybean 12.5%
5 Barley Soybean 2 Wheat Soybean 2 0.2%
6 Wheat Soybean 2 Oats Corn Oats Soybean 6.3%

Note: (1) Soybean 2 means soybean as a second crop. (2) In each year, the first column indicates the winter crop, and the second
column the summer crop.

respectively). Furthermore, since water pollution in this basin is mainly due to nonpoint
sources, accounting for over 90% of the nitrates and phosphorus discharges, modelling and
assessing fertilisation, irrigation and other crop practices are key to understanding and
reducing nutrient exports.

Table 1 shows the six crop sequences that can be considered representative of the farming
crop systems in the catchment and are in line with the soil use regulations in place. Crop se-
quences comprise both summer crops (soybean and corn) and winter crops (wheat, barley, oats
and pasture) during either 2 or 3years. We evaluate the economic and environmental impacts
of typical farm management practices by means of a set of nine (3 x 3) scenarios constructed
with three supplemental irrigation levels and three fertiliser rates, all compared with a baseline
scenario of rain-fed and observed fertiliser rates.

Supplemental irrigation may be applied to the summer crops (soybean and corn) in crop
sequences 1 and 6 because they are regarded as the most profitable due to their large share
of corn and soybeans as first crop, that is, when they come after a cover crop and not after a
winter crop. We implement the three scenarios by simulating irrigation in both crop sequences
(which cover 25% of the basin area), only in crop sequence 1 (18.9% of the basin) and only
in crop sequence 6 (6.3% of the area). The irrigation application on each HRU is simulated
in SWAT using an automated routine that applies irrigation whenever a given water stress
threshold is reached. Water stress in an HRU is measured as the ratio of evapotranspiration
(ET) to the potential evapotranspiration (PET), as shown in Equation (14). In this equation, 1
is the maximum water stress level, while 0 represents no deficit (evapotranspiration equals its
potential). Consistent with the literature (Montoya et al., 2017; Montoya & Otero, 2019) and
recommendations from farm extension and technical advisors, the threshold was set equal to
0.8, meaning that at least 80% of the crop's water demand is satisfied. In this line, the irrigation
rate is endogenously determined within the SWAT model.

ET

Stress =1 — PET (14)

To implement the fertiliser application scenarios, we simulate a (low, medium or high) in-
crease in fertiliser rates in irrigated areas relative to the observed rates in rain-fed crop sys-
tems. The latter are 200kg/ha of standard urea, 150kg/ha of diammonium phosphate and
46kg/ha of urea 46-00-00. These rates were obtained from extension and technical advisors
and are consistent with rates in farm operations in the basin. The medium increase scenario is
calibrated to match current practices in irrigated plots, which are 275kg/ha of standard urea,
190kg/ha of diammonium phosphate and 53kg/ha of urea 46-00-00. Then, high and low fer-
tiliser scenarios are set by adding or reducing 50% of the difference between the medium and
rain-fed scenarios. While scenarios of increasing fertiliser rates in rain-fed crop systems are of
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TABLE 2 Irrigation and fertiliser rate scenarios.

Scenario Irrigated Crop sequences A fertiliser rate Irrigated area (% of the basin)
1 land 6 High 25.3%
2 land 6 Medium 25.3%
3 land 6 Low 25.3%
4 1 High 18.9%
5 1 Medium 18.9%
6 1 Low 18.9%
7 6 High 6.3%
8 6 Medium 6.3%
9 6 Low 6.3%
10 None Observed 0%

TABLE 3 Crop prices and costs for irrigation and fertilisation scenarios.

Input cost by fertilisation scenario (kg/ha)

Crop Price ($/ton) Base Low Medium High
Soybean (1st) 310 488 496 504 512
Soybean (2nd) 310 395 401 406 412
Wheat 140 476 504 531 559
Barley 140 539 568 599 628
Corn 185 694 733 773 813
Oats 195 393 415 436 458

Note: Values in 2019 $/ha. Source: Camara Mercantil de Productos del Pais, Uruguay.

interest and will be considered in further research, in this analysis, we highlight their interac-
tion within irrigated agriculture. Additionally, the limited substitutability among nitrogen and
phosphorus motivated the scenarios with increments in the same proportion. The same resaon
led us to avoid consisting scenarios of expansions of a single nutrient.

Combining irrigation and fertiliser practices on the two irrigated crop sequences consid-
ered, we obtain the nine (3% 3) scenarios plus the baseline (Table 2). This allows us to assess
the economic and environmental impacts of one intensification practice holding constant or
changing the other. As Table 2 indicates, we included discrete changes in the area under irriga-
tion reflecting the current land uses under crop sequences for which this technology is appro-
priate. While simulations for additional scenarios of varying proportions of the basin under
irrigation could be performed, this would have unnecessarily complicated the implementation
without modifying our message.

Table 3 shows crop prices and costs that are used in the economic model, all calibrated to
2019 values. Crop prices come from the Camara Mercantil de Productos del Pais, a chamber
of agricultural exporters that reports prices (in $/tonne) for all the required crops. Prices are
adjusted by a transportation cost of 10 $/tonne (to avoid assuming a given yield in its com-
putation) based on the distance to a relevant export port. This would be equivalent to using
farm-gate prices, already adjusted for transportation costs. We require crop-specific input
costs with the itemisation of some categories, such as fertiliser and irrigation costs, and also
providing both the quantity and the price of these inputs. These are collected from farmers
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operating in the basin and are within the range of values from other sources in that region
that publish aggregate input costs. The cost of water for irrigation was assumed to be 0.65
dollars per millimetre ($/mm), according to expert judgement from the National Institute of
Agricultural Research (INTA).

As there are no empirical studies estimating the absolute risk aversion coefficient for
Uruguayan farmers, in this study, we evaluated the utility function in six values that are
consistent with relative risk aversion coefficients in the range of 0.5 and 4, as proposed by
Anderson and Dillon (1992). This strategy follows the literature on modelling and calibrating
the negative exponential utility function (Babcock et al., 1993; Hardaker et al., 2004, 2015), and
additionally, this range contains the estimation of this parameter for the Uruguayan and other
Latin American countries' general population (Gandelman & Hernandez-Murillo, 2015). This
range allows us to perform the stochastic efficiency with respect to a function (SERF) method
from Hardaker et al. (2004), a method to rank scenarios by considering different risk prefer-
ences. According to this method, we define a scenario as risk-efficient or optimal for a given
absolute risk aversion level when it has the highest CE.

SWAT model parameters were calibrated to replicate observed historical data in the
Salvador River basin, obtained from official agricultural and environmental statistics and
farm-level data. We run the SWAT model on daily time steps for 20years. We treat an HRU
defined within SWAT as a production unit. We input the required variables in the economic
model (i.e., yield distributions, cost structure, prices and nutrient concentrations), and using
Equations (6)—(13), we compute the CEs, the nutrient level concentrations, the proportion of
days above the thresholds and the indices measuring the trade-offs between the economic and
environmental results. The yield distribution constructed with a yearly time series that drives
the profit distribution is not autocorrelated but constructed with independent draws because
while daily biomass production is autocorrelated (due to the daily weather variables), it is not
autocorrelated on an annual basis. Box—Pierce autocorrelation tests on profit distributions do
not reject the null hypothesis of the absence of autocorrelation.

4 | RESULTS

This section presents the model assessment results. Subsection 4.1 shows the economic results.
Subsection 4.2 presents the environmental/water quality results, and Subsection 4.3 shows the
trade-offs between economic and environmental results.

4.1 | Economic results
411 | Expected profits

Table 4 presents the results for each of the proposed scenarios at the basin level. It shows
the per-hectare expected profits E(z) in $/ha/year and their percentage change relative to
the rain-fed baseline scenario. Results show that the use of supplemental irrigation in larger
portions of the basin increases expected profits and that the highest increase is for those
scenarios of low increments of fertiliser rates with respect to the observed rates. The latter
occurs because medium and high marginal changes in fertiliser costs exceed the marginal
revenue due to yield improvements. In the rain-fed baseline scenario, expected profits are
257 $/halyear. When supplemental irrigation is applied to crop sequence 6 (6.3% of the
basin area), the expected profits increase by up to 6.3% under a low fertilisation level. When
irrigation is expanded to a larger area of the basin, for example, when it is applied to crop
sequence 1, which comprises 18.9% of the catchment area, the expected profits increase by
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TABLE 4 Expected profits ($/ha/year) by scenario.

Expected Change w.r.t Irrigated area
Scenario Irrigated rotations Fertilisation profit $/ha base. (% of basin)
1 1 and 6 High 305.96 18.95% 25.3%
2 land 6 Medium 320.23 24.50% 25.3%
3 land 6 Low 330.83 28.62% 25.3%
4 1 High 297.21 15.55% 18.9%
5 1 Medium 307.22 19.44% 18.9%
6 1 Low 314.69 22.33% 18.9%
7 6 High 266.00 3.41% 6.3%
8 6 Medium 270.27 5.07% 6.3%
9 6 Low 273.43 6.30% 6.3%
Base None Observed 257.22 - 0%
0.005
~ !_:| Baseline
/N l_—! Scenario 3
0.004 / \\ i_1Scenario 6
5.\ . Scenario 9
-.0.003
.“5
C
a
0.002
0.001
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FIGURE 1 Kernel density functions of per-hectare profits ($/ha) for selected scenarios and for selected
scenarios and medium fertilisation.

up to 22.3%. Lastly, when irrigation is applied in both crop sequences (25.3% of the basin
area), net expected profits increase by up to 28.6% relative to the baseline. Note that by
holding the crop sequences constant, all the changes in expected profits can be attributed to
the increases in the proportion of the basin that is irrigated and the change in the fertilisa-
tion rate of the different scenarios.

Figure 1, which depicts the distribution of simulated profits per year for the whole basin for
selected scenarios, shows that Scenario 3, that is, the one with the most extensive irrigation
area, accumulates more mass around the centre of the distribution than those with lower area
or the baseline rain-fed scenarios. In the latter, this lower mass is allocated to fatter left tails of
the respective densities. This is mainly explained by dry years, which allow supplemental irri-
gation to reduce crop water stress and, thus, prevents significant yield losses. In other words,
this figure illustrates not only the increase in expected profits but also a reduction in the vari-
ability around mean profits as a larger area is devoted to irrigation. These are the main drivers
of the results we explain below.
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TABLE 5 Certainty equivalent by scenario and risk aversion level.

Absolute risk aversion coefficient (ARA)

Scenario 0 0.0019 0.0039 0.0078 0.0117 0.0156
1 306 278 253 213 185 164
2 320 293 268 228 198 176
3 331 303 277 235 204 179
4 297 262 229 180 146 121
5 307 272 240 191 156 130
6 315 280 247 197 161 133
7 266 234 202 144 9% 59
8 270 238 206 148 99 62
9 273 241 208 149 100 62
Base 257 218 179 111 57 16

4.1.2 | Simulated certainty equivalent

When we consider the risk aversion of the economic agents, the economic effects in the sce-
narios analysed are driven both by the changes in expected profits and in their volatility. To
compare the economic benefits across scenarios, we use the CE in Equation (7) given a risk
aversion level (ARA parameter a).

Table 5 displays the CE results for the different levels of risk aversion reported in
Section 3.° For a moderate risk aversion level (e.g., ARA equal to 0.0039), all scenarios yield
a positive value of the aggregate CE of Equation (7). For example, in the baseline rain-fed
scenario, the CE is 179 $/ha, and it increases as irrigation is extended to larger shares of the
basin area. Furthermore, for a given share with irrigation, scenarios with low increases in
fertiliser application rates (3, 6 and 9) yield the highest CE, implying that higher and more
stable yields do not compensate for the higher fertiliser cost. According to the SERF method
and for all levels of risk aversion (Figure 2), Scenario 3 is the most risk-efficient, that is,
when irrigation is applied to both crop sequences, yielding a CE of 277 $/ha. Figure 2 also
shows that the curves do not cross, implying that this is the dominating scenario for all
levels of risk aversion.

The comparison to the risk-neutral case (i.e., the second column of Table 5) allows us to
assess the role of expanding irrigation and changing fertiliser rates in reducing the variability
of uncertain profits. The difference between the two columns is the risk premium, that is,
the amount of money the agent is willing to pay to avoid uncertainty while maintaining the
same expected utility level. Again, when comparing a moderate risk aversion level (AR A equal
0.0039) to the risk-neutral case, it can be seen that the rain-fed scenario (the case with the high-
est volatility) is consistent with a relatively high RP of 78 (=257-179) $/ha. Nevertheless, on the
other extreme, in Scenario 3, with the highest share of irrigation area, the RP is significantly
lower, 54 (=331-277) $/ha.

As expected, CE decreases with higher levels of risk aversion within each scenario. As
stated in Equation (6), this reflects the fact that risk-averse individuals would pay higher risk
premiums to avoid the lottery. On the other hand, at the same level of risk aversion, scenarios
with irrigation on either or both crop rotations reduce the risk premium. Therefore, the CE

SThe previous results about expected profits are the limiting case of risk-neutral agents (ARA parameter equal to zero). Therefore,
the column ARA =0 concurs with the column ‘Expected Profits $/ha’ in Table 4.
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FIGURE 2 Certainty equivalent ($/ha) by the level of risk aversion and for selected scenarios.

increases with respect to that of the rain-fed scenario. The magnitude of this difference grows
as the level of risk aversion increases.

The difference in the CE between irrigation scenarios and the rain-fed scenario illustrates
the role of supplemental irrigation in reducing the uncertainty of profits. While larger areas
under irrigation could induce improvements of up to 74 $/ha (=331-257) via higher expected
profits, improvements due to risk premium reductions could be sizable. For example, in the
same scenario and for a moderate risk aversion level (ARA parameter of 0.0039), the CE im-
provement is as high as 98 (=277-179) $/ha, of which about one-fourth is due to risk premium
reduction from the use of irrigation (24 =277-179-74 $/ha). This risk premium is driven by the
higher volatility of profits with respect to irrigation scenarios, and particularly, the volatility is
exacerbated in dry years when crop yields are affected by water stress. In more extreme cases,
ARA equals 0.0117, for example, and for the same scenarios, economic benefits via risk pre-
mium reductions account for approximately the same amount of the total CE increase as the
expected profits increase (73 =204-57-74 $/ha).

4.2 | Environmental results

Environmental results are assessed by computing nitrate (NO,) and phosphorus (P) concentra-
tion levels at the basin's outlet. Table 6 reports, for each scenario, the mean and median con-
centration levels of NO, and P in water and the percentage of days in which the environmental
threshold is surpassed.

In the case of NO,, in the rain-fed scenario, the mean concentration level is 3.11 mg/L, while
the median value is 1.26 mg/L. These results are in line with those reported by the Ministry of
the Environment (MVOTMA, 2017). In the most input-intensive scenario, where irrigation is
applied on both crop sequences and the increase in fertiliser rates is high, the mean value in-
creases up to 3.58 mg/L and the median to 1.40mg/L, or respectively, 15.11% and 11.11% relative
to the baseline.’ The environmental threshold for NO, concentration established by the regu-
lator (1 mg/L) is breached in 53.74% of the days in the rain-fed baseline scenario. In the most

®The difference between the mean and the median is driven by the skewness of the distribution due to the existence of extreme
maximum values of the variable (e.g., as high as 242mg/L in Scenario 9, which is mainly explained by low simulated flows).
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TABLE 6 Nitrates (NO,) and phosphorus (P) concentrations at the basin outlet.

Mean NO;  Median A median Mean Median A median

Scenario  mg/L NO;mg/L.  NO;, NO, Viol Pmg/L Pmg/L P P Viol

1 3.58 1.40 11.11% 57.92% 0.0072 0.0051 13.24% <1.00%
2 3.44 1.36 8.54% 57.50% 0.0072 0.0050 13.06% <1.00%
3 3.32 1.34 6.91% 57.50% 0.0072 0.0050 12.68% <1.00%
4 3.39 1.33 6.02% 55.83% 0.0071 0.0050 11.10% <1.00%
5 3.34 1.33 5.82% 55.83% 0.0071 0.0049 10.56% <1.00%
6 3.24 1.33 5.66% 55.83% 0.0071 0.0049 10.39% <1.00%
7 3.29 1.31 4.18% 56.25% 0.0070 0.0046 2.87% <1.00%
8 3.25 1.30 3.79% 55.83% 0.0070 0.0046 2.87% <1.00%
9 3.22 1.30 3.48% 55.83% 0.0069 0.0046 2.91% <1.00%
Base 3.11 1.26 - 53.75% 0.0068 0.0045 - <1.00%

input-intensive scenario, this value reaches 57.92%, which implies an increase of 7.75% with
respect to the rain-fed scenario.

In the case of P, Table 6 indicates that in the most input-intensive land use scenario (Scenario
1), the mean P concentration increases by 5.81% (0.0072/0.0068) while the median increases by
13.24% with respect to the rain-fed scenario. However, contrary to the nitrates case, the thresh-
old is breached in less than 1% of the days for all scenarios.

4.3 | Trade-offs between economic and environmental results

As noted in Section 4.1, intensification through irrigation and fertilisation practices tends
to increase producer's yield and economic benefits. Simultaneously, this phenomenon could
bring higher nutrient (NO, and P) concentration levels driven by the higher use of nitrogen
and phosphorus and their relationship with other biophysical processes such as soil erosion,
surface run-off and leaching. Results of the marginal impacts on the per-hectare CE from an
increase in the median nutrient concentration of NO; and P (Equations (12) and (13), respec-
tively) are presented in Tables 7 and 8. The value placed in each cell indicates the marginal
increase in the CE per unit of increase in the nutrient concentration level, for a given scenario
and risk aversion level. Changes in each scenario are measured with respect to the baseline.

As shown in Table 7, the trade-off between the CE and the median nitrate concentrations
is greater for Scenarios 3 and 6 for all levels of risk aversion. These scenarios consist of a
low increase in fertiliser application rates. The highest value is achieved in Scenario 3, where
the increase in one unit of median nitrate concentration could yield an increase in the CE of
14.18 $/ha for a moderate value of risk aversion (ARA parameter of 0.0039). Due to changes
in the CE (numerator), we observe a monotone increase in this ratio as risk aversion grows.

In the case of phosphorus concentration levels, we also find that the scenarios consisting of
low increments of fertiliser application rates give the highest increments in the CE due to a unit
increase in the median phosphorus concentration level. However, conditional on having low
fertiliser rate increases, the scenarios of lower shares of the basin with irrigation (Scenarios
7, 8, and 9) show the highest increases in CE per unit increase of phosphorous concentration.
In particular, Scenario 9 of low fertiliser rate increments achieves the highest CE increase, for
example, 10.16 $/ha for a moderate level of risk aversion (ARA parameter of 0.0039).

These results show that scenarios of medium and high increases in fertiliser application
rates do not have a good relative economic and environmental performance because they are
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TABLE 7 Trade-off ratios between economic benefits and median nitrates concentration levels.

Absolute risk aversion coefficient

Scenario 0 0.0019 0.0039 0.0078 0.0117 0.0156
1 4.39 5.48 6.64 9.14 11.54 13.37
2 7.38 8.85 10.40 13.61 16.59 18.77
3 10.65 12.37 14.18 17.88 21.26 23.67
4 6.64 7.32 8.36 11.43 14.84 17.49
5 8.59 9.42 10.57 13.73 17.08 19.61
6 10.15 10.98 12.11 15.15 18.36 20.74
7 2.10 4.02 5.64 7.85 9.34 10.38
8 3.44 5.49 7.23 9.62 11.19 12.23
9 4.66 6.72 8.50 10.89 12.40 13.33

TABLE 8 Trade-off ratios between economic benefits and median phosphorus concentration levels.

Absolute risk aversion coefficient

Scenario 0 0.0019 0.0039 0.0078 0.0117 0.0156
1 3.68 4.60 5.57 7.67 9.68 11.22
2 4.82 5.79 6.80 8.90 10.85 12.27
3 5.81 6.74 7.73 9.74 11.59 12.90
4 3.60 3.97 4.53 6.20 8.05 9.49
5 4.74 5.19 5.83 7.57 9.41 10.81
6 5.53 5.98 6.59 8.25 10.00 11.30
7 3.06 5.86 8.21 11.43 13.61 15.12
8 4.55 7.24 9.55 12.70 14.77 16.15
9 5.57 8.04 10.16 13.03 14.82 15.94

dominated by scenarios of low increments of fertiliser rates (Scenarios 3, 6 and 9), both in
the case of nitrate concentration and phosphorous concentration levels. On the other hand,
conditional on low increments of fertiliser rates, the impacts on nutrient concentration levels
of the expansion of supplemental irrigation are mixed. While in the case of nitrate con-
centration levels, the scenarios of high expansion of irrigation (Scenario 3) outperform CE
increases in those with low or moderate irrigated areas, in the case of phosphorous concen-
trations, those with low expansion of irrigation are the dominating scenarios (Scenario 9). In
other words, we find that as we increase the area with irrigation, the CE increases faster than
the nitrate concentration level. However, the CE does not increase as fast as the phosphorous
concentrations.

However, we note that both the increase in fertiliser rates and the irrigation expansion affect
marginally (or not at all) the percentage of days that the N and P concentration thresholds are
violated (see the 5th and 9th columns of Table 6). This is a relevant result from the environmen-
tal management point of view because it implies that these intensification farm practices have
a positive economic impact with an environmental impact not very different from that of a
less intensive practice (rain-fed production). Economic instruments to promote these practices
should take this into account.
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5 | CONCLUSIONS

The growing global demand for food, fibre and fuels imposes significant challenges on ag-
riculture because it requires increasing supply, which can lead to additional pressures over
natural resources. These global drivers affect incentives of economic agents at the local level
through markets, prices and other channels, typically leading to increases in agricultural out-
put but with consequences on specific dimensions of the environment such as water, soil and
air. Water use in agriculture faces competition from other sources of water demand (manu-
facturing, mining and municipal use), and in turn, they all contribute to changes in its quality
levels. Moreover, both quantity and quality impacts are time- and space-dependent, which
imposes additional challenges for water management.

In this context, the sustainable management of water resources by regulating authorities
requires paying close attention to land use, farmers' behaviour and practices, competing activ-
ities for water demand and the performance of environmental indicators within the basin. The
appropriate set of tools to analyse these issues requires the ability to assess all these drivers
simultaneously. The fact that their consequences are local implies that approaches at the basin
scale are one way of dealing with the problem.

In this study, we integrate a biophysical hydrological model at the basin scale that allows
for spatial and time heterogeneity with an economic model of decisions under uncertainty to
simultaneously analyse the production, economic and environmental effects of agricultural
activities carried out in a basin. Uncertainty comes from climatic variables driving yields
(e.g., precipitation, temperature, evapotranspiration, solar radiation and water availability
for irrigation) and irrigation costs, which directly translates into uncertainty in farm profits.
Environmental impacts are evaluated by means of the nutrient concentration levels in water
bodies, while production and economic impacts are assessed through the economic benefits of
these agricultural activities. The introduction of uncertainty in the decision-making process
allows us to evaluate the economic impacts due to changes not only in expected profits but
also in their volatility. Furthermore, the integrated model can tackle the trade-offs between
economic benefits and water quality impacts through a set of indicators endogenously deter-
mined within the model.

Within the TAM literature, we integrate the SWAT, a widely used biophysical simulation
model, with an economic model based on expected utility theory, showing an application in
one of the most important agricultural basins in Uruguay. Our focus is the assessment of the
economic and environmental impacts of crop intensification practices employed by farmers
who respond to incentives of output expansion. At least two contributions to this literature
arise from implementing this model. First, by employing the concept of CE for a given level
of risk aversion, we assess the economic benefits driven by both the higher expected yields
and those coming from the lower yield volatility of the crop practices analysed. Our study
departs from the previous literature, which focussed only on the average effects. Second, we
evaluate the trade-offs between economic benefits and water quality levels by means of a set
of indicators computed with variables endogenously determined within the model, which
show the amount of money that farmers are expected to give up to increase water quality
levels by one unit.

The model is calibrated to the San Salvador River basin located in the southwest region of
Uruguay, which, with an area of about 240,000 hectares, accounts for about 21% of the wheat,
17% of the corn, 9% of the soybean and 14% of the sorghum produced in the country. We
specify a set of nine (3 X 3) scenarios combining different levels of the area under supplemental
irrigation (6.3%, 18.6% and 25.0% of the basin area) with different degrees of increments in
fertiliser application rates (low, medium and high). These agricultural intensification scenar-
ios replicate typical land management practices encountered in this region that farmers apply
to increase output along the intensive margin. The scenario results are compared against a
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baseline of rain-fed production and observed fertiliser application rates typical of rain-fed
crop systems.

Results show an estimated expected profit of 257 $/ha in the baseline rain-fed agriculture.
Expected profits increase up to 330 $/ha, mainly driven by expanding supplemental irrigation
to larger shares of the basin area. Furthermore, for a given area under irrigation, scenarios
of low increments in fertiliser application rates achieve higher expected profits (Scenario 3).
When we consider farmer's risk preferences, the benefits of supplemental irrigation are en-
hanced because it increases average profits and reduces their volatility, driving up the CE
by these two factors. Our results show that for a moderate risk aversion level (ARA equal to
0.0039), all scenarios yield positive CEs. While the baseline rain-fed scenario implies a CE of
179 $/ha, it increases as irrigation is extended to larger shares of the basin, and scenarios with
low increments in fertiliser application rates yield the highest values of the CE. According to
the SERF method, the most risk-efficient scenario is when supplemental irrigation is applied
to the highest share of the basin and with low increments in fertiliser rates (Scenario 3 with a
CE of 277 $/ha).

The comparison to the risk-neutral case allows us to assess the role of irrigation and fer-
tiliser rates in the reduction of the volatility of uncertain profits, that is, by assessing, for each
scenario, the size of the risk premium—the amount of money the agent is willing to pay to
avoid the uncertainty but maintaining the same level of expected utility. As expected, the rain-
fed scenario (the case with the highest volatility) has the highest RP (78 $/ha), and scenarios
with larger shares of supplemental irrigation have significantly lower RPs, such as Scenario 3
with a RP equal to 54 $/ha. As lower RPs are consistent with higher CE, this scenario encom-
passes the highest economic benefits, consistent with the conclusions of the previous para-
graph. Higher risk aversion levels reinforce these conclusions.

Environmental results indicate that scenarios representing more intensive management
practices lead to poorer performance. The median concentration level of nitrates in water
is .26 mg/L in the baseline scenario, and, as expected, it increases to 1.40mg/L (11.11%) in
Scenario 1, which encompasses the larger share of supplemental irrigation and the highest
increment in fertiliser application rates. Similarly, the environmental threshold for nitrate
concentration (1 mg/L) is breached 53.74% of the time in the baseline scenario. However, this
proportion increases by 7.75% to 57.92% in the most input-intensive scenario. We obtain quali-
tatively similar results for mean and median concentration levels of phosphorus.

To measure the trade-offs between the economic benefits and water pollution for each
scenario, we compute the change in the per-hectare CE relative to the baseline scenario
due to a unit increase in nutrient concentration levels. In the case of nitrates, scenarios
with larger areas of supplemental irrigation and low increments of fertiliser rates are the
ones with higher changes in CE after the mentioned increase of the nitrates concentration
levels. On the other hand, in the case of phosphorus concentration levels, scenarios with
low increments of irrigated area and low increments of fertiliser rates achieve the largest
increases in the CE.

The results presented here have relevant policy implications. First, the benefits of expand-
ing supplemental irrigation could be underestimated when measured only by its effect on ex-
pected profits without accounting for risk reduction. For example, assuming moderate levels
of risk aversion, these risk reductions may explain about one-fourth of the economic benefits
of applying supplemental irrigation. Therefore, our results render validity to the efforts to
promote greater adoption of supplemental irrigation, even in relativelly high average rain-
fall areas, such as the San Salvador basin in Uruquay. Furthermore, our results indicate that
the expansion of farming practices along the intensive margin shows not only the expected
trade-off between economic benefits and environmental performance but also that differ-
ent environmental indicators (nitrate concentration and phosphorus concentration) are af-
fected differentially because of the intensification. These are the typical challenges faced by
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regulating and monitoring authorities, and our results document and quantify these trade-offs
and are useful in informing this decision-making process characterised by competing and op-
posing objectives.

Finally, we emphasise that integrated models, such as the one presented here, can be used
to assess other farming practices or economic instruments that might be of interest for policy
analysis. In the spirit of the latter, an avenue of future research could be the introduction of
taxes or subsidies in the modelling that would internalise some of the social costs of agricul-
tural intensification and drive changes in farmers' behaviour towards adopting better man-
agement practices. Addressing externalities by the usage of such policies could modify the
relative profitability of different crop sequences. The overall impacts on land use, economic
results and effectiveness of different instruments for water pollution control, can be evaluated
through the use of this type of I[AMs.
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