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Abstract: A hydro-economic modeling framework is developed for determining
optimal management of groundwater nitrate pollution from agriculture. A holistic
optimization model determines the spatial and temporal fertilizer application rate that
maximizes the net benefits in agriculture constrained by the quality requirements in
groundwater at various control sites. Since emissions (nitrogen loading rates) are what
can be controlled, but the concentrations are the policy targets, we need to relate both.
Agronomic simulations are used to obtain the nitrate leached, while numerical
groundwater flow and solute transport simulation models were used to develop unit
source solutions that were assembled into a pollutant concentration response matrix.
The integration of the response matrix in the constraints of the management model
allows simulating by superposition the evolution of groundwater nitrate concentration
over time at different points of interest throughout the aquifer resulting from multiple
pollutant sources distributed over time and space. In this way, the modeling framework
relates the fertilizer loads with the nitrate concentration at the control sites. The benefits

in agriculture were determined through crop prices and crop production functions. This
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research aims to contribute to the ongoing policy process in the Europe Union (the
Water Framework Directive) providing a tool for analyzing the opportunity cost of
measures for reducing nitrogen loadings and assessing their effectiveness for
maintaining groundwater nitrate concentration within the target levels. The management
model was applied to a hypothetical groundwater system. Optimal solutions of fertilizer
use to problems with different initial conditions, planning horizons, and recovery times
were determined. The illustrative example shows the importance of the location of the
pollution sources in relation to the control sites, and how both the selected planning
horizon and the target recovery time can strongly influence the limitation of fertilizer
use and the economic opportunity cost for meeting the environmental standards. There
is clearly a trade-off between the time horizon to reach the standards (recovery time)

and the economic losses from nitrogen use reductions.

Key words: nitrogen management; diffuse groundwater pollution; hydro-economic

modelling; optimization; Water Framework Directive.

INTRODUCTION

Nitrate is among the most common and widespread pollutants in groundwater. Diffuse
pollution from agricultural activities and livestock are often the main sources of
elevated nitrate concentrations in groundwater (Nolan et al., 1997; EEA, 2003).
Nitrogen is a vital nutrient to enhance plant growth, which has motivated intensive use
of nitrogen-based fertilizers to boost up the crop production. But increased fertilizer use
also has social and environmental costs. When the nitrogen fertilizer application
exceeds plant demand and the denitrification capacity of the soil nitrogen can leach to

groundwater, usually as nitrate, a highly mobile form with little sorption. Nitrate in
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drinking water has been linked to human health problems like methemoglobinemia in
infants and stomach cancer in adults (Hatch et al., 2002; Wolfe and Patz, 2002),
although the evidence for nitrates as a cause of these diseases remains controversial
(Powlson et al., 2008). Excess nitrates in ecosystems can cause serious environmental
damages, leading to eutrophication of connected surface water bodies that can
eventually provoke algal blooms and fish Kills. Agricultural non-point source pollution
is the primary cause of water quality deterioration in many European watersheds (EEA,
1999 and 2003). Although the control of point source emissions improved the quality of
many water bodies across Europe, nitrate concentrations in rivers from diffuse sources
have remained relatively stable in Europe’s rivers and groundwater, reflecting the large

nitrogen surplus in agricultural soils and high livestock densities (EEA, 2003).

Water pollution has given rise to the development of an extensive legal framework. In
Europe, the Nitrates Directive (Directive 91/676/EEC) was established in 1991 to
reduce nitrate water pollution from agricultural sources, and involved the declaration of
Nitrate Vulnerable Zones in which constraints are placed on inorganic fertilizer and
organic slurry application rates. The Drinking Water Directive (80/778/EEC and its
revision 98/83/EC) sets a maximum allowable concentration for nitrate of 50 mg/l. The
EU Water Framework Directive (Directive 2000/60/EC; WFD), enacted in 2000,
proclaims an integrated management framework for sustainable water use, and requires
that all water bodies reach a good status by 2015. The good groundwater status implies
both a good quantitative and a good chemical status. In addition to the groundwater
status, any significant upward trend in the concentration of any pollutant should be
identified and reversed (Directive 2006/118/EC, Groundwater Directive). The WFD

explicitly recognizes the role of economics in reaching the environmental and
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ecological objectives. Different studies have been conducted to identify economically

efficient groundwater pollution thresholds values (e.g. Brouwer et al., 2006).

Nitrate groundwater contamination results from several and complex processes from
pollution sources to water bodies, including pollution formation (nitrogen leaching) and
pollution reactions, fate and transport. Different methods have been reported to analyze
the effects of policies on groundwater nitrate concentration and to find optimal levels of
nitrogen use. Some studies focus on integrating of nitrate leaching into an economic
framework to design nitrogen pollution abatement policies (e.g., Yadav, 1997; Martinez
and Albiac, 2004 and 2006; Kim et al., 1996; Lee and Kim, 2002; Knapp and Schwabe,
2008). In these cases, nitrogen leaching is estimated using a wide range of soil-plant and
nitrogen balance models, but nitrate transport and fate in groundwater is not considered.
Therefore, the natural aquifer’s ability to attenuate nitrate concentration is not taken into
account. These approaches do not assess the resulting nitrate concentrations in
groundwater, which are needed to assess if the standards are met or not. Other studies
have applied a compartmental approach, in which the results of a nitrogen management
model are tested using groundwater flow simulation models (e.g., Bernardo et al., 1993;
Mapp et al., 1994). In this case, also the attenuation of nitrate concentrations within the

aquifer is not considered.

A more detailed modelling of the bio-physico-chemical processes involved in nitrate
transformation and fate and transport in groundwater is of great importance when
designing optimal nitrogen abatement policies to control groundwater pollution in order
to satisfy certain environmental constraints. Despite the considerable advances in the

development of integrated tools for nitrate transport simulation at the catchment scale
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(ex. Refsgaard et al., 1999; Lasserre et al., 1999; Birkinshaw and Ewen, 2000) these
modelling frameworks are not usually suitable for integration into management
optimization models for identifying optimal policies. A few studies have proposed
integrated economic-biophysical simulation approaches to assess the evolution of
groundwater quality under different agriculture policies or protection measures, linking
agricultural economic models with soil-plant, nitrogen balance, and groundwater flow
and transport models (e.g., Gomann et al., 2005; Graveline and Rinaudo, 2007a;
Graveline et al., 2007; Almasri and Kaluarachchi, 2007). In Almasri and Kaluarachchi
(2005), a “black-box” statistical modelling approach (artificial neural networks) is used
to relate on-ground nitrogen loadings with nitrate concentrations at specific control sites

in a multicriteria decision framework.

The objective of this study is to develop a hydro-economic modelling framework for
optimal management of groundwater nitrate pollution from agriculture. The
optimization modelling framework explicitly integrates nitrate leaching and fate and
transport in groundwater with the economic impacts of nitrogen fertilizer restrictions in
agriculture. This research aims to contribute to the ongoing policy process in the Europe
Union (the Water Framework Directive) by analyzing the cost of measures for reducing
nitrogen loadings and their effectiveness on maintaining groundwater nitrate
concentration within the target levels. With this method we contribute to the

development of the programme of measures to be established by 2012.

NITRATE GROUNDWATER POLLUTION
Once nitrogen enters the soil, it undergoes several biochemical transformations before

leaching to groundwater mostly as nitrate (Fig. 1). Losses in modern agriculture
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commonly account for 10-30% of the nitrogen additions (Meisinger et al., 2006). The
transport and fate of nitrogen in the subsurface environment depends upon the form of
entering nitrogen and the biochemical and bio-physico-chemical processes involved in
transforming one form of nitrogen into others. Depending on the sources, nitrogen can
enter the subsurface environment in organic or inorganic forms; nitrogen from chemical
fertilizers will typically be in ammonium or nitrate form. The major sources of nitrates
in groundwater include irrigated and rainfed agriculture and intensive animal operations
(EEA, 1999). Septic tanks and other sources as landfills can leach nitrates in localized

areas (Meisinger et al., 2006).

Fixation N,
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Organic Nitrogen V
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Fig. 1. Nitrogen groundwater pollution processes.
More than 90 % of the nitrogen in soil is organic, either in living plants and animals or
in humus originating form decomposition of plant and animal residues (Canter, 1996).
The nitrate content is generally low because it is taken up in synthesis, leached by water
percolating through the soil, or subjected to denitrification activity below the aerobic
top layer of the soil. However, synthesis and denitrification rarely remove all nitrates
added to the soil from fertilizers and nitrified wastewater effluents (Tesoriero et al.,

2000). Accordingly, nitrates leached from soils are a major groundwater quality
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problem. Accurate quantification of nitrate leaching to groundwater is difficult due to
the complex interaction between land use practices, on-ground nitrogen loading,
groundwater recharge, soil nitrogen dynamics and soil characteristics. Therefore it is
important to understand the interaction of the aforementioned factors to account for the

transient and spatially variable nitrate leaching to groundwater.

When nitrogen in the form of nitrate reaches groundwater, it becomes very mobile
because of its solubility. Nitrates can move with groundwater with minimal
transformation and can migrate long distances from input areas if there are highly
permeable subsurface materials that contain dissolved oxygen. This process can be
affected by a decline in the redox potential of groundwater that can lead to a
denitrification process (Tesoriero et al., 2000). Groundwater fate and transport models
are essential for assessing the impact of protection alternative measures that protect

groundwater quality and reduce contamination.

METHOD

Management Model

An optimization model is developed to define efficient fertilizer allocation in
agriculture: when, where and by how much fertilizer reductions have to be applied to

meet the ambient standards (groundwater quality) in specific control sites in the aquifer.

The efficient allocation maximizes the present value of the net social benefit. The net
social benefit equals the benefit received from the use of the resource minus external
costs imposed on the society, including costs of damage from pollutants in the

environment. Unless the level of pollution is very high indeed, the marginal damage
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caused by a unit of pollution increases with the amount emitted, and the marginal
control cost increases with the amount controlled. Efficiency is achieved when the
marginal cost of control is equal to the marginal damage caused by the pollution for
each emitter. The optimal level of pollution is not necessarily the same for all locations.
One way to achieve this equilibrium is to impose legal limits on the pollution allowed
from each emitter, for the level of pollution where marginal control cost equals marginal
damage. Another approach would be to internalize the marginal damage caused by each
unit of emission by a tax or charge on each unit of emissions. To implement these
policy instruments, we must know the level of pollution at which the two marginal cost
curves cross for every emitter, which requires an unrealistically high information burden
on control authorities (Tietenberg, 2002). Another approach is to select ambient
standards, legal upper bounds on the concentration level of specified pollutants in water,
based on some criterion such as adequate margins of safety for human or ecological
health. The allocation of the necessary reduction of emissions for meeting the ambient
standards can be achieved through cost-effective policies. A cost-effective policy results
in the lowest cost allocation of control responsibility consistent with ensuring that the
predetermined ambient standards are met at specified locations called “control sites”.
Since emissions are what can be controlled, but the concentration at the receptor cites
are the policy targets, it is necessary to relate both through the proper numerical

simulation of the pollutants leaching, transport and fate within the aquifer.

In the proposed hydro-economic modelling framework, the non-point pollution
abatement problem was stated as the maximization of welfare from crop production
subject to constraints that control the environmental impacts of the decisions in the

study region. Welfare was measured as the private net revenue, calculated through crop
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production functions and data on crops, nitrogen and water prices. The hydro-economic
model integrates the environmental impact of fertilization by simulation of soil nitrogen
dynamics and fate and transport of nitrate in groundwater with the economic impact
(agricultural income losses) of water and fertilization restrictions, assessed through
agronomic functions representing crop yields and crop prices. The decision variables of
the problem are the sustainable quantities of nitrogen per hectare applied in the different

crop areas (pollution sources) to meet the environmental constraints.

The management model for groundwater pollution control is formulated as:

Max [ = ZZ 1 r ( th Nc,t - Pu ’Wc,t) (1)
subject to:
[RM fer < {a )

where IT is the objective function to be maximized and represents the present value of
the net benefit from agricultural production (€) defined as crop revenues minus fertilizer
and water variable costs (other costs are not included); Ac is the area cultivated for the
crop c; pe is the crop price (€/kg); Yc. is the production yield of crop c at year t (kg/ha),
that depends on the nitrogen fertilizer and irrigation water applied; pn is the nitrogen
price (€/kg); Nc. is the fertilizer applied to the crop c at year t (kg/ha), pw is the price of
water (€/m3), and Wc; is the water applied to the crop c at year t (m®); r is the annual
discount rate, [RM] is the unitary pollutant concentration response matrix; {q} is a
column vector of water quality standard imposed at the control sites over the simulation
time (kg/m°); {cr} is a vector of n elements which corresponds to the nitrate
concentration recharge (kg/m®) reaching groundwater from each crop area, whose

components are given by:
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where ri is the water that recharges the aquifer (m3/ha) at time t, and Lc; is the nitrogen
leached from each crop area (kg/ha) at time t. The sub-index t in the formulation refers
to the year within the planning horizon or the number of successive years in which the

fertilizer is applied.

The application of the optimization management model requires the integration of the
soil nitrogen dynamics simulation (to define nitrate leaching) with the simulation of
groundwater flow and nitrate fate and transport, so that on-ground nitrogen loadings can
be translated into groundwater nitrate concentrations (Fig 2). Groundwater flow and
transport governing equations are represented within the management model through

the pollutant concentration response matrix [RM].

Hydrodynamic paramelers
Groundwaler recharge | Groundwater
Addiional extermal stresses flow modal
Crops, Soil. Climate -._H?.I?.?lf.fla.l.ﬂ-
Irrigation Syste :
IR .F“bl_dgr: —+ Agronomic model ! Dispersivity
Groundwater solute . Sorption
transport mode! Blodegradation
l l T External stresses

------------------------------------------------------------------------------------------------------------------

i Crop yield functions (Y, ) ._ Mitrate leaching func.(L_} Concentration response mafrix (RM)

| |

r

Crop price (p,)

Fertiizer price (p,) : Management - Environmental standards

Water price {p,) Model {maximum concentration levels, g}
Optimal nitrogen Cost of nitrate
allocation, N_, control policies

Fig. 2. Schematic describing the modelling framework
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The method of embedding a numerical groundwater simulation model in an
optimization management model as a series of constraints was first described by
Aguado and Remson (1972). The number of model constraints defined using classic
numerical methods can be excessively high, especially in hardly discretized aquifers
(Peralta et al., 1995). When linearity of a system performance can be accepted, the
principles of superposition and translation in time are applicable. Under the assumption
of linear groundwater flow equations (linear boundary conditions and transmissivity
values that do not depend on the hydraulic head), influence functions, discrete kernels
or response matrices have been applied to embed distributed-parameter simulation of
aquifers into conjunctive use management models (Maddock, 1972; Schwarz, 1976,
Morel-Seytoux and Daly, 1975). The main advantage of response matrices is their
condensed representation of external simulation models. The response functions are
incorporated into constraints, coupling the hydrologic simulation with the management
optimization. Gorelick et al. (1979) and Gorelick and Remson (1982) first applied a
response matrix approach in the development of a management model of a groundwater
system with a transient pollutant source.

To apply superposition, we need to assume linearity of the system with regard to the
decision variables. For this purpose, in the application of the response matrix approach
to groundwater pollution problems, groundwater flow has to be considered as steady
state, while nitrate transport can be simulated as time dependent (transient) (Gorelick et
al., 1979).

Consistently with the steady state assumption, we assume that each crop area provides a
constant recharge to the aquifer and therefore, the groundwater velocity field is time
invariant. The concentration recharge is the quotient of the amount of nitrate leaching

over the volume of water recharge. Treating both factors as unknowns would create a

11
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non-linearity with respect to the advective and dispersive transport, both of which
depends on concentration and velocity. To overcome this, groundwater recharge is
considered as constant in time. The use of the steady state flow assumption may not be
suitable for sites with significant hydraulic head variations in time, because of the

transport simulation errors introduced by ignoring flow transient

Nitrate fate and transport and groundwater flow
Solute transport and fate in groundwater depends on the velocity of groundwater flow,
which can be obtained solving the groundwater flow equation for steady-state flow

through a saturated anisotropic porous medium (Freeze and Cherry, 1979):

a(KxﬁHj+a(KyaHj+6[KzaHj+W=0 4)
OX ox ) oy oy ) oz 0z

where Ky, Ky and K; are the hydraulic conductivity values (L/T) in the x, y and z
directions; H is the hydraulic head (L) and W is the flux term (L/T) that accounts for

pumping, recharge or other sources and sinks.

The solute concentration throughout the aquifer can be described by the general
equation for advective-dispersive transport, incorporating equilibrium-controlled

sorption and first-order irreversible reactions (Zheng and Bennett, 2002):

C_9p, C 1 9yc)be —sctPrc (5)
ot ox oX; | 0X 0 0

12
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where C is the dissolved concentration (M/L®); t is the time (T); C is the sorbed
concentration (M/ L®); vi is the pore water velocity (L/T); gs is the volumetric flow rate
per unit volume of aquifer and represents fluid sources and sinks (T?); Cs is the
concentration of the fluid sources or sink flux (M/L3); A is the reaction rate constant (T~
1); po is the bulk density of the porous medium (M/L3); O is the porosity

(dimensionless); and R is the retardation factor.

Pollutant Concentration Response Matrix

The response matrix describes the influence of pollutant sources upon concentrations at
the control sites over time. Dynamic management of pollutant sources affecting
groundwater quality has been examined by Gorelick et al. (1979), Gorelick and Remson
(1982), Gorelick (1982) or Ahlfeld (1988). The pollutant concentration response matrix
[RM] is a rectangular (m x n) matrix. The number of columns, n, equals the number of
crop areas (pollution sources) times the number of years within the planning horizon.
The number of rows, m, equals the number of control sites times the number of
simulated time steps in the frame of the problem (Fig 3). The simulated time horizon
corresponds to the time for the solute to pass all the control sites, and it is independent

of the length of the planning period.

13
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Fig. 3. Schematic representation of the pollutant concentration response matrix.

Numerical simulation models based on the flow and solute transport governing
equations were used to develop the pollutant concentration response matrix.
MODFLOW (Mcdonald and Harbough, 1988), a 3D finite difference groundwater flow
model, and MT3DMS (Zheng and Wang, 1999), a 3D solute transport model, were
applied to ensemble the pollutant response matrix. First, the field of groundwater
velocities is computed using the calibrated groundwater flow model. With the velocity
field and the calibrated mass transport model, MT3DMS computes the nitrate
concentrations over time (breakthrough curve) at each control site resulting from unit
nitrate concentration recharges at each pollution source. These concentration values are

assembled as columns to conform the pollutant concentration response matrix.

For advection-dominated problems, the solution of the transport equation presents two
types of numerical problems: numerical dispersion and artificial oscillations (Zheng and
Bennett, 2002). The MT3DMS has several solution techniques, the one used here is the

third-order TVD scheme based on the ULTIMATE algorithm  which is mass

14
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conservative, without excessive numerical dispersion, and essentially oscillation-free

(Zheng and Wang, 1999).

Agronomic simulation

Crop production and nitrogen leaching functions can be derived from agronomic
simulation models like EPIC (Williams, 1995; Liu et al., 2007). GLEAMS (Knisel et
al., 1995; De Paz and Ramos, 2004) and NLEAP (Shaffer et al., 1991; Shaffer et al.,
2008) are also popular models for simulating nitrate leaching. In EPIC, a crop growth
/chemical transport simulation model help defines functions relating crop yield, and
groundwater nitrate leaching to water applied, on-ground nitrogen fertilization and
nitrogen stock in the soil. These functions will depend on local conditions on soils,

climate, irrigation water, tillage, and other operations.

The crop yield can be defined through crop production functions with the following
polynomial equation:

Y,=a+b-W,+c-W?+d-N_+e-NZ+f-W, -N, (6)
where Y. is the crop yield (kg/ha), W. is the water applied to the crop (m®ha) and Nc is
the fertilizer applied to the crop (kg/ha). Flexible quadratic function forms are often
used to characterize crop yields (Doorenbos and Kassam, 1979; Vaux and Pruitt, 1983;
Zhengfei et al., 2006). The coefficients of the equation (a, b, ¢, d, e, and f) are calibrated

for the best fit to the values obtained through an external agronomic simulation model.

The amount of leaching and hence the amount of nitrates in groundwater is a function of
the timing of fertilizer application, vegetative cover, soil porosity, fertilizer application

method, and irrigation rate (Canter, 1996). After the plant uptake and transformation,
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some of that nitrogen applied is converted into nitrate that can leach to the aquifer. The
amount of nitrate leached is then introduced into the management model through
quadratic functions of water applied and nitrogen fertilization, also this functions are
often used to characterize nitrate leaching (Calatrava and Garrido, 2001; Martinez and
Albiac, 2004;) as follows:

L.=g+h-W, +i-W2+j-N,+k-NZ+1-W_-N_ (7)
where L is the nitrogen leached (kg/ha), W is the water applied to the crop (m*/ha) and
Nc is the fertilizer applied to the crop (kg/ha). The coefficients of the equation (g, h, i, |,
k, and ) are calibrated for the best fit to the values obtained through an external

agronomic simulation model.

APPLICATION OF THE MODELLING FRAMEWORK

Ilustrative example

The modelling framework was applied to a hypothetical groundwater system (Fig. 4).
The aquifer has impermeable boundaries and steady flow from the top to bottom of the
Figure. The finite difference grid is 500 x 500 meters. The system parameters are
hydraulic conductivity of 40 m/day, aquifer thickness of 10 meters, effective porosity of
0.2, and dispersivity of 10 meters. The natural recharge is 500 m%ha. There are 70 stress
periods, each of one year (365 days). Seven crop zones with five different crops are
considered. For each crop a quadratic production function and a leaching function have
been defined. Each source is related to a crop as shown in Figure 4. The coefficients
used for the production and nitrate leaching functions are shown in Table 1. Three
control sites with concentration upper bounds (maximum of 50 mg/l of nitrates) are

defined.

16
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Table 1

Production function and nitrogen leaching coefficients.

Crop a b c d = f

Production functions coefficients

Alfalfa 4.43E+00 2.63E-02 -1.62E-05 4.68E-02 —3.45E-04 0.00E+00

Barley —3.68E-01 6.06E-03 —~1.02E-05 1.88E-02 —5.15E-05 0.00E+00

Sunflower 4.37E-01 6.80E-04 —9.70E-06 3.12E-02 —1.40E-04 5.40E-05

Wheat 6.11E-01 3.90E-03 —3.40E-05 4.60E-02 —1.30E-04 5.00E-05

Corn —1.30E+01 3.80E-02 —2.40E-05 6.70E-03 —7.20E-05 5.17E-05
g h i i k 1

Leaching functions coefficients

Alfalfa —T7.04E+00 -3.69E-03 1.36E-05 9.69E-03 1.02E-03 0.00E+00

Barley —1.96E+01 -1.15E-03 2.20E-04 —2.04E-02 5.06E—-04 0.00E+00

Sunflower 0.00E+00D 0.00E+00 —3.44E-04 7.68E-01 —2.25E-03 1.34E-03

Wheat 0.00E+00 4.36E-02 0.00E+00 3.05E-01 1.30E-04 ~1.17E-04

Corn 0.00E+00 4 40E-03 —6.69E-05 3.96E-01 0.00E+00 0.00E+00

17
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Table 2
Sources, crops and irrigation.

Source Crop Area (ha) Water applied (m*/ha) Crop price (€/kg)

51 Alfalfa 3600 950 0.09
52 Barley 3600 300 012
s3 Sunflower 3600 400 030
54 ‘Wheat 3600 250 013
55 Corn 3600 700 012

The irrigation water applied was kept constant at the level where the crop yield is

maximum (Table 2). The fertilizer price is 0.60 €/kg.

Pollutant concentration response matrix and breakthrough curves

The response matrix is generated by simulating the effects of a fertilizer application of
200 Kg/ha and an annual recharge of 500 m%/ha. Using the corresponding concentration
recharge as “unit” recharge rate at each source, the breakthrough curves (nitrate
concentration time series) for the different sources were generated using MODFLOW
and MT3DMS. For the solute transport simulation only advection and dispersion were
considered, and the simulation time horizons were determined by the time for which the
solute completely passed the control sites. Breakthrough curves were obtained for each

crop area and for the three different control sites (Fig. 5).

Control site 1
|81 = 82 83 84 =85 . 86 87
5.0
4.5 Ny
= 4.0
E’ 354
E 3.01
m 251
S 201
£
5 15
© 10
0.5 4 75\
0.0 .
0 5000 10000 15000 20000 25000
Time {days)

Fig. 5. Breakthrough curve for the control site 1.
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Crop area S3 (sunflower) is the nitrate source with the greatest influence on control
sites 1 and 2, followed by S1. Source S3 has greater influence than sources S1 and S2,
despite these areas are closer to the control sites (Fig. 4), since nitrate leaching
concentration from S3 is higher than from the other crop areas. S5 (corn) is the only

pollution source with a significant impact on the three control sites.

Scenarios and results
Five different scenarios have been considered to illustrate the applicability of the
proposed approach. In the scenario 0 or base case, no ambient standards are considered,
and the fertilizer applied is the one that yields the highest benefit. In scenarios 1 to 4, a
maximum nitrate concentration of 50 mg/l is imposed at the three control sites as
follows:
= Scenario 1. The initial solute concentration in groundwater is zero, and the
fertilizer application can vary in space and time.
= Scenario 2. The initial solute concentration in groundwater is zero and the
fertilizer application is restricted to be the same over the planning horizon.
= Scenario 3. The initial solute concentration is 55 mg/l throughout the aquifer,
and the fertilizer application can vary in time and space. For this scenario four
different recovery times were considered: 10, 20, 30 and 40 years.
= Scenario 4. The initial concentration is 55 mg/l and the fertilizer application is

restricted to be the same for all the management periods.

For each scenario, four planning horizons (10, 20, 30 and 40 years) were considered to

test the influence of the planning horizon on the optimal nitrate management and its

economic and environmental impacts.
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The model was coded in GAMS, a high-level modelling system for mathematical
programming problems (GAMS, 2008). The non-linear problem to be solved has 1681
variables and 2939 constraints. The MINOS solver was used to find the optimal

solution.

Scenario 0. No nitrate standard

This scenario is a reference case with no nitrate standard and the aquifer not initially
polluted. Therefore, the resulting fertilizer application is the one that yields the
maximum aggregated net benefit, without constraining nitrate pollution. The optimal
fertilizer distribution in space and time was calculated for 10, 20, 30 and 40 year
planning horizons. The longer the considered planning horizon, the higher the peak

concentration of nitrate.

While for the 10 year planning horizon the maximum concentration is below the current
standard, the nitrate standard is exceeded for 20 year and longer planning horizons (64
mg/l would be reached in the 40 year planning horizon case). Since in all the planning
horizons the optimal fertilizer application would be the same (3731 ton/year on

average), an equal annual benefit (20.96 M€/year) would be obtained.

Scenario 1. Variable fertilizer application.

For the 10 year planning horizon, the fertilizer application was the same as that
providing the maximum benefits, since the ambient standard was not reached at any of
the control sites. However, for longer planning horizons (20, 30, and 40 years) the

fertilizer application was reduced to keep nitrate concentrations at the control sites
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below 50 mg/l. Figure 6 shows the optimal fertilizer application for the different
planning horizons, showing the application is further reduced as the planning horizon
increases, since there is an extension in time of the application of the fertilizer loading.
From here on, only the results for the 40 year management period will be shown, a

representing long-term management.

—+— 40 year planning horizon —=— 30 year planning horizon —»— 20 year planning horizon

AT00 4

3650

600 o B,

3550

3500

3450 4

3400 4

Total fertilizer application (Ton)

3350 4

3300
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1] 5 10 15 20 25 30 35 40
Planning periods (Years)

Fig. 6. Total fertilizer application for different planning horizons. Scenario 1.

Figure 7 shows the reduction of fertilizer application corresponding to each source with
regards to the fertilizer application of maximum crop yield. The level of sustainable
fertilizer loading reduction differs with location depending on its influence upon the
nitrate concentration at the control sites and the economic losses from crop yield
reduction. According to this Figure, crop area S5 (corn) requires the most fertilizer
reduction, reaching a 30% reduction during the first 30 years. As shown in Figure 5, this

crop area strongly influences nitrate concentration at the 3 sites.
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Fig 7. Spatial and temporal reduction of fertilizer application. Scenario 1.

The arrival time of the peak nitrate concentration to the control sites differs for each
source; therefore, the optimal timing and magnitude of fertilizer reduction to meet the
environmental targets will differ for each source. Figure 8 shows the times series of
nitrate concentration for the optimal fertilizer application at the 3 control sites. Figure 8
shows that nitrate concentrations are maintained below the ambient standard of 50 mg/I.
While the concentrations at control site 1 and 2 are close to the limit, the values at

control site 3 are notably below.
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Fig. 8. Time series of nitrate concentration. Scenario 1.

Table 3 shows the economic impacts of different planning horizons. The longer the
planning horizon, the higher the reduction in fertilizer application, with lower average

benefits per year.

Table 3
Fertilizer application and benefit for different planning horizons, Scenario 1.

Planning horizon Total annual fertilizer application Total benefit (Mée/
(years) (tonfyear) year)
10 3731 20.96
20 3660 20.93
30 3533 20.83
40 3429 20.76

Scenario 2. Constant fertilizer application.

Scenario 2 illustrates the case where the fertilizer application is kept constant through
the years, which is obviously not the economically optimal solution but represents a
simpler management alternative. Table 4 shows the fertilizer application and the
percentage of fertilizer reduction from the loading that produces the maximum crop
yield that is required to meet the ambient standards. Crop area S5 (corn) again has the

highest fertilizer reduction, followed by S3 (sunflower).
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Table 4
Constant fertilizer application and percentage of fertilizer reduction. Scenario 2.

Source Crop Fertilizer application (kg/ha) Fertilizer reduction (%)
51 Alfalfa 50.1 139
52 Barley 124.1 7.5
s3 Sunflower 151.9 16.2
54 Wheat 180.3 13.0
55 Corn 183.7 30.2
S6 Alfalfa 55.8 4.1
57 Barley 134.1 0.0

Comparing the fertilizer application in scenarios 1 and 2 (Fig. 9) we conclude that when
the fertilizer application is constant over time (scenario 2) the total fertilizer application
has to be reduced to meet the constraints. Over time, both curves get closer up to the
point in which the minimal fertilizer application in scenario 1 reaches the value in
scenario 2. Since scenario 2 presents the highest reductions in fertilizer applications, the

benefits for agriculture are consequently lower (20.50 against 20.96 M€/year).

40 year planning horizon

—+— Scenario 1 —s— Scenario 2

3650
3600
3550 1 \
3600
3450 1
3400
3350

3300

Total fertilizer application (Ton)

3250

3200 T T T T T T T T
0 5 10 15 20 25 30 35 40

Planning periods (Years)
Fig. 9. Comparison between scenarios 1 and 2.
Scenario 3. Recovery from pollution.
The EU Water Framework Directive requires determining the most cost-efficient
combination of measures to reduce nitrate concentration in polluted groundwater bodies
below the standard (50 mg/l). In this scenario, an initial uniform nitrate concentration of

55 mg/l was considered, and the objective was to find the optimal fertilizer application
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to reduce nitrate groundwater concentrations to 50 mg/l for different recovery time
horizons (10, 20, 30 and 40 years). The recovery time horizons were imposed in the
management model by setting the maximum concentration constraint at the specific

recovery time and beyond.

Figure 10 shows the fertilizer application for the scenarios 1 (initially unpolluted
aquifer) and 3 (initially polluted aquifer) with a 40 year recovery time horizon. The
fertilizer application is higher for scenario 1 than for scenario 3 to reduce the initial
nitrate concentrations. However, both applications converge over time, once the effect

of the initial concentration has been lowered by natural attenuation.

40 year planning horizon

——Ini. Conc. 55 mgfl —=— Ini. Conc. 0 mgf

AT00

3500

2300 4

3100+

2000 -

Total fertilizer application (Ton)
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0 ] 10 15 20 25 30 35 40

Planning periods (Years)

Fig. 10. Comparison between scenarios 1 and 3.

Table 5 shows the benefits for the different recovery times. The difference in benefits
between the more constrained case (10 year recovery time) and the 40 years of recovery

is €230,000/year.
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Table 5
Total benefits for different recovery times. Scenario 3.

Recovery time

Total fertilizer application (ton/ Total annual benefits (Mg&/

(years) year) year)
10 2898 19.43
20 2917 19.45
30 2921 19.53
40 2964 19.66

Figure 11 depicts the total fertilizer application that corresponds to the different

recovery time hori

Z0ns.

Longer recovery time horizons increase total fertilizer application (concentrations must

be reduced faster for shorter recovery times). However, the differences decrease over

time.

3600
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3400 1
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Fig 11. Total fertilizer application for different recovery times. 40 year planning horizon.

Scenario 3.

Scenario 4. Constant fertilizer application with initial pollution.

In this scenario the aquifer is considered polluted with an initial uniform concentration

of 55 mg/l, and the fertilizer application is kept the same throughout the planning

horizon.
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Comparing scenarios 3 and 4 for the 40 year planning period case, there is a significant
reduction in the benefits from agriculture (€580,000/year) when the fertilizer is kept
constant, although the difference in the average fertilizer application is only 15 kg/ha-

year.

Some researchers (e.g., Yadav, 1997; Martinez and Albiac, 2004) have performed cost-
effectiveness analysis of groundwater pollution control policies as if the ambient
standards were imposed at every location in the aquifer, and therefore, the pollutant
concentration recharge is implicitly limited to 50 mg/l. The same case was simulated
and compared with the results previously obtained imposing nitrate concentration limits
only at the three control sites. Table 6 shows the total fertilizer reduction required for
maintaining nitrate concentration below 50 mg/l throughout the aquifer, showing that no
fertilizer reductions are required for some crops, since the quantity of fertilizer that
yields the highest crop production can be applied without exceeding the ambient
standard. However, other crops (sunflower, wheat, corn) require a big reduction in
fertilizer loads. With these fertilizer application rates, the maximum nitrate
concentration at the control points stays below 20 mg/l, far from the limit of 50 mg/I.
Because of the further reduction in fertilizer application, the average benefits are

considerable smaller (17.09 M€/year versus 19.08 M€/year).

Table 6
Fertilizer application and fertilizer reduction for the case where the concentration
recharge is below 50 mg/l.

Source Crop Fertilizer application (kg/ha) Fertilizer reduction (%)
S1 Alfalfa 58.2 0
S2 Barley 1341 0
S3 Sunflower 69.8 62
S4 Wheat 50.0 76
S5 Corn 138.1 48
S6 Alfalfa 58.2 0
S7 Barley 134.1 0
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CONCLUSIONS

In recent decades, nitrate concentrations in groundwater have increased due to the
intensive use of fertilizers in agriculture. In Europe, the EU water legislation establishes
a limit of nitrate concentration in groundwater bodies of 50 mg/l, and requires that
groundwater bodies reach a good quantitative and chemical status by 2015. To control
groundwater diffuse pollution is necessary to analyse and implement management

decisions.

This paper describes the development and application of a method for exploring optimal
management of groundwater nitrate pollution from agriculture. The model suggests the
spatial and temporal fertilizer application rate that maximizes the net benefits in
agriculture constrained by the quality requirements in groundwater at specific control
sites. The analysis accounts for key underlying biophysical processes linked to the
dynamics of nitrogen in the soil and the aquifer, as well as the crop yield responses to
water and fertilizer application. External soil-plant agronomic models, and groundwater
flow and solute transport simulation models are used to obtain influence or response
functions that are integrated into the optimization model, translating nitrogen applied on
the surface into nitrates at wells or other points of interest throughout the aquifer, so the
effectiveness of measures can be assessed in terms of reduction of nitrate concentrations
within the groundwater body. Unlike simulation approaches, the management model
automatically generates optimal solutions for a very complex problem. Instead of
resorting to black-box statistical models, the fate and transport of nitrates within the
aquifer is explicitly simulated in the optimization model using a pollutant concentration

response matrix under the assumption of steady-state flow. The concentration response
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matrix shows the concentration over time at different control sites throughout the

aquifer resulting from multiple pollutant sources distributed over time and space.

The method was applied to an example under five scenarios. Optimal solutions to
problems with different initial conditions, planning horizons and recovery times were
found. The case study shows how both the selected planning horizon and the target
recovery time can strongly influence the limitation of fertilizer use and the economic
opportunity cost for reaching the environmental standards. There is clearly a trade-off
between the time horizon to reach the standards (recovery time) and the economic

losses from nitrogen use reductions.

This method can contribute to implementing the EU Water Framework Directive by
providing insights for the definition of cost-efficient policies or program of measures to
control diffuse groundwater pollution. The modelling framework allows estimation of
the opportunity cost of measures to reduce nitrogen loadings and their effectiveness for
maintaining groundwater nitrate concentration within the target levels. The method also
can be applied to identifying economically efficient “good quality status” threshold
values. Finally, it can be used to justify less stringent environmental objectives based on
the existence of disproportionate cost (for cases in which opportunity costs surpass the
expected benefits) or to ask for deadline extensions when it is not feasible or the

objectives cannot “reasonably” be achieved within the required timescales.

Additional work to assess the influence of uncertainty in the different parameters of the

model would be required. A stochastic modelling framework can be derived from the

proposed methodology. The modelling framework can be used to test the effects of
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different policies such as water prices, nitrogen taxes, nitrogen standards, subsidies, etc.
Finally, the method can be extended to consider other sources of nitrate pollution such
as animal farming, landfills, and septic tanks. Although the method and tools are
suitable for simulating the effects of these sources on nitrate concentration at the control
sites, further research would be required for modelling the economics of abating the

pollution from these other sources.

REFERENCES
Aguado, E, y I. Remson, (1974). Groundwater hydraulics in aquifer management. J. of

Hydraulic Division, ASCE, 100 (HY1), 103-118.

Ahlfeld, D. P., Mulvey, J. M., Pinder, G. F., Wood, E. F. (1988) Contaminated
Groundwater Remediation Design Using Simulation, Optimization, and Sensitivity

Theory 1. Model Development. Water Resources Research 24(3), 431-441.

Almasri, M. N. and Kaluarachchi, J. J. (2005) Multi-criteria decision analysis for the
optimal management of nitrate contamination of aquifers. Journal of Environmental

Management 74, no. 4, 365-381, doi:10.1016/j.jenvman.2004.10.006.

Almasri, M. N. and Kaluarachchi, J. J. (2007) Modelling nitrate contamination of

groundwater in agricultural watersheds. Journal of Hydrology 343, 211-229,

doi:10.1016/j.jhydrol.2007.06.016.

30



619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

Bernardo, D. J., Mapp H. P., Sabbagh G. J., Geleta S., Watkins, K. B., Elliot, R. L.,
Stone, J. F. (1993) Economic and environmental impacts of water quality protection

policies 1. Framework for regional analysis. Water Resources Research 29, 3069-3080.

Birkinshaw, S. J. and J. Ewen (2000) Nitrogen transformation component for
SHETRAN catchment nitrate transport modelling. Journal of Hydrology 230 (1-2), 1-

17.

Brouwer, R., Hess, S., Bevaart, M., Meinardi, K. (2006) The Socio-Economic Costs and
Benefits of Environmental Groundwater Threshold Values in the Scheldt Basin in the

Netherlands. IVM report E06-02

Calatrava, J., Garrido, A. (2001) Analisis del efecto de los mercados de agua sobre el

beneficio de las explotaciones, la contaminacion por nitratos y el empleo eventual

agrario. Economia Agraria y Recursos Naturales. Vol.1, 2, 149-1609.

Canter, L. W. (1996) Nitrates in Groundwater. 1° ed. Ed. CRC-Press.

de Paz, J.M., and Ramos, C. (2004) Simulation of nitrate leaching for different nitrogen

fertilization rates in a region of Valencia (Spain) using a GIS-GLEAMS system.

Agriculture, Ecosystems & Environment. Volume 103 (1), 59-73.

Doorenbos, J., Kassam, A.H., 1979. Yield response to water. Irrigation and Drainage

Paper 33, F.A.O., Roma.

31


http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V6C-403794C-1&_user=5674735&_coverDate=04%2F28%2F2000&_alid=811373518&_rdoc=35&_fmt=high&_orig=search&_cdi=5811&_sort=d&_docanchor=&view=c&_ct=92&_acct=C000053929&_version=1&_urlVersion=0&_userid=5674735&md5=1bc984ee62b27e9f21495329b86e6af4
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V6C-403794C-1&_user=5674735&_coverDate=04%2F28%2F2000&_alid=811373518&_rdoc=35&_fmt=high&_orig=search&_cdi=5811&_sort=d&_docanchor=&view=c&_ct=92&_acct=C000053929&_version=1&_urlVersion=0&_userid=5674735&md5=1bc984ee62b27e9f21495329b86e6af4
http://www.sciencedirect.com/science/journal/01678809
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%234959%232004%23998969998%23499990%23FLA%23&_cdi=4959&_pubType=J&view=c&_auth=y&_acct=C000053929&_version=1&_urlVersion=0&_userid=5674735&md5=35b90c4bd329719bb4a2c8509e58ecfb
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T3X-4325YFK-4&_user=5674735&_coverDate=06%2F30%2F2001&_rdoc=1&_fmt=full&_orig=search&_cdi=4958&_sort=d&_docanchor=&view=c&_acct=C000053929&_version=1&_urlVersion=0&_userid=5674735&md5=33ce366744d7ae6bdc484170de6f3c7a#bbib5

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

EEA (European Environment Agency) (1999) Nutrients in European Ecosystems.

Environ. Assess. Rep. 4, Copenhagen, Denmark.

EEA (European Environment Agency) (2003) Europe’s water: an indicator-based

assessment. Topic Rep. 1, Copenhagen, Denmark.

Freeze, A. R. and Cherry, J. A. (1979) Groundwater. Prentice Hall.

GAMS Development Corporation (2008) GAMS home page. Available from

http://www.gams.com/.

Gorelick, S. M., Remson, I., Cottle, R. W. (1979) Management Model of a Groundwater
System With a Transient Pollutant Source. Water Resources Research 15 (5). 1243-

1249.

Gorelick, S. M. (1982) A Model For Managing Sources of Groundwater Pollution.

Water Resources Research 18 (4). 773-781.

Gorelick, S. M. and Remson, I. (1982) Optimal Dynamic Management of Groundwater

Pollutant Sources. Water Resources Research 18(1). 71-76.

Gomann, H., Kreins, P., Kunkel, R., Wendland, F. (2005) Model based impact analysis
of policy options aiming at reducing diffuse pollution by agriculture--a case study for
the river Ems and a sub-catchment of the Rhine. Environmental Modelling & Software

20(2). 261-271, doi:10.1016/j.envsoft.2004.01.004.

32



669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

Graveline, N. and Rinaudo, J. D. (2007) Constructing scenarios of agricultural diffuse
pollution using an integrated hydro-economic modelling approach. European Water 17-

18, pp. 3-16.

Graveline, N., Rinaudo, J. D., Segger, V., Lambrecht, H., Casper, M., Elsass, P.,
Grimm-Strele, J., Gudera, T., Koller and R., Van Dijk, P. (2007) Integrating economic
and groundwater models for developing long-term nitrate concentration scenarios in a
large aquifer, in Laurence, C. and Marsily, G. (Ed.) Aquifer Systems Management, 483-

495.

Hatch, D., Goulding, K., Murphy, D. (2002) Nitrogen. In: Haygarth, P.M. and Jarvis,
S.C., Editors, 2002. Agriculture, hydrology and water quality, CABI Publishing, CAB

International, London, UK, pp. 7-27.

Helweg, O., 1991. Functions of Crop Yield from Applied Water. Agronomy Journal,

83: 769-773.

Kim, C. S., Sandretto, C., Hostetler, J. (1996) Effects of Farmer Response to Nitrogen
Fertilizer Management Practices on Groundwater Quality. Water Resources Research

32, (5). 1411-1415.

Knapp, K. C., Schwabe, K.A. (2008) Spatial Dynamics of Water and Nitrogen

Management in Irrigated Agriculture. American Journal of Agricultural Economics 90

(2). 524-539. doi:10.1111/j.1467-8276.2007.01124 .

33



694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711
712

713

714

715

716

717

Knisel, W. G., Leonard R. A., Davis, F. M. (1995) Representing management practices

in GLEAMS. Eur. J. Agron. 4(4):499-505.

Lasserre, F., M. Razack and O. Banton (1999). A GIS-linked model for the assessment

of nitrate contamination in groundwater, Journal of Hydrology 224, 81-90

Lee, D.J. and Kim, C. S. (2002) Nonpoint source groundwater pollution and
endogenous regulatory policies. Water Resources Research 38, (12). 1275.

d0i:10.1029/2001WR000790.

Liu, J., Williams, J. R., Zehnder, A. J. B., Hong, Y. (2007) GEPIC — modelling wheat
yield and crop water productivity with high resolution on a global scale. Agricultural

Systems 94 (2). 478-493.

Maddock IlI., T., 1972. Algebraic technological function from a simulation model.

Water Resources Research 8(1), 129-134.

Mapp, H. P., Bernardo, D. J., Sabbagh, G. J., Geleta, S., Watkins, K. B. (1994)
Economic and Environmental Impacts of Limiting Nitrogen Use to Protect Water
Quality: A Stochastic Regional Analysis. American Journal of Agricultural Economics

76, (4). 889-903.

34



718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

Martinez, Y. and Albiac, J. (2004) Agricultural pollution control under Spanish and
European environmental policies. Water Resources Research 40: W10501.

d0i:10.1029/2004WR003102.

Martinez, Y. and Albiac, J. (2006) Nitrate pollution control under soil heterogeneity.

Land Use Policy 23, (4). 521-532. doi:10.1016/j.landusepol.2005.05.002.

McDonald, M. G. and Harbough, A. W. (1988) A Modular Three-Dimensional Finite-
Difference Groundwater Flow Model. US Geological Survey Technical Manual of

Water Resources Investigation, Book 6, US Geological Survey, Reston, Va, 586 pp

Meisinger, J. J., Delgado, J. A., Alva, A. K. (2006) Nitrogen leaching management.

Encyclopedia of Soils in the Environment. 2: 1122-1124.

Morel-Seytoux, H.J., and Daly, G.J. (1975). A discrete kernel generator for stream-

aquifer studies. Water Resour. Res., 11(2), 253-260.

Nolan, B.T., Ruddy, B.C., Hitt, K.J. and Helsel, D.R., (1997). Risk of nitrate in

groundwaters of the United States—a national perspective. Environmental Science and

Technology 31, pp. 2229-2236.

Peralta, R.C., Cantiller, R.R.A., and Terry, J.E. (1995). Optimal large scale conjunctive

water-use planning: Case study. J. Water Resour. Plann. and Manage., 121(6), 471-478.

35


http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V6C-3YS9138-4&_user=5674735&_coverDate=02%2F21%2F2000&_alid=864659112&_rdoc=1&_fmt=full&_orig=search&_cdi=5811&_sort=d&_docanchor=&view=c&_ct=2&_acct=C000053929&_version=1&_urlVersion=0&_userid=5674735&md5=6e49f12fa19742b6a5fffb3830c14b3a#bbib18

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765
766

767

Powlson, D. S., Addiscott, T. M., Benjamin, N., Cassman, K. G., de Kok, T. M., van
Grinsven, H., L’hirondel, J., Avery, A. A., van Kessel, C. (2008) When Does Nitrate

Become a Risk for Humans?. J. Environ. Qual., 37 (2). 291-295.

Refsgaard, J.C., Thorsen, M., Jensen, J.B., Kleeschulte S. and Hansen, S. (1999) Large
scale modelling of groundwater contamination from nitrate leaching, Journal of

Hydrology 221, 117-140.

Shaffer, M. J., Halvorson, A. D., Pierce, F. J. (1991) Nitrate leaching and economic
analysis package (NLEAP): Model description and application. In: Follet, R. F.,
Keeney, D. R., Cruse, R. M. (Eds.) Managing Nitrogen for Groundwater Quality and

Farm Profitability, 357. Soil Science Society of America.

Shaffer, M.J., Delgado, J.A., Gross, C. and Follett, R. F. (2008) Nitrogen loss and
environmental assessment package. In Advances in Nutrient Management for Water

Quality. Ankeny, IA: Soil and Water Conservation Society.

Schwarz, J. (1976). Linear models for groundwater management. Journal of Hydrology

28, 377-392.

Tesoriero, A., Liecscher, H., Cox, S., 2000. Mechanism and rate of denitrification in an
agricultural watershed: electron and mass balance along ground water flow paths. Water

Resources Research 36(6), 1545-1559.

Tietenberg, T. (2002) Environmental and Natural Resources Economics. Sixth ed.

Addison Wesley.

36


http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6VBS-4T118NF-3&_user=5674735&_coverDate=09%2F24%2F2008&_alid=811369466&_rdoc=1&_fmt=high&_orig=search&_cdi=5934&_st=12&_docanchor=&view=c&_ct=24&_acct=C000053929&_version=1&_urlVersion=0&_userid=5674735&md5=3dd7983ef974ee96d463831becc8c6d7#bbib50#bbib50

768

769

770

771

772
773

774

775

776

la

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

Vaux, Jr.,, H. J., and Pruitt, W. O. (1983) Crop-Water Production Functions. In D.
Hillel (Ed.), Advances in Irrigation, Vol. 2:61-97, New York, N.Y.: Academic Press,

Inc.

Williams, J. R. (1995) The EPIC model. In: Singh, V.P. (Ed.) Computer Models of

Watershed Hydrology, 909-1000. Water Resources Publisher

Wolfe, A. H., Patz, J. A. (2002) Reactive Nitrogen and Human Health: Acute and Long-

term Implications. AMBIO: A Journal of the Human Environment 31 (2). 120-125.

Yadav, S. N. (1997) Dynamic Optimization of Nitrogen Use When Groundwater
Contamination Is Internalized at the Standard in the Long Run. American Journal of

Agricultural Economics 79, (3). 931-945.

Zheng, C., and Wang, P. (1999) MT3DMS: A Modular Three-Dimensional
Multispecies Transport Model for Simulation of Advection, Dispertion and Chemical

Reactions of Contaminants in Groundwater Systems; Documentarion and User's Guide.

Zheng, C. and Bennett, G. D. (2002) Applied Contaminant Transport Modeling, 2° ed.

Wiley-Interscience.

Zhengfei, G., A. Oude Lansink, M.K. van Ittersum, A. Wossink (2006). Integrating
agronomic principles into production function specification: a dichotomy of growth
inputs and facilitating inputs. American Journal of Agricultural Economics, 88(1), 203-

214.

37



