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Cost-effective regulation of nonpoint emissions
from pastoral agriculture: a stochastic analysis

Graeme J. Doole and Alvaro J. Romera†

Nutrient emissions from pastoral agriculture are a global cause of declining water
quality. Their management is complicated through variability arising from climate and
soil influences. This paper compares the implications of input-based policies and direct
restrictions on leaching to achieve 10 and 20 per cent reductions in nitrogen (N) load,
in the context of pasture-based New Zealand dairy farms. The most important
mitigation practices on these farms are de-intensification (involving reductions in N
fertiliser application and stocking rate) and the application of nitrification inhibitors.
A stylised conceptual model, incorporating both sources of variability, is used to
identify the implications of alternative policies. Direct restriction of estimated N
leaching is the most cost-effective policy to reduce N leaching by 10 and 20 per cent.
These results indicate the general insufficiency of input-based mechanisms for water
quality improvement, given the low correlation between input use and leaching,
possible substitution with unrestricted inputs and their failure to motivate the use of
mitigation strategies. Additionally, model output indicates that inherent variability in
water quality, mainly due to climate influences, can dominate the benefits of
regulatory action in any given year.

Key words: agricultural policy, mathematical programming, natural resource policy,
operations research, water management & policy.

1. Introduction

Nonpoint pollution from pastoral agriculture is of growing concern world-
wide, with the ongoing nutrient enrichment of ground and surface waters in
both developed and developing nations (United Nations Environmental
Program (UNEP) 2012). The broad impact of declining water quality on
societal values has been broadly identified (Dodds et al. 2009), with
eutrophication harming property values, recreational use and ecosystem
resilience. However, there appears to be little general understanding
regarding how producers can be motivated to account for their nutrient
emissions, particularly in the context of pastoral agriculture (Monaghan et al.
2007a). This difficulty is promoted in the presence of soil heterogeneity and
pervasive stochastic processes (Kampas and White 2004). The importance of
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sound regulatory decision making highlights a key role for economic analysis,
through which the relative cost of alternative policy instruments can be
assessed.
The New Zealand (NZ) dairy industry is of central importance to the

nation’s economic well-being. Dairy production is New Zealand’s largest
export industry, with exports valued at $NZ12.1 billion in 2011, which
constituted a quarter of all NZ merchandise exports in that year (New
Zealand Trade and Enterprise (NZTE) 2012). This industry exports around
95 per cent of its milk production, generating one-third of world dairy trade,
and provides employment for around 45,000 people (New Zealand Institute
of Economic Research (NZIER) 2010). Moreover, the NZ dairy industry
has rapidly expanded over the last 20 years due to its high profitability
relative to other land uses, especially sheep and beef farming, with total area
farmed increasing by 60 per cent and milk production per ha increasing by
50 per cent over this period (Livestock Improvement Corporation (LIC)
2011).
However, nitrogen (N) leaching from intensive pasture-based New Zealand

dairy farms has led to substantial concern regarding its impact on water
quality (Doole and Pannell 2012). Dairy cows only assimilate a small
proportion of N from feed; thus, around 60–90 per cent is excreted, 70 per
cent of this as urine (Monaghan et al. 2007a). Urine patches cover around
25–30 per cent of a grazed area in pasture-based systems and contain large
amounts of N (around 1 t N/ha). Urea in urine is converted to ammonium,
which once oxidised to nitrate by bacteria is easily leached into subsurface
water flows and consequently waterways.
Various policies have been investigated with regard to their capacity to

regulate N leaching from dairy farms. Livestock density is a key driver of N
leaching (Monaghan et al. 2007a); thus, restrictions on stocking rate have been
proposed as a means to restrict urinary N deposition and thus N leaching
(Stout et al. 2001; AgFirst 2009). Restriction of N fertiliser application can
reduce N inputs to dairy farms, which reduces stocking rate due to decreases in
pasture production (AgFirst 2009). Nitrification inhibitors are chemicals
applied to pasture that retard the conversion of ammonium to nitrate through
impeding the activity of nitrifying bacteria (Monaghan et al. 2007a,b).
Dicyandiamide (DCD) application is costly, but can reduce abatement cost
through decreasing leaching without concomitant reduction in productive
inputs, such as cow number and nitrogen fertiliser (Doole and Paragahawewa
2011). More broad-based restriction of nitrogen inputs to dairy farms can be
effective, but requires detailed recording of farm management activities (Lally
et al. 2009). Restriction of the estimated level ofN leaching on a farm considers
themultiple factors driving such emissions from dairy farms (Groeneveld et al.
1998), although this requires the development of a robust metric to evaluate
leaching loads for individual farms.With themeasurement of N leaching, there
is also the possibility to trade emissions entitlements among heterogeneous
dairy farms (Doole and Pannell 2012).
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The objective of this study is to evaluate a set of policies for reducing N
leaching on Waikato dairy farms, while accounting for climatic variability
and soil heterogeneity. This is valuable to inform the design of sound
regulatory policies in the main dairy farming region of New Zealand, but also
internationally given that nonpoint emissions from pastoral agriculture are a
primary cause of declining water quality worldwide (United Nations
Environmental Program (UNEP) 2012). The incorporation of both climate
variability and soil heterogeneity promotes the broad value of this analysis,
given the dearth of studies that include these elements (see Kampas and
White 2004, for an exception).
A stylised, conceptual model is used to evaluate several policies drawn

from the authority responsible for water quality management in the study
region. Abstract, conceptual models have been used for many years to gain
insight into general principles for resource (Clark 2010) and environmental
management (Dasgupta 1982). In contrast, empirical models have primarily
been applied to analyse management within a specific context at a greater
degree of detail. The rapid development of powerful computing resources has
stimulated interest in the use of numerical methods to construct detailed, yet
stylised, models of different systems (Judd 1998). The use of numerical
methods greatly increases the amount of detail that can be considered in a
conceptual model. However, the key limitation is that the general applica-
bility of the conceptual model is restricted by the case study used to
parameterise the model. For this reason, the value of a stylised, numerical
approach stems mainly from its capacity to represent a rich description of the
important processes within a given case study in a transparent, yet
meaningful, way.
Policies evaluated in this study are restrictions placed on N fertiliser,

stocking rate, N fertiliser and stocking rate together, and N leaching level.
The analysis considers the inherent variability of N leaching and ambient N
loads. Stochasticity is an important feature of nonpoint pollution (Kampas
and White 2004), but one that has not been studied previously with regard to
N leaching from NZ dairy farms. Nevertheless, policy targets are based on
deterministic, measured outcomes. This is consistent with current approaches
to nonpoint pollution management in NZ, such as within the Taupo
catchment where N leaching is estimated using the OVERSEER software
(Wheeler et al. 2006).

2. Model

This section describes the bioeconomic model used to assess the relative cost
of alternative nonpoint pollution policies. The nonlinear optimisation model
(Bazaraa et al. 2006) incorporates five correlated, stochastic processes that
describe important biophysical attributes of the problem. Their inclusion
precludes the use of analytical methods.

© 2013 Australian Agricultural and Resource Economics Society Inc. and Wiley Publishing Asia Pty Ltd

Cost-effective regulation of nonpoint emissions 473



2.1. Farm management

Assume a catchment involves two farmers (i = {1,2}).The model represents a
single year to highlight key concepts. Each farm has a different soil type, with
N leaching risk differing between them.
The input decisions of each farmer affect the N level of a waterway. Three

inputs are defined. The decision variable Si represents stocking rate (cows/ha)
on farm i. This increases production, but increases N leaching. The decision
variable Fi represents the level of N fertiliser (kg/ha) applied by farmer i. This
increases production, but increases N leaching. The inhibitor is applied in a
separate application to nitrogen fertiliser and at a constant rate across the
area of the farm on which it is used. The area of the farm over which the
inhibitor is applied can vary according to the need for reducing nitrification.
Thus, the decision variable Di represents the proportion of the farm on which
nitrification inhibitors (i.e. dicyandiamide or DCD) are applied. The first two
variables represent key production decisions, while the last is a mitigation
strategy.
Several variables describe farm output, as an explicit function of these

decision variables. These decision variables are related to farm output
through statistical metamodels, defined below in Equations 1–4. A statistical
metamodel is a response surface that has been estimated from output from a
larger model using linear or nonlinear regression (Kleijnen 2008). Here, the
metamodels are fitted to the results generated from a large number of runs of
a farm-level model (Section 2.3). Metamodelling is valuable to reduce model
complexity and size (Kleijnen 2008). Metamodels fit through regression
methods contain omitted variable bias by construction, but this is compen-
sated for by the subsequent simplification of the model containing the
metamodel relationship and through the high quality fits generally obtained
in the regression (e.g. Table 1) (Friedman 1996; Kleijnen 2008).
The primary use of metamodelling is to describe the relationship between a

subset of variables from a larger simulation model, rather than describe the
relationship between the output variable and the primary contextual drivers
of a given dependent variable in reality (Friedman 1996; Kleijnen 2008).
Thus, it is recommended scientific practice to define a metamodel over all
treatments and exclude others not considered in the experiment (Friedman
1996; Kleijnen 2008). This is consistent with standard practice in the
statistical analysis of agricultural experiments (Gomez and Gomez 1984).
Thus, only decision variables are defined as regressors within the equations
defined below. Input variables that have no effect on the dependent variable
are found to be statistically insignificant. This approach is standard practice
where output from a farm-level model is used to develop a more stylised
framework (e.g. Segarra and Taylor 1987; Doole and Pannell 2012).
Metamodels to reflect profit, lactation length, milk production and maize

silage use are fitted through linear equations, where bi represents the
coefficients for farmer i.
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Output variable Pi represents farm profit ($/ha). This is computed:

Pi ¼ biaa1 þ biaa2S
i þ biaa3ðSiÞ2 þ biaa4F

i þ biaa5ðFiÞ2 � biaa6D
i: ð1Þ

There is a quadratic relationship between farm profit and stocking rate and
also between farm profit and N fertiliser application. These relationships are
concave, with profit increasing with intensification on the left-hand side of the
highest points of the quadratic relationships, but declining past these optimal
points. The decline occurs with an increasing stocking rate because the
benefits of a higher stocking rate for production and promoting pasture
utilisation become dominated by the negative impacts of low per-cow
production and need for costly supplement (MacDonald et al. 2011). The
decline occurs with an increasing fertiliser application rate because the
additional pasture growth becomes of inadequate value to the farm, relative
to the fertiliser cost required to achieve it (e.g. Makowski and Wallach 2002).
The curvature of each of these relationships is consistent with the concave
relationship between input use and profit in microeconomic theory (Jehle and
Reny 2011). Nevertheless, the sensitivity of model output to different
relationships is explicitly tested (Section 3.5).
Equation 1 is set to be equivalent across farms to focus on the implications

of soil heterogeneity for N leaching. The key driver for variation in profit on
heterogeneous soil types on NZ dairy farms, for a given management
strategy, is differences in pasture growth (Savage and Lewis 2005). There is
scarce information pertaining to the relative growth of pasture on these
specific soils. However, there is substantial evidence that they are similar.
First, these are both allophanic soils present in the same catchment and
climate. Thus, anecdotal evidence suggests that the distributions of pasture
production on both soils will have many common values in reality (Iris
Vogeler, pers. comm.). Second, this is supported by the distributions of
pasture production estimated for 129 farms for Soil 1 and for 158 farms for
Soil 2 by Doole and Pannell (2012). The high degree of commonality between
the distributions of pasture production on both soil types motivates the use of
the same profit function on both soils, given the importance of pasture
growth in the determination of farm profit.
Output variable Li represents mean lactation length (days/cow). This is

computed:

Li ¼ bib1 þ bib2S
i þ bib3F

i þ bib4D
i: ð2Þ

Output variable Mi represents milk production (kg MS/ha).1 This is
computed:

1 MS denotes milk solids, the proportion of milk that consists of fat and protein. This is the
standard measure of milk production in New Zealand.
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Mi ¼ bic1 þ bic2S
i þ bic3F

i þ bic4D
i: ð3Þ

Milk production per cow is reported in Tables 3–6. This is computed
through division of milk produced per ha (Eqn 3) on a given farm divided by
the stocking rate (represented by variable S) on this farm.
Output variable Zi represents maize silage use (t/ha), the primary imported

supplement used on Waikato dairy farms. Use of supplements is an
important strategy to support higher production from pasture-based NZ
dairy farms (Clark et al. 2007). This is computed:

Zi ¼ bid1 þ bid2S
i þ bid3F

i þ bid4D
i: ð4Þ

The functional forms of Equations 1–4 are selected based on the stylised
facts of the process involved, simplicity and clarity, and the level of fit
obtained. Sensitivity analysis regarding alternative formulations is important.
Equation 1 is a key equation in the model, as it determines the level of profit
used in the objective function. In contrast, Equations 2–4 are simple linear
relationships that report important output as a function of the key decision
variables, but which do not influence the abatement cost dynamics central to
model output. Thus, sensitivity analysis is focused on the impacts of different
formulations of Equation 1.
The first alternative formulation of the profit function is the linear

relationship:

Pi ¼ biab1 þ biab2S
i þ biab3F

i þ biab4D
i: ð5Þ

This is the simplest perceivable formulation of the profit function.
The second alternative formulation of the profit function is the logarithmic

relationship:

Pi ¼ biac1 þ biac2S
i þ biac3lnðSiÞ þ biac4F

i þ biac5lnðFiÞ � biac6D
i: ð6Þ

This formulation is employed since, like Equation 1, it captures declining
marginal profitability of the stock and fertiliser inputs. However, profit
does not decline at high levels of the stock and fertiliser inputs, unlike in
the quadratic formulation in Equation 1. A logarithmic transformation is
not considered for Di in Equation 6, as this variable contains some zero
values.

2.2. Water quality

Nitrate leaching is represented as a log-normally distributed random variable
since it is non-negative, and this distribution is consistent with theory
(Addiscott 1996) and modelling studies (Vogeler et al. 2011).
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A given level of nitrate leaching NBi (kg N/ha) occurs on farm i, regardless
of input decisions. This background (or native) level of leaching is described
as follows:

NBi ¼ �iNB; ð7Þ
Where �iNB is a log-normally distributed random variable that varies with
climate, rainfall and drainage conditions.
Also, management decisions affect nitrate leaching NMi (kg N/ha) from

farm i. NMi is log-normally distributed. If ϖ is a random variable with a
normal distribution, then expϖ has a log-normal distribution (Greene 2012).
Accordingly, NMi is computed as follows:

NMi ¼ expðbigi
1
þ bigi

2
Si þ bigi

3
Fi þ bigi

4
Di þ �iNMÞ ð8Þ

where the coefficients bigi
1
� bigi

4
are estimated through linear regression and

�iNM is a normally distributed random variable that varies with climate,
rainfall and drainage conditions.
Total nitrate leaching on each farm Ni (kg N/ha) is computed as follows:

Ni ¼ NBi þNMi: ð9Þ
Total N leaching Ni itself is a log-normally distributed random variable, as

it is the sum of two random variables with log-normal distributions.
Nitrate leached from dairy land enters a hypothetical lake. A given load of

nitrogen is present in the waterway WB (kg N), regardless of management on
dairy land. This background load represents leaching from other land uses in
the catchment (e.g. urban run-off, forest, and sheep and beef farms). It is
assumed that the ratio of nondairy land to dairy land (b) is equivalent to that
reported for the Waikato catchment in Alexander et al. (2002).
The background load WB (kg N) in the hypothetical lake is defined as

follows:

WB ¼ �WBb
X2
i¼1

hi ð10Þ

where eWB is a lognormally distributed random variable denoting background
N level (kg N/ha) and hi is the size of farm i (ha). The shape of this
distribution is based on the non-negativity of N loadings and extensive
empirical evidence (e.g. Smith et al. 2003).
The total N load reaching the waterway WMi (kg N) from farm i is as

follows:

WMi ¼ ð1� aiÞhiNi; ð11Þ
where ai is an attenuation factor. Attenuation is the proportional loss of
nitrogen between leaching and measurement in the lake due to denitrification,
N immobilisation and sedimentation. The variables WMi are lognormally
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distributed, as they represent the sum of a number of log-normally distributed
random variables.
The total N load in the waterway W (t N) is thus the following:

W ¼ a WBþ
X2
i¼1

WMi

" #
; ð12Þ

where a = 0.001 is a multiplier that converts the quantities from kilograms to
tonnes.
Water quality may be described in terms of the median concentrations of

total nitrogen (TN) and total nitrate (TI) in the waterway. TN is computed
from the ambient load (W) through the relationship TN = gW, where g is a
multiplier. TI is computed from TN through the relationship TI ¼ jTN,
where j is a multiplier. Coefficients g and j are computed for a large number
of catchments in the Waikato region using a hydrological model. The
coefficients for a randomly selected catchment are used to generate TN and TI
levels, given that a hypothetical catchment is studied. The relevant values are
g = 0.0061 and j = 0.8927.

2.3. Model data

The Integrated Dairy Enterprise Analysis (IDEA) model (Doole et al. 2013)
is a farm-level model that provides a comprehensive description of a pasture-
based dairy farm in New Zealand. It identifies the farm plan that optimises
annual profit using nonlinear programming (Bazaraa et al. 2006). The model
incorporates several important processes not considered in previous models.
New Zealand dairy pastures are typically rested for periods (30–100 days)
between grazing events. IDEA includes an explicit relationship between the
duration of resting, postgrazing residual herbage mass, rate of herbage
accumulation and digestibility of herbage. Cows can be fed below potential
intake to help match feed supply and feed demand better. In IDEA, the level
of pasture utilisation is also a curvilinear function of stocking rate, as
discussed by Doole et al. (2013).
IDEA is used to generate profit, lactation length, milk production, maize

silage use and urinary load for alternative combinations of stocking rate,
nitrogen fertiliser application and DCD use. A full factorial of the following
sets were defined: stocking rates of [2,2.5,…,4.5] cows/ha, N fertiliser
application rates of [50,150,…,300] kg/ha and DCD applied on [0,25,
…,100] per cent of the farm. Broader sets were initially defined, but rendered
infeasible combinations. For example, a stocking rate of 5 cows could not be
sustained with any level of N fertiliser application on the pasture-based farm,
due to intake constraints related to the potential onset of acidosis with high
levels of maize silage consumption (Kolver et al. 2001).
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Equations 1–4 are defined as statistical metamodels of IDEA output.
Metamodels are estimated in this analysis using the SHAZAM econometrics
software (Whistler et al. 2010). Table 1 reports the results of the estimated
metamodels for farm management variables. Each is characterised by a high
level of accuracy (Table 1), as measured by adjusted R2, with the estimated
model for lactation length being the least accurate, but still accounting for 75
per cent of the variation. There is a negative relationship between maize silage
feeding and nitrogen fertiliser application in Table 1. This is expected, as
both practices have an ability to increase the total supply of energy available
to the cow herd on a New Zealand dairy farm. The profit functions defined in
Equations 5 and 6 are listed in the final two rows of Table 1. It is evident
that they do not fit the data as well as the function used in the baseline,
according to the adjusted R2 level. Moreover, the coefficients for livestock
density in Equation 5 and nitrogen fertiliser in Equation 6 are not statistically
significant at the 5 per cent level in the alternative formulations.
Nitrification inhibitors may promote pasture production through improv-

ing N retention in the soil (Doole and Paragahawewa 2011). However, no
additional pasture growth is considered with their application in this study.
This follows experimental results that reveal its inability to improve pasture
production under practical conditions on New Zealand dairy farms.
MacDonald et al. (2010) observed no pasture response following DCD
application under practical farming conditions. Moreover, the Nitrous Oxide
Mitigation Research programme, run throughout New Zealand from 2009 to
2012, showed the average increase in pasture production to be in the order of
3 per cent, but differences were only statistically significant in a third of the
trials (Pastoral Greenhouse Gas Research Consortium (PGGRC) 2012). As a
result of this assumption, estimated coefficients for DCD have a low
statistical significance in the regressions for lactation length (bb4), milk
production (bc4) and maize silage use (bd4).
The N leaching data used in Equations 7 and 8 are generated using the

Agricultural Production Simulator (APSIM). APSIM is a simulation model
that provides a modelling framework for the synthesis of different models of
the processes involved in a given agronomic system (Snow et al. 2011). The
relationship between input decisions (stocking rate, N fertiliser application
and DCD use) and nitrate leaching on two soils is generated from APSIM
output. Soil type 1 (S1) is a Oropi sand – a Buried Allophanic Orthic
Pumice soil (Hewitt 1998). Soil type 2 (S2) is a Horotiu silt loam – a Typic
Orthic Allophanic soil (Hewitt 1998). The definition of different soil types
provides insight into the cost-effectiveness of alternative policies under soil
heterogeneity.
Levels of nitrate leaching for a urinary load at the urine patch level of

400 kg/ha are simulated for the period 1973–2006, using daily weather data
from the NIWA Virtual Climate Station data set (Tait and Turner 2005). The
background level of N leaching on each soil type (Eqn 5) is computed using
MATLAB (Table 2). The fraction of the urinary N load leached in each
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month in each year is computed from APSIM output. The APSIM model is
not used to generate urinary load for each model run. Rather, IDEA
computes the urinary N load excreted in each fortnight for a broad range of
alternative combinations of stocking rate, N fertiliser application and DCD
use (see above). The fortnightly IDEA output is multiplied by the fractions
computed for the respective fortnights using APSIM. This yields a distribu-
tion of the N leaching arising from the urinary N deposited in each fortnight,
based on the annual variability computed in APSIM. The aggregation of
these fortnightly distributions yields an annual distribution of N leaching for
a given input combination.
These data are used to estimate Equation 8 for each soil type using

SHAZAM. Nitrate leaching is log-normally distributed. Thus, ordinary least
squares (Greene 2012) are used to estimate a log-linear relationship between
In NMi and the explanatory variables, Si Fi and Di. Results are reported in
Table 2. The high annual variability of N leaching reduces the accuracy of the
regression, with R2 = 0.012 for Soil 1 and R2 = 0.11 for Soil 2. The coefficient
estimated for nitrogen fertiliser ðbigi

3
Þ is not statistically significant at the 5 per

cent level for both soil types (Table 2). This result is in line with expectations.
The primary N losses from a New Zealand dairy farming system are
associated with high levels of N deposited in urine patches by cows grazing
high-protein pastures. Indeed, around 95 per cent of leached N comes from
urine patches, while only 4 per cent comes from nitrogen fertiliser and 1 per
cent comes from effluent (de Klein et al. 2010).
The background load of N in the waterway (kg N/ha) (Eqn 10) is drawn

from data for the Waikato River in Alexander et al. (2002).

Table 1 Parameter estimates for each metamodel of the output variables describing farm
management

Output
variable

Unit Coefficient (b) Adj.
R2

1 2 3 4 5 6

Profit
(Pi)

$/ha aa �1565.7
(0.000)

1792
(0.000)

�276.74
(0.000)

3.67
(0.000)

�0.0062
(0.005)

�216.15
(0.002)

0.85

Lactation
length
(Li)

days
/cow

b 300.21
(0.000)

�6.48
(0.000)

�0.0084
(0.08)

�1.05
(0.86)

– – 0.75

Milk
prod.
(Mi)

kg MS
/ha

c 383.84
(0.000)

222
(0.000)

�0.0331
(0.13)

�1.58
(0.89)

– – 0.99

Maize
silage
(Zi)

t/ha d �4.4
(0.000)

2.46
(0.000)

�0.0055
(0.000)

�0.049
(0.88)

– – 0.98

Profit
(Pi)

$/ha ab 1373.5
(0.000)

�32.81
(0.203)

1.575
(0.000)

�196.82
(0.198)

– – 0.73

Profit
(Pi)

$/ha ac 1753.4
(0.000)

�1555
(0.000)

4763.1
(0.000)

�295.23
(0.736)

289.37
(0.048)

�211.21
(0.009)

0.83

P-values for regression coefficients are stated in brackets alongside each estimate.
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2.4 Policy simulation

The nonlinear optimisation model is constructed in the General Algebraic
Modelling System (GAMS) (Brooke et al. 2012). It is solved using the global
optimisation solver BARON given the nonconvexity of the model and the
susceptibility of gradient algorithms to the identification of local optima
(Bazaraa et al. 2006). The optimisation model identifies the solution that

maximises total profit ðJ ¼ P2
i¼1 P

iÞ for a given policy instance.
Details of the base solution are discussed in Section 3.1.
The implications of four policies for reducing N leaching by 10 and 20 per

cent are explored in Sections 3.2 and 3.3, respectively. These policies are
drawn from discussions with the Waikato Regional Council, the regulatory
body charged with sustaining water quality in the study region. The policies
are as follows:

1. No N fertiliser application is permitted. This restricts a key input that
supports higher stocking rates. This is referred to as the ‘NF limit’ policy.

2. Stocking rate is limited. This can reduce urine deposition through
decreasing livestock intensity. This is referred to as the ‘SR limit’ policy.

3. No N fertiliser application is permitted and stocking rate is limited. This
policy recognises that multiple inputs may have to be targeted due to
imperfect correlation between N leaching and a single input. This is
referred to as the ‘SR+NF limit’ policy.

4. Mean N leaching is limited. Mean leaching can be estimated using an
appropriate biophysical model, such as OVERSEER (Wheeler et al.
2006). This is referred to as the ‘NL limit’ policy.

Policies are simulated through the introduction of constraints on the
regulated quantity. The degree to which inputs must be reduced to attain a
given reduction in N leaching is identified through iterative means. Input-
based policies targeting imported supplement are deemed too complex from
an administrative standpoint given the high number of feedstocks available to
farmers. Indeed, Clark et al. (2007) highlighted that more than 30 types of
supplementary feed are available to NZ dairy farmers.
The variability of water quality attributes in response to environmental

policy is discussed in Section 3.4. Stochastic effects are incorporated using
appropriate random number generation procedures in GAMS (Brooke et al.
2012). One thousand draws are generated for each random variable. The
policies simulated in the model are based on mean amounts, so stochastic
quantities representing variability in water quality are not restricted. Thus,
stochastic programming (Shapiro et al. 2009) is not needed, as probabilistic
processes do not enter the objective function and/or define the feasible region
for optimisation.
Section 3.5 explores the sensitivity of the model to different specifications

of the profit function. The profit functions defined in Equations 1, 5 and 6 are
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each tested, with the implementation of a 20 per cent reduction in N leaching.
This scenario is selected because it is the most cost-effective means of
achieving the largest simulated decrease in leaching.

3. Results and discussion

3.1. Base results

Base model output is reported in Table 3. The model provides a reasonable
description of management on a standard farm in the Waikato region of New
Zealand. Stocking rate is within 5 per cent of that drawn from survey data
(DairyNZ 2011), while results for milk production per cow and lactation
length are within 1 and 2 per cent, respectively, of these data. Moreover, milk
production per cow is within 2 per cent of mean production from an
independent sample of 410 Waikato dairy farms (Doole and Pannell 2012).
Imported supplement (maize silage) makes up around 12 per cent of total feed
intake (data not shown). This is consistent with the production intensity of an
average farm in the Waikato region, which imports between 10 and 20 per
cent of feed annually. DCD is not required in the base model, as mitigation is
not necessary.
The Oropi sand (S1) has a leaching rate of 33 kg N/ha, which is around 23

per cent lower than that of the Horotiu silt loam (S2). This is consistent with
the trend observed in the modelling study of Snow et al. (2011). This
highlights that a meaningful representation of soil heterogeneity is present in
the model. The lower N leaching intensity (kg N leached per kg MS) (0.03) on
S1 is consistent with a farm with low N leaching generally, while the higher
intensity rate (0.039) on S2 is consistent with an average Waikato dairy farm
(AgFirst 2009). Moreover, kg N leached per cow is higher on S2 given its
higher leaching rate than S1 at an equivalent stocking rate.

3.2. Achieving a 10 per cent reduction in N leaching

Models results for achieving a 10 per cent reduction are reported in Table 4.
The NF scenarios fail to achieve a 10 per cent reduction in N leaching, with N
leaching declining by only 4 and 6 per cent on S1 and S2, respectively. Thus,
this output is not reported in Table 4. This limited response arises due to an
82 per cent increase in imported supplement use, which allows stocking rates
to remain the same as in the base model. This indicates several factors. First,
N fertiliser and imported supplement are substitutes when either one is
unavailable, given their individual ability to increase the total supply of
energy available on a pasture-based NZ dairy farm. The presence of this
substitution can offset the value of N fertiliser restrictions for reducing N
leaching. Second, the restriction of N fertiliser application is ineffective in
reducing leaching, as N fertiliser is generally applied according to best
practice in the NZ dairy industry and thus has a minimal direct impact on N
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leaching (Monaghan et al. 2007a; de Klein et al. 2010). Rather, N fertiliser
contributes indirectly through increasing pasture production and hence
stocking rate and urine deposition.
Table 4 presents model output for those policies capable of attaining a 10

per cent decrease in leaching.
Stocking rate is reduced by around 17 per cent on both soils to reduce urinary

N deposition sufficiently to meet the N leaching target. Maize silage use
decreases by 70 per cent, given the reduced demand from stock. Milk
production per cow increases by 7 per cent to help offset the cost of the stocking
rate reduction (Table 4). However, profit falls by 5 per cent on both soils due to
a reduction in milk produced per ha by 11 per cent. N fertiliser application is
equivalent to that in the base model, as it is a cost-effective means of promoting
milk production (Table 4). This demonstrates the potential threat posed by the
increased use of unrestricted inputs when other inputs are constrained in
nonpoint pollution policy (Stout et al. 2001). This is similar to the capital-
stuffing problem encountered in fisheries, whereby fishers increase capital
investment in gear when boat numbers are restricted (Clark 2010).
Extending stocking rate restrictions to incorporate a ban on N fertiliser

application offsets the need for large decreases in livestock density. Indeed,
stocking rate falls by only 4 and 14per cent on S1 andS2 (Table 4), respectively,
compared with 17 per cent for the ‘NF limit’ scenario. Also, milk production
only falls by 3 and6per cent onS1 andS2, respectively.Nevertheless, the lackof
N fertiliser promotes the importation of supplement, with maize silage use
increasing by 58 and 42 per cent on S1 and S2, respectively. This is less
profitable, with profit falling around 30 per cent on both soils, as the
substitution of N fertiliser with maize silage increases input costs.
Targeting estimated N leaching is the most cost-effective method to restrict

N leaching by 10 per cent. Profit decreases by only 4 per cent on both soils,
compared with 5 per cent on both soils with the ‘SR limit’ policy and 30 per
cent on both soils with the ‘SR+NF limit’ policy. Stocking rate is reduced by
around 17 per cent, but milk production per ha decreases by only 10 per cent

Table 3 Key model output for baseline solution

Variable Unit Output

Profit $/ha 1879
Stocking rate cows/ha 3.24
Milk production per cow kg MS/cow 337
Milk production per ha kg MS/ha 1093
N fertiliser kg N/ha 136
Maize silage t/ha 1.96
Lactation length days 277
N leaching kg N/ha S1 = 33, S2 = 43
N leaching intensity kg N/kg MS S1 = 0.03, S2 = 0.039
DCD Prop. of area 0
N load in lake t N 95.57

Soil type 1 (S1) is the Oripi sand, while Soil type 2 (S2) is the Horotiu silt loam.
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as milk production per cow increases (Table 4). High rates of N fertiliser
(around 125 kg N/ha) are still applied, along with a moderate amount of
maize silage (around 0.8 t/ha).

3.3. Achieving a 20 per cent reduction in N leaching

Table 5 presents model output for those policies capable of attaining a 20 per
cent decrease in leaching.
Stocking rates are reduced by around 30 per cent on both soils within the

‘SR limit’ policy to meet the more stringent leaching reduction. No maize
silage is required given this reduction. However, milk production is increased
by around 15 per cent per cow, partly due to an extended lactation (Table 5).
Profit decreases by 19 and 21 per cent on S1 and S2, respectively, as milk
production per ha decreases by around the same amount. N fertiliser
application remains above 83 kg N/ha, as it remains a cost-effective tool to
support greater milk production.
Stocking rates are reduced by around 25 per cent when the ‘NF+SR limit’

policy is used to reduce N leaching by 20 per cent. Milk production per cow
increases by more than 12 per cent, but profit still decreases by around 40 per
cent on both soils, as maize silage is used instead of N fertiliser but is a more
expensive source of energy for the cow herd (Table 5).
Restriction of estimated N leaching by 20 per cent is the most cost-effective

policy. Profit falls by 18 and 16 per cent on S1 and S2, respectively, with milk
production per ha decreasing by more than 13 per cent (Table 5). These
reductions in profit are less than those identified for the other policies, with
profit falling by around 20 per cent for the ‘SR limit’ policy and around 40
per cent with the ‘NF+SR limit’ policy. Nevertheless, milk production per
cow is increased by around 10 per cent to offset the costs imposed on the farm
due to the introduction of these regulations. The cost-effective combination
of N fertiliser application and use of maize silage is retained in the ‘NL limit’
scenario. Indeed, N fertiliser application is only altered by a maximum of
4 kg N/ha.
A key strategy used to reduce N leaching is the application of DCD on

around 75 per cent of each soil type (Table 5). DCD prevents nitrate leaching
through preventing the nitrification of ammonium deposited on the soil by
cow urine. The ‘SR limit’ and ‘NF+SR limit’ policies involve constraints on
stocking rate and nitrogen fertiliser, which reduce urine deposition but ignore
the fate of urinary N once it is excreted. Indeed, there is no economic
incentive accruing to the use of DCD within these scenarios, as it cannot help
to offset required reductions in either input. In contrast, the potential use of
N inhibitors allows the explicit consideration of mitigations at each stage of
the N cycle. The ‘NL limit’ policy involves constraints levied directly on N
leaching, which is directly affected by DCD use (Monaghan et al. 2007a,b).
Thus, the economic value of DCD is promoted within this scenario, through
a shadow price associated with its capacity to retard the rate of N leaching.
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3.4. Water quality implications

N leaching is highly variable and log-normally distributed on both soils
(Figure 1). The distributions for N leaching on both soils have long right-
hand tails in the absence of regulation, but especially that for the silt loam soil
(S2) (Figure 1, Soil 2). These tails decrease in length with regulation. For
example, the maximum level of N leaching on S1 with the 20 per cent
regulation (Figure 1c, Soil 1) is more than 10 kg N/ha lower than that
without regulation (Figure 1a, Soil 1). Additionally, the maximum level of N
leaching on S2 with the 20 per cent regulation (Figure 1c, Soil 2) is more than
15 kg N/ha lower than that without regulation (Figure 1a, Soil 2). Overall,
model output shows that standard policy responses to N leaching on NZ
dairy farms will do little to arrest substantial variability in N leaching.
A reduction in mean leaching on either soil type by 1 kg N/ha, for any level

of N reduction less than 20 per cent of the baseline load, reduces the mean
ambient N load by 2.75 t. The response in mean ambient load is a 3 per cent
change, while a 1 kg N/ha change on S1 and S2 represents a 3 and 2 per cent
change in mean baseline load, respectively. Accordingly, the response
between a reduction in mean load and an improvement in mean water
quality is almost directly proportional. So, small changes in loadings at the
farm level do not achieve large improvements in water quality at the
catchment level. Rather, a significant reduction in farm load is required to
achieve meaningful improvements at the catchment scale.
However, substantial variability around these averages persists upon

regulation. The cumulative distribution of total N load in the waterway
(ambient N) signifies the broad variability of water quality without regulation
(Figure 2). Moreover, this variability changes little with regulation, with the
cumulative distribution moving leftwards, but only slightly, as limits on N
leaching become more restrictive. These results indicate that inherent
volatility in water quality, mainly due to climate variability, can mask the
benefits of regulatory action at farm level in any given year. Indeed, the
minimum and maximum levels of ambient N differ by more than a factor of
four for each scenario. This range is very consistent with N levels measured in
waterways elsewhere in New Zealand (Monaghan et al. 2007b).
The baseline median concentrations of TN and TI in the model are 0.59 g/

m3 and 0.53 g/m3, respectively. The total nitrate concentration (TI) is well
below the upper threshold required for water to be of a fair quality (6.9 g/m3)
(Hickey 2013). However, the computed level of TN is above that considered
satisfactory by the Waikato Regional Council (0.5 g/m3) (Environment
Waikato 2008). Restriction of N leaching by 10 per cent yields concentrations
of TN and TI in the model as 0.54 g/m3 and 0.48 g/m3, respectively. In
comparison, restriction of N leaching by 20 per cent yields concentrations of
TN and TI in the model as 0.49 g/m3 and 0.43 g/m3, respectively. Total
nitrate concentration stays below 1 g/m3 across all scenarios, which signifies
excellence in the framework of Hickey (2013). However, a 20 per cent
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reduction in N leaching load is required for the median TN concentration to
achieve an acceptable level.

3.5. Sensitivity analysis

Profit is significantly affected with alternative specifications of the profit
function, especially for the logarithmic function (Table 6). This is intuitive, as
the alternative formulations are broadly divergent. The core management
plan is robust to changes in the specification of the profit function. Stocking
rate and milk production are both robust, with maximum changes of 3–4 per
cent relative to the baseline profit function (Table 6). Lactation length and N
leaching levels show no marked change. Nevertheless, the optimal strategies
that support this core strategy vary. Nitrogen fertiliser use is higher than the
baseline with the linear specification, but zero in the logarithmic specification.
In contrast, maize silage is zero in the linear specification, but higher than the
baseline with the logarithmic specification. This portrays the substitutability
of these inputs as a source of additional energy, highlighted above.
Additionally, DCD use is higher than the baseline with the linear specifica-
tion and very low with the logarithmic formulation. The sensitivity analysis
highlights that the core insights from the model remain robust to broadly
divergent specifications of the profit function, a major change in a model of
this kind. Nevertheless, it is important to recognise that the function
employed in the main model (Eqn 1) obtains the best fit of all alternatives
considered (Table 1).

(a)

(b)

(c)

Figure 1 Distribution of N leaching in the (a) base model, (b) with a 10 per cent restriction on
N leaching and (c) with a 20 per cent restriction on N leaching
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4. Conclusions

This study presents a comprehensive economic analysis of alternative policies
to reduce nonpoint emissions from pastoral agriculture. A nonlinear
optimisation model incorporating climate variability and soil heterogeneity
is used to explore the implications of different policies, particularly at the
farm level. The model is applied within the context of the New Zealand dairy
industry, which is responsible for a significant proportion of nonpoint
emissions from agriculture in this nation (Doole and Pannell 2012).
Input-based policies suffer from a number of complications. First, within

these farming systems, there is invariably a low correlation between the use of
a single farm input and N leaching. For example, stocking rate is a key
determinant of N leaching, but large stocking rate reductions of 17 and 30 per
cent are still required to achieve N leaching reductions of 10 and 20 per cent,
respectively, due to the imperfect correlation. This finding can likely be
extrapolated to all grazing systems, given the complicated relationship
between input use, production and nitrate leaching (de Klein et al. 2010).
Second, leaching levels may remain high under an input-based policy because
of substitution with unrestricted inputs. For example, allowing no use of N
fertiliser reduces profit by around 30 per cent, but only decreases leaching by
around 5 per cent, as supplement use increases by 80 per cent to sustain
stocking rate. This behaviour is expected to hold for grazing systems
generally, provided that there is some degree of substitutability between the
relevant factors. Third, policies that restrict the use of two inputs are costly.
For example, restricting nitrogen fertiliser application and stocking rate
reduces profit by 30 and 40 per cent for the 10 and 20 per cent N leaching
goals, respectively. This finding also extends to grazing systems in general, as
restricting the use of all factors between which substitution can take place
limits the degree to which a producer can sidestep regulation. Rather, the

Figure 2 Cumulative distribution of ambient N (t N) in the waterway in the (a) base model,
(b) with a 10 per cent restriction on N leaching and (c) with a 20 per cent restriction on N
leaching
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farmer must bear the cost of abatement. Last, the use of input-based policies
does not motivate the use of mitigation practices targeted at reducing N
leaching directly. Indeed, nitrification inhibitors are never used under any
input-based policy in this analysis. This has implications for all grazing
systems, as it is apparent that input restrictions will never promote the value
of mitigation practices that impact leaching loads directly.
Restricting mean N leaching rates directly is a cost-effective option for

reducing leaching from NZ dairy farms. A 10 per cent N leaching reduction
is achieved at a cost of 4 per cent of profit, compared to 5 per cent of
profit with the next most cost-effective strategy. In comparison, a 20 per
cent N leaching reduction is achieved at a cost of around 17 per cent of
profit, compared to 20 per cent of profit with the next most cost-effective
strategy. Its key value above other policies is that it promotes the use of
mitigation practices to reduce abatement costs. For example, nitrification
inhibitors are used on 75 per cent of the farm area to reduce N leaching
when policy seeks to reduce mean N leaching by 20 per cent. However,
their cost does not motivate their use under a 10 per cent N leaching
restriction. This finding is important more generally, as targeting the
pollutant load directly intuitively places a positive value on those mitigation
practices that influence its level.
Model output indicates that inherent volatility in water quality, mainly due

to climate variability, can mask the benefits of regulatory action in any given
year. This highlights the importance of stochastic modelling when evaluating
policies to reduce nonpoint pollution. Deterministic frameworks may provide
some insight, but this analysis indicates that such models are likely
overoptimistic in their predictions. This finding is of general relevance since
deterministic models, by definition, cannot represent the variability associ-
ated with real biophysical processes. The applied framework also exploits the
availability of information regarding the variability of key processes,
overcoming the need to coarsely define uncertain variables (e.g. Doole and
Pannell 2011). The model differs from those previously employed in economic
analysis, as it computes stochastic quantities without including them in the
objective function or constraining them. This is consistent with existing
environmental policy in New Zealand, but could be extended to include
probabilistic constraints (Shapiro et al. 2009).

References

Addiscott, T.M. (1996). Measuring and modelling nitrogen leaching: parallel problems, Plant

and Soil 181, 1–6.
AgFirst (2009). Upper Waikato Nutrient Efficiency Study. AgFirst, Hamilton.
Alexander, R.B., Elliott, A.H., Shankar, U. and McBride, G.B. (2002). ‘Estimating the sources

and sinks of nutrients in the Waikato River Basin New Zealand’, Water Resources Research
38, 1268–1291.

Bazaraa, M.S., Sherali, H.D. and Shetty, C.M. (2006). Nonlinear Programming: Theory and

Application. Wiley, New York.

© 2013 Australian Agricultural and Resource Economics Society Inc. and Wiley Publishing Asia Pty Ltd

492 G.J. Doole and A.J. Romera



Brooke, A., Kendrick, D., Meeraus, A. and Raman, R. (2012) GAMS—A User’s Guide.
GAMS Development Corporation, Washington DC.

Clark, C.W. (2010). Mathematical Bioeconomics. Wiley, New York.
Clark, D.A., Caradus, J.R., Monaghan, R.M., Sharp, P. and Thorrold, B.S. (2007). Issues and

options for future dairy farming in New Zealand, New Zealand Journal of Agricultural
Research 50, 203–221.

DairyNZ (2011). DairyNZ Economic Survey 2009–10. DairyNZ, Hamilton.

Dasgupta, P. (1982). Control of Resources. Blackwell, Oxford.
Dodds, W.K., Bouska, W.W., Eitzmann, J.L., Pilger, T.J., Pitts, K.L., Riley, A.J., Schloesser,
J.T. and Thornbrugh, D.J. (2009). Eutrophication of U.S. freshwaters: analysis of potential

economic damages, Environmental Science and Technology 43, 12–19.
Doole, G.J. and Pannell, D.J. (2011). Evaluating environmental policies under uncertainty
through application of robust nonlinear programming, Australian Journal of Agricultural

and Resource Economics 55, 469–486.
Doole, G.J. and Pannell, D.J. (2012). Empirical evaluation of nonpoint pollution policies
under agent heterogeneity: regulating intensive dairy production in the Waikato region of
New Zealand, Australian Journal of Agricultural and Resource Economics 56, 82–101.

Doole, G.J. and Paragahawewa, U. (2011). Profitability of nitrification inhibitors for
abatement of nitrate leaching on a representative dairy farm in the Waikato region of
New Zealand, Water 3, 1031–1049.

Doole, G.J., Romera, A.J. and Adler, A.A. (2013). A mathematical optimisation model of a
New Zealand dairy farm, Journal of Dairy Science 96, 2147–2160.

Environment Waikato (2008). The Condition of Rural Water and Soil in the Waikato Region:

Risks and Opportunities. Environment Waikato, Hamilton.
Friedman, L.W. (1996). The Simulation Metamodel. Kluwer, New York.
Gomez, K.A. and Gomez, A.A. (1984). Statistical Procedures for Agricultural Research. IRRI,
Los Banos.

Greene, W.H. (2012). Econometric Analysis. Pearson, New York.
Groeneveld, R., Bouwman, A.F., Kruitwagen, S. and Van Ierland, E.C. (1998). Nitrate
leaching in dairy farming: economic effects of environmental restrictions, Environmental

Pollution 102, 755–761.
Hewitt, A.E. (1998). New Zealand Soil Classification. Manaaki Whenua Press, Lincoln.
Hickey, C.W. (2013). Site-specific nitrate guidelines for Hawke’s Bay. NIWA report

HAM2013-127, Hamilton.
Jehle, G.A. and Reny, P.J. (2011). Advanced Microeconomic Theory. Prentice Hall, New York.
Judd, K.L. (1998). Numerical Methods in Economics. MIT Press, Cambridge.

Kampas, A. and White, B. (2004). Administrative costs and instrument choice for stochastic
nonpoint source pollutants, Environmental and Resource Economics 27, 109–133.

Kleijnen, J.P.C. (2008). Design and Analysis of Simulation Experiments. Springer-Verlag,
Heidelberg.

de Klein, C.A.M., Monaghan, R.M., Ledgard, S.F. and Shepherd, M. (2010). A system’s
perspective on the effectiveness of measures to mitigate the environmental impacts of
nitrogen losses from pastoral dairy farming, Proceedings of the Australasian Dairy Science

Symposium 4, 14–28.
Kolver, E.S., Roche, J.R., Miller, D. and Densley, R. (2001). Maize silage for dairy cows,
Proceedings of the New Zealand Grasslands Association 63, 195–201.

Lally, B., Riordan, B. and van Rensburg, T. (2009). Controlling agricultural leaching of
nitrates: regulations versus taxes, Journal of Farm Management 13, 557–573.

Livestock Improvement Corporation (LIC) (2011). New Zealand Dairy Statistics 2010/11.
LIC, Hamilton.

MacDonald, K.A., Williams, Y. and Dobson-Hill, B. (2010). Effectiveness of a nitrification
inhibitor (DCn) on a coastal Taranaki dairy farm, Proceedings of the New Zealand
Grasslands Association 72, 147–152.

© 2013 Australian Agricultural and Resource Economics Society Inc. and Wiley Publishing Asia Pty Ltd

Cost-effective regulation of nonpoint emissions 493



MacDonald, K.A., Beca, D., Penno, J.W., Lancaster, J.A.S. and Roche, J.R. (2011). Short
communication: Effect of stocking rate on the economics of pasture-based dairy farms,
Journal of Dairy Science 94, 2581–2586.

Makowski, D. and Wallach, D. (2002). It pays to base parameter estimation on a realistic

description of model errors, Agronomie 22, 179–189.
Monaghan, R.M., Hedley, M.J., Di, H.J., McDowell, R.W., Cameron, K.C. and Ledgard,
S.F. (2007a). Nutrient management in New Zealand pastures—recent developments and

future issues, New Zealand Journal of Agricultural Research 50, 181–201.
Monaghan, R.M., Wilcock, R.J., Smith, L.C., Tikkisetty, B., Thorrold, B.S. and Costall, D.
(2007b). Linkages between land management activities and water quality in an intensively

farmed catchment in southern New Zealand, Agriculture, Ecosystems, and Environment 118,
211–222.

New Zealand Institute of Economic Research (NZIER) (2010). Dairy’s Role in Sustaining New

Zealand. NZIER, Wellington.
New Zealand Trade and Enterprise (NZTE) (2012). The New Zealand Dairy Industry. NZTE,
Melbourne.

Pastoral Greenhouse Gas Research Consortium (PGGRC) (2012). Trials Show Benefits of

Nitrification Inhibitors Across NZ. PGGRC, Wellington.
Savage, J. and Lewis, C. (2005). Applying science as a tool for dairy farmers, Proceedings of the
New Zealand Grasslands Association 67, 61–66.

Segarra, E. and Taylor, D.B. (1987). Farm level dynamic analysis of soil conservation: an
application to the Piedmont area of Virginia, Southern Journal of Agricultural Economics 19,
61–74.

Shapiro, A., Dentcheva, D. and Ruszczynski, A. (2009). Lectures on Stochastic Programming:
Modelling and Theory. SIAM, Philadelphia.

Smith, R.A., Alexander, R.B. and Schwarz, G.E. (2003). Natural background concentration of
nutrients in streams and rivers of the conterminous United States, Environmental Science and

Technology 37, 3039–3048.
Snow, V.O., Shepherd, M., Cichota, R. and Vogeler, I. (2011). Urine timing: are the 2009
Waikato results relevant to other years, soils and regions?, in Currie, L.D. and Christensen,

C.L. (eds), Adding to the Knowledge Base for the Nutrient Manager. Massey University,
Fertilizer and Lime Research Centre, pp. 1–14.

Stout, W.L., Delahoy, J.E., Muller, L.D. and Saporito, L.S. (2001). Evaluating nitrogen

management options for reducing nitrate leaching from Northeast U.S. pastures, Scientific
World 2, 887–891.

Tait, A. and Turner, R. (2005). Generating multiyear gridded daily rainfall over New Zealand,

Journal of Applied Meteorology 44, 1315–1323.
United Nations Environmental Program (UNEP) (2012). Global Environmental Outlook (No.
5). UNEP, Geneva.

Vogeler, I., Cichota, R., Snow, V. and Jolly, B. (2011). Development and desktop-assessment

of a concept to forecast and mitigate N leaching from dairy farms, Proceedings of the
International Congress on Modelling and Simulation 19, 891–897.

Wheeler, D.M., Ledgard, S.F., Monaghan, R.M., McDowell, R.W. and de Klein, C.A.M.

(2006). OVERSEER nutrient budget model—what it is, what it does, in Currie, L.D. and
Hanly, J.A. (eds), Implementing Sustainable Nutrient Management Strategies in Agriculture.
Massey University, Palmerston North, pp. 231–236.

Whistler, D., White, K.J., Wong, S.D. and Bates, D. (2010). SHAZAM version 10 User’s
Manual. Northwest Econometrics, Gibsons.

© 2013 Australian Agricultural and Resource Economics Society Inc. and Wiley Publishing Asia Pty Ltd

494 G.J. Doole and A.J. Romera


