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Abstract: With the initial deadline identified by the Water Framework Directive (Directive 

2000/60/EC) has passed in 2015 and new one set out in 2027, policymakers face increasing 

pressure to introduce new regulations to achieve water quality targets. Agriculture is one of the 

contributors of diffuse pollution entering watercourses and hence will come under pressure to 

further reduce pollutant loads. This paper describes a microsimulation model that allows the 

Cost per Unit Abated (CPUA) for six farm-level measures that could potentially reduce nitrate 

loss to water bodies from agricultural land on Irish dairy farms to be estimated. Results from 

this study indicate that almost all of the considered measures will lead to reductions in farm 

gross margins. However, some of these measures can be still implemented at acceptable cost-

effectiveness ratios. Furthermore we observe variation in the ranking of the measures by CPUA 

across farms suggesting that a ‘one-size-fits-all’ command-control approach may place 

unnecessary costs on some farms, where alternative policies may lead to N reduction at lower 

costs. Hence, focusing on the average CPUA across all farms, overlooks the heterogeneity of 

impacts across individual farms, potentially leading to sub-optimal policies being 

implemented.  
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A FARM LEVEL COST EFFECTIVENESS ANALYSIS OF NITROGEN MITIGATION 

MEASURES IN IRELAND: A MICROSIMULATION APPROACH 

1. Introduction 

Along with climate change and biodiversity loss, nitrogen (N) pollution is one of the most 

serious environmental challenges facing the planet (Giles, 2005).  Excessive N has been found 

to cause problems in relation to drinking water quality and to have a detrimental impact on 

biodiversity within the aquatic system (Isbell et al., 2013, Buckley and Carney, 2013). Some 

of the harmful environmental effects associated with N include problems with soil and water 

acidification, contamination of surface and groundwater resources, increased ozone depletion 

and greenhouse gas levels, and loss of biodiversity (Elser et al., 1990, Fraser and Chilvers, 

1981, Sullivan et al., 1991, Yiridoe and Weersink, 1998). It has been estimated that nitrogen 

pollution from farms, vehicles, industry and waste treatment is costing the EU up to £280bn 

(320bn Euros) per year (Harrabin, 2001).  

The main impact of excess nutrients in water bodies is eutrophication, which causes an increase 

in biological (BOD) and chemical oxygen demand (COD), which in extreme cases can lead to 

fish mortality (Johnson et al., 2010, Novotny, 2003) as well as a loss of habitats and changes 

to river beds that in turn can detrimentally affect macro-invertebrate populations and fish 

spawning grounds. These changes can also negatively impact ship/boat navigation and 

recreational usage (Johnson et al., 2010, Novotny, 2003). Thus, in addition to the 

environmental effects, there can be significant socio-economic effects associated with nutrient 

enrichment (De Nocker et al., 2014).  

Increasing public awareness of and demand for environmental amenities is changing attitudes 

about agriculture and the agricultural industry’s implicit property rights (Batie, 1988). To 

address these issues, a number of policy mechanisms have been introduced to improve water 

quality. Perhaps the most comprehensive legislative document to date is the Water Framework 

Directive (WFD) (Directive 2000/60/EC), which aims to protect water resources from 

deterioration and demands initial improvement in water quality to ‘good ecological status’ by 

2015 and more recently by 2027, while maintaining the quality of water currently classified as 

‘pristine’. There is a plethora of other legislative documents to protect water resources1. One 

                                                 
1 The EU legislation that aims to restrict pollution of water bodies and to protect their habitats  (Habitat Directive (Council Directive 

92/43/EEC), Freshwater Fish Directive (Council Directive 78/659/EEC), Birds Directive (Council Directive 79/409/EEC)), to protect the 
uses of the streams (Drinking Water Directive (Council Directive 80/778/EEC), Bathing Water Directive (Council Directive 76/160/EEC), 
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response to these legislative changes has been the increasing focus of public policy on the 

mitigation of agricultural pollution. Specifically, farmers are encouraged and often required to 

adopt a range of practical farm management solutions such as livestock, manure and land 

management to reduce N pollution. 

The Nitrates Directive was introduced in 1991 to control N losses from agriculture. In Ireland 

the (European Communities (Good Agricultural Practice for Protection of Waters) 

Regulations, 2010) were introduced to implement the Nitrates Directive. These regulations 

place mandatory restrictions on (a) the period during which the application of fertilizer is 

allowed, (b) the amount of manure and inorganic fertilizer that is applied per hectare, (c) the 

distance to a water body for fertilizer application, (d) ploughing activities and (e) the imposition 

of minimum storage capacities for livestock manure. In addition, codes of practice for nutrient 

management have also been implemented in Ireland under various voluntary Agri-

Environment Schemes, which introduced substantial financial incentives for farmers in Ireland 

to improve the storage of manure and waste water on farms.  

There is evidence that, despite the efforts of Irish farmers to reduce N loss from their land, the 

complex interactions between the production processes used and the prevailing weather 

conditions still lead to the loss of nutrients to the wider environment (Donohue et al., 2006, 

John, 2009). Evidence has shown that there have been improvements over time, possibly as a 

result of Agri-Environmental measures and improved nutrient management on farms 

(O’Donoghue et al., 2014, EPA, 2018). However, more recently, river water quality appears to 

be declining, following a period of relative stability (EPA, 2018). Thus, effort is still required 

to mitigate N pollution in Ireland and to do so in cost-effective manner to ensure efficient 

allocation of public resources. 

This paper builds on previous research by Cuttle et al. (2007), Fezzi et al. (2010), Fezzi et al. 

(2008), Hennessy et al. (2005), (Chyzheuskaya et al., 2014), who conducted economic analyses 

of possible N mitigation measures which aim to provide more information to stakeholders on 

the cost of mitigation measures. Cuttle et al. (2007) and Hennessy et al. (2005) used a linear 

programming approach to produce estimates based on a representative (average) farm. Fezzi 

et al. (2008) used a farm accounting approach to estimate the effect of N reduction measures 

on dairy farms in the UK using Farm Accountancy Data Network (FADN) data. More recent 

                                                 
Sewage Sludge Directive (Council Directive 86/278/EEC), Urban Waste Water Treatment Directive (Council Directive 91/271/EEC)), to 
restrict nitrogen and other pollutants’ loss to overland/ground waters (Nitrates Directive (Council Directive 91/676/EEC)) amongst others. 
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work by Doole (2012) and Doole et al. (2013) developed a bio-economic model of 216 

hypothetical cow herds to simulate the effect of agri-environmental N reduction policies on 

dairy farm incomes and N leaching loads in New Zealand. Although conducting analysis using 

a representative or an average farm is a popular and valid approach that allows one to get a 

useful insight into processes on a farm, the disadvantage of such models lies in the limited 

ability to draw generalised conclusions from their findings, especially in cases when there is a 

high degree of heterogeneity among the farm population  (Robertson et al., 2012).   

The contribution of this research lies in improving the assessment of mitigation options at the 

individual farm level through the use of a novel microsimulation model described by 

Chyzheuskaya et al. (2014). This model allows the prediction and comparison, at farm level, 

of changes resulting from alternate N mitigation measures. There are a number of advantages 

in using microsimulation modelling. It is an effective tool for evaluating the socio-economic 

impacts of different mitigation options where it is difficult or impossible to conduct a real life 

experiment (Merz, 1993, O'Donoghue et al., 2012). Within microsimulation framework various 

data modelling techniques can be used, for example, linear programming (Hennessy et al., 

2005), partial budgeting (Fezzi et al., 2008) or econometric regression analysis (Fezzi et al., 

2010, O'Donoghue and Lennon, forthcoming).2  

The primary advantage of using the micro-simulation model described by Chyzheuskaya et al. 

(2014) is the model structure, which allows a variety of N mitigation measures to be evaluated, 

cost-effectiveness analyses to be conducted, and the heterogeneity of impacts across farms to 

be explored. In this paper, the model of Chyzheuskaya et al. (2014) is extended to consider six 

mitigation measures: 1) a reduction of fertiliser application by 20 %, 2) a reduction of livestock 

units to achieve 170 kg of organic N per hectare, 3) a reduction of livestock units by 20 %, 4) 

a change of feed mix to reduce cows’ dietary N intake, 5) the fencing off of watercourses to 

introduce a buffer zone and 6) more efficient slurry application. The measures are ranked 

according to their cost-effectiveness as captured by the cost per unit of N abated (CPUA). This 

                                                 
2 Examples of successful applications of microsimulation models include KRUSEMAN, G., BLOKLAND, P.-W., BOUMA, F., LUESINK, 

H., MOKVELD, L. & VROLIJK, H. Micro-simulation as a tool to assess policy concerning non-point source pollution: the case of ammonia 
in Dutch agriculture.  presentation at the 107th EAAE Seminar “Modelling of Agricultural and Rural Development Policies”. Sevilla, 2008a, 

KRUSEMAN, G., LUESINK, H. H. & VROLIJK, H. 2008b. Ex-ante evaluation of tightening environmental policy: the case of mineral use 

in Dutch agriculture. RAMILAN, T., SCRIMGEOUR, F. G., LEVY, G., MARSH, D. & ROMERA, A. J. 2011. Simulation of alternative 
dairy farm pollution abatement policies. Environmental Modelling & Software, 26, 2-7. More recent work by DOOLE, G. J. 2012. Cost-

effective policies for improving water quality by reducing nitrate emissions from diverse dairy farms: An abatement–cost perspective. 

Agricultural Water Management, 104, 10-20. and DOOLE, G. J., MARSH, D. & RAMILAN, T. 2013. Evaluation of agri-environmental 
policies for reducing nitrate pollution from New Zealand dairy farms accounting for firm heterogeneity. Land Use Policy, 30, 57-66.. 



5 

 

ranking allows all measures to be easily compared to establish if the ranking is homogeneous 

for all farms in the sample. 

2. Background 

The choice of N mitigation options assessed in this paper is based on a review of the literature 

that describes mitigation measures to reduce N losses from agricultural activities, (see for 

example (Byström, 1998, Novotny, 2003, Ritter and Shirmohammadi, 2000, Cuttle et al., 2007, 

Velthof et al., 2009, Doole et al., 2013). Table 1 summarises the measures that are commonly 

proposed.  

There are complex interactions between soil type, slope, weather and other localised conditions 

involved in the diffuse pollution of water bodies as a result of the loss of agricultural nutrients. 

In addition, there are three main pathways through which different forms of N and its 

compounds circulate in the agricultural environment: inputs, transformations, and losses 

(Merrington et al., 2003). The aim of most mitigation measures to regulate these pathways 

through either restricting potentially excessive N input use or reducing N losses to the 

environment. Due to the complexity brought by weather and other environmental variations, it 

makes sense to target the reduction of N inputs to the ecological system because when less N 

is introduced into the environment, less N can potentially be lost through undesirable pathways 

(Merrington et al., 2003, Novotny, 2003, Ritter and Shirmohammadi, 2000). The input of N 

into the agricultural system comes from chemical fertiliser application, animal manure and crop 

residues (IFA, 2007). The primary factors that encourage N losses from agriculture are over-

fertilisation, excessive livestock numbers, improper use of manure, and exposure of bare soil 

during drainage periods (Bateman et al., 2007, Fezzi et al., 2008). Measures that aim to reduce 

N losses should thus be targeted primarily at these factors. 

Table 1 N Loss Mitigation Measures 

Measures Related Issues Solutions 

Restricting Excessive Inputs 

Inorganic Fertilizer 

Reduction 

Excess fertilizer applied to grassland can 

be lost to water through runoff and 

leaching. 

Reduction of fertilizer application 

would help to avoid runoff & 

leaching of N from fertilizer excess. 

Organic Fertilizer 

Reduction 

Excessive and untimely application of 

manure/slurry causes N losses via 

volatilisation and/or runoff/leaching. 

Reduction in organic fertilizer 

deposited and careful application 

reduces undesirable N losses.  

Livestock Numbers 

Reduction 

Livestock produce manure that is directly 

deposited to the land by animals during 

grazing or by land spreading of manures 

produced during the housing period. 

Reduction in livestock units would 

reduce manure deposited and spread 

over land. 
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Change of Feed Mix 70-80 % of the ingested N is excreted by 

farm animals. The higher content of N in 

feed mix means higher N content in 

excreta. 

Reduction of N in the diet reduces N 

in animal excreta. 

Calibration of 

Spreading 

Equipment/ injection 

vs overland spreading 

More accurate and N efficient slurry 

application methods can improve the N 

fertilizer replacement value and decrease 

the farm N surplus by offsetting inorganic 

fertilizer N inputs. 

Low ammonia emission application 

of slurry by optimising application 

timing and/or method. 

Soil Testing High risk of over-fertilising without 

testing the soil for the level of nutrients. 

Early season soil testing reduces the 

risk of over-fertilisation. 

Higher Performing 

Cattle breeds 

The lower the yield of the dairy cow, the 

higher the N emissions per unit of output 

produced. 

Utilisation of higher yielding cattle 

allows for reduction of the size of 

herd (excreta produced) without 

affecting output thus reducing N 

emissions per unit of output. 

Reduction of N Losses 

Livestock exclusion 

(fencing off streams) 

Manure deposition near/into streams 

causes water pollution. Allowing animals 

to access streams also causes sediment 

deposition and river bank destabilisation. 

Prohibiting livestock access to 

streams prevents deposition of faecal 

material, turbidity and denudation of 

the stream banks. 

Wetland 

Development/ 

Restoration 

Overland runoff from agricultural land 

carries sediment and nutrients to streams. 

Provides a filter for pollutants 

originating from agricultural land. 

Riparian Buffer 

Zones/ Filter Strips 

Overland runoff from agricultural land 

carries sediment and nutrients to streams. 

Slows over-land runoff, allowing 

infiltration; allows nutrient uptake by 

vegetative cover. 

Cover crops/ 

minimising periods 

when the soil is left 

bare 

Leaving soil bare during the winter 

months and at cultivation increases risk of 

soil erosion and nutrient loss through 

runoff/leaching. 

Cover crops provide protection 

against erosion, "green" manure 

source and additional revenue for 

farmers. 

Timing of Fertilizer 

Application 

Fertilizer application during/prior/straight 

after precipitation events or during autumn 

and winter leads to overland runoff or 

leaching of nutrients. 

Timely fertilizer application prevents 

runoff/leaching, allows uptake of 

fertilizers by crops/grass. 

However, identifying the pressure points and the suitable mitigation alternatives does not 

provide sufficient information for efficient decision-making. Information on the cost of 

mitigation alternatives is also needed to achieve environmental objectives in the most cost-

effective manner. The costs associated with the various options for reducing N losses can vary 

considerably and hence the use of cost-effectiveness analysis (as expressed in CPUA) is 

becoming increasingly popular as a means to choose between them (Domínguez et al., 2009, 

Blok et al., 2001, Moran et al., 2008, Doole, 2012). Where a number of mitigation options 

exist, CPUAs of these alternatives and their rankings, provide policymakers and other 

stakeholders with guidance as to the least cost option from a range of alternatives.  

3. Methodology 

The analysis undertaken in this paper is based on the model described by Chyzheuskaya et al. 

(2014). There are a number of approaches that can be utilised in production modelling. They 
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include general equilibrium models, econometric analysis and engineered functions (Arfini, 

2012). The purpose of econometric production analysis is to establish the effect that changes 

in inputs have on output and costs. Econometric analysis can take two directions: 1) micro-

level production analysis based on individual units (e.g., farms), 2) macro-level analysis in 

which agricultural output is an input to production at the macro level (Bonaccorsi and Daraio, 

2005). In this paper the former is used.  

The main approaches in a micro-level production analysis are the production function approach 

(O'Donoghue and Lennon, 2014) and production frontier analysis in the form of stochastic 

production frontier (Bonaccorsi and Daraio, 2005; Mawa et al., 2014). In the first instance, the 

estimations seek to establish an average relationship between inputs and outputs/costs by 

specifying a functional relationship that explains the observed data (Bonaccorsi and Daraio, 

2005). Such an exercise is carried out using either parametric (where an underlying data 

functional forms specified), nonparametric (without reference to a specific functional form), or 

semi-parametric approaches (when part of the model is parameterised and another part is not) 

(Bonaccorsi and Daraio, 2005).  

Stochastic production analysis is normally used in productivity analysis when the frontier that 

envelopes the data points is instead estimated. In this type of analysis, all data points on the 

frontier are considered to be ‘efficient’ and the distance between the rest of the data points and 

the frontier is measured through the estimation of farm-specific efficiency scores and the 

factors explaining efficiency differentials (Kumbhakar and Lovell, 2003; Green and 

O'Donoghue, 2013; Coelli et al., 2005; Cooper et al., 2013; Mawa et al., 2014). In this paper 

the production function approach is used since production efficiency is not the focus of this 

research. 

Choosing a functional form for parametric econometric analysis is another important task. 

There are a variety of functional forms one could use when estimating output or costs and since 

the true functional form cannot be known, the problem is to choose the form that best suits the 

task at hand (Griffin et al., 1987).  

The most commonly used functional forms in production analysis are the Cobb-Douglas and 

trans-log (which is a generalised form of the Cobb-Douglas function), but other functional 

forms are sometimes used (Lusk et al., 2002; Flichman, 2011; Mawa et al., 2014). Lusk et al. 



8 

 

(2002) state that from a theoretical point of view, there is no advantage in using one functional 

form over another for estimating the true but unknown function underlying data.  

Both trans-log and Cobb-Douglas functional forms have been used extensively in production 

analysis (a few examples include Švarc and Švarc (1989), O Neill and Matthews (2001), Liu 

(2002), Mawa et al. (2014)). Liu (2002) conducted a comparative analysis of the output studies 

for libraries and out of nine studies examined seven that used Cobb-Douglas functional forms 

and two that used trans-log. There are advantages and disadvantages in using both of these 

functional forms: they are both linear in parameters and can thus be estimated using the least 

squares method (Griffin et al., 1987, Mawa et al., 2014).  

Romer (2011) states that the Cobb-Douglas function is “a good approximation to actual 

production functions”. In this paper, output and cost functions are estimated using ordinary 

least squares (OLS) regressions. A similar parametric approach was used by Fezzi et al. (2010) 

who used a linear regression approach (assuming constant returns to scale) to estimate the 

change in farm gross margin that arises from different policy measures. Similarly, O'Donoghue 

and Lennon (2014) used Cobb-Douglas functional forms for regression analysis in their Farm 

Income Generation model. In contrast to Fezzi et al. (2010), who estimated a single function, 

namely a change in farm gross margin resulting from policy change, in this paper, separate 

equations for gross output and direct costs are estimated and then a gross margin is calculated.  

This approach of estimating output and cost functions separately was also used by O'Donoghue 

and Lennon (2014). Estimating functions separately allows the impact of shocks on these 

components to be explored along with the simulation of changes in these components at a farm 

system level, making it more useful for modelling purposes. Moreover, the same functional 

form was used, tested and validated by O'Donoghue and Lennon (2014) in their model, which 

is also based on Irish farm micro data. 

Similar to the process described by Chyzheuskaya et al. (2014), output and cost functions are 

estimated (equations 1 and 2) where GO and DC are gross output and direct costs respectively, 

j represents an enterprise type (1= dairy, 2= cattle, and 3=sheep) and i indicates each of the 

farms (i=1,…, N). The simulations are carried out by holding the regression coefficients (βj, γj) 

and the error terms (εy
ij, ε

c
ij) constant, while changing the explanatory variables (Xij) according 

to the scenarios. The new levels of gross output and direct cost are predicted for each enterprise 

under the counterfactual scenario. The results are then aggregated to the farm level. The impact 
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of the simulated changes in the animal numbers and/or fertiliser is the difference between farm 

profit (π) (equation 3) before and after the change.  

𝑮𝑶𝒊𝒋 = (𝑿𝒊𝒋|𝜷𝒋, 𝜺𝒊𝒋
𝒚

)        Equation 1 

𝑫𝑪𝒊𝒋 = (𝑿𝒊𝒋|𝜸𝒋, 𝜺𝒊𝒋
𝒄 )        Equation 2 

𝝅 = ∑ 𝑮𝑶𝒊𝒋 −  ∑ 𝑪𝑫𝒊𝒋         Equation 3 

The total N on a farm depends on the number of livestock units3 (organic N) and on the amount 

of chemical fertiliser used as a part of the production process (chemical N). The level of organic 

N for an enterprise j is calculated by multiplying the number of LU of type k in that enterprise 

of the farm (NLUkj), by the annual N excretion rate of that LU type (Ek) and summing across 

the K types of LU (dairy, cattle or sheep). This is then added to the inorganic N for the enterprise 

j and summed over the J enterprises to obtain the total N on the farm, as is given in equation 4. 

𝑵𝒊 =  ∑ (∑ (𝑬𝒌𝑵𝑳𝑼𝒌𝒋) + 𝑰𝒏𝒐𝒓𝒈𝒂𝒏𝒊𝒄 𝑵𝒋)𝑲
𝒌

𝑱
𝒋     Equation 4 

The changes in N resulting from the change in animal numbers (scenarios 2 and 3) or inorganic 

fertiliser (scenarios 1 and 6) or both (scenario 5) are presented in Table 2, where the new level 

of N° is calculated for each scenario. The final change in N on the farm is the difference between 

the N level before the simulations and the level N°, which is simulated for the farm after the 

mitigation measure is introduction. 

  

                                                 
3 In the Teagasc National Farm Survey (NFS) a dairy cow is taken as the basic grazing livestock unit. All grazing stock is given equivalent 

values as follows: Dairy cows 1.0; Suckling cows 0.9; Heifers-in-calf 0.7; Calves under 6 mths. 0.2; Calves 6-12 months 0.4 Catjtle 1-2 years 

0.7 Cattle over 2 years 1.0 Stock bulls 1.0; Ewes and rams 0.20 (lowland) 0.14 (hill); Lambs to weaning 0.00 (lowland), 0.00 (hill); Lambs 
after weaning 0.12 (lowland), 0.10 (hill); Hoggets and wethers 0.15 (lowland), 0.10 (hill). For more details see Connolly et al. (2008). 
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Table 2 Implication of each policy scenario for Nitrogen levels 

Scenario Level of Nitrogen in Scenario 

1) the reduction of inorganic 

fertiliser by 20% 

Inorganic Nj ̊ = 0.8 x Inorganic Nj 

 
2) the reduction of LU to 

achieve 170 kg of organic N 

per hectare 

Farms are assumed to reduce LU starting with the enterprise that has the 

lowest gross margin per LU to reach 170 kg of N per hectare. The adjusted 

number of livestock units is : 

 
3) the reduction of LU by 

20% 

 

 
4) a change in the feed mix A reduction by 15% in the amount of N excreted by dairy cows is 

assumed; the excretion rate for other LU is unchanged. The adjusted 

excretion rate is E ̊ 

 
5) the fencing off of adjacent 

streams (and subsequent de-

intensification of production)  
 

6) a change in the method of 

slurry application from 

splash-plate to trailing shoe 

 

 

Table 2 illustrates how this methodology allows for the simulation of both the changes in farm 

profit and the change in N on the farm, as a result of the mitigation measures. It can thus 

potentially be used by decision-makers in determining the level of abatement that can be 

achieved by the implementation of different mitigation measures and the associated cost of 

each measure. It also allows for the comparison of the cost effectiveness (expressed as CPUA) 

of the mitigation measures for each individual farm. 

𝑪𝑷𝑼𝑨 = ∆𝝅𝒊 ∆𝑵𝒊⁄         Equation 5 

The CPUA for a scenario is then calculated as presented in equation 5 and the results for each 

measure on average and for each individual farm are compared.  

Assumptions underlying the mitigation measures 

In order to formalise the model, certain assumptions had to be made for each scenario. In the 

Fertilizer Reduction Scenario (1), the volume of chemical fertilizer used on individual dairy 

farms is reduced by 20%, relative to the initial level used on the farms. In Scenario 2, farmers 

were assumed to reduce livestock in the enterprise with the lowest gross margin per LU. In 

Scenario 3, an assumption was made that each type of livestock (dairy, beef and sheep) is 
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reduced by 20%. In Scenario 4, it was assumed that farmers made alterations to the dairy 

animals’ feed mix to ensure a 15% reduction in the amount of N excreted by dairy cows in line 

with the findings of Wright and Mutsvangwa (2003).  

In Scenario 5, both sides of adjacent streams were assumed to be fenced off. The costs 

associated with this measure include the cost of fence construction and maintenance as well as 

a loss of grazing/production land. Ten meter buffer zones were assumed to be fenced off at a 

cost of €0.9 per meter (as quoted by a private contractor). Two possible sub-scenarios were 

estimated: 1) a reduction in production intensity, where a farmer would choose to reduce the 

number of LU pro rata, based on the reduction in productive area and 2) the possible 

intensification of production where farmers would keep the existing livestock numbers, despite 

the reduction in productive area. The land taken out of production is assumed to be pasture or 

forage land on the dairy farm and this scenario will lead to a cessation of fertilizer use on the 

land taken out of production. In the case of intensification of production (increase in a farm’s 

stocking rate), costs associated with extra chemical fertilizer spread on pasture will increase in 

order to ensure sufficient grass production. In the latter case, the change in N could potentially 

be in the opposite direction to environmental objectives, as chemical N load may increase.  

In Scenario 6, the effect of changes in organic manure spreading in relation to timing of 

application (spring vs summer) and method - splash plate (SP) vs trailing shoe (TS) - of 

application are examined. There is increased efficiency of uptake of nutrients in animal slurry 

when it is applied during the active grass growing season in the springtime (Ryan et al., 2016). 

The TS method allows more precise manure/slurry application reducing losses of N through 

volatilization in the form of greenhouse gases so that less chemical fertiliser is required (Lalor 

et al., 2011). Two slurry application sub-scenarios are estimated: 1) switching to slurry 

application in spring vs summer without changing the method of application; 2) changing the 

method of application without changing the time of application. Table 3 presents details of the 

N availability in slurry with respect to timing and method of application. Farms are assumed 

to initially all use the SP and then shift to the TS method in scenario 6. Switching from summer 

to spring application has no extra cost. There is an extra cost of €0.77 per m3 of slurry (Lalor 

et al., 2011) associated with using TS machinery instead of SP. This amounts to an extra cost 

of €4.08 per year per cow for TS application.  

The N fertilizer savings per cow are highly dependent on the stocking rate of the farm, and will 

vary depending on the fertilizer N advice for the farm. Thus, the chemical N fertilizer 
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reductions and cost associated with each sub-scenario were calculated for each farm, based on 

stocking rates. The change in costs was calculated as the difference between the chemical 

fertilizer reduction and extra cost associated with hiring TS machinery instead of SP 

machinery. It is reported that 34% of slurry is spread by farmers during spring and about 50% 

during the summer and the remainder (16%) is spread in autumn using mainly the SP method 

of application (Hyde et al., 2006). The availability of slurry N in summer and autumn is similar, 

hence it is assumed here that 66% of slurry is spread during the summer.  

Table 3 N availability in slurry with respect to timing & method of application 

Method Splash-plate Trailing Shoe 

Timing Summer Spring Summer Spring 

Total N content (kg/m3) 3.6 3.6 3.6 3.6 

NFRV (%) 12 21 22 30 

Available N in slurry (kg/m3) 0.43 0.76 0.79 1.08 

N chemical fertilizer advice per cow at stocking rate of 2 LU/ha 

(kg ha-1) 

100.5 

Slurry production per cow (m3 in a 16 week winter period) 5.3 

4. Data 

To simulate the changes at a farm-level, socio-economic data at the farm level are required. 

Teagasc - The Irish Agriculture and Food Development Authority has collected  such data as 

part of the National Farm Survey (NFS) annually since 1972 (Connolly et al., 2010). The NFS 

contains information on a nationally representative sample of approximately 1,000 farms. This 

sample does not include pig and poultry farms due to an inability to obtain a representative 

sample for these types of farms. Due to thresholds in relation to standard output, the survey is 

not representative of very small farms.  

Teagasc NFS data for the years 2005-2013 were used for model estimations and the results 

were simulated for 2013. Farms in the NFS are assigned to one of six possible systems: 

specialist dairy, dairy other, cattle rearing, cattle other, mainly sheep, mainly tillage (Hennessy 

et al., 2010). Farms in Ireland typically engage in more than one enterprise. For the purpose of 

this analysis, the focus is on farms that are identified in the NFS as ‘specialist dairy’ and ‘dairy 

and other activities’ (from now on referred to as dairy). Here the focus is on dairy farms due to 

the environmental pressures generally associated with intensive dairy farm systems and 

relatively good economic performance of these farms in Ireland (Chyzheuskaya et al., 2014). 
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Information on the number of farms that have watercourses/streams within 500 meters of the 

farmhouse and the proportion of the farmland within 10m buffer of the stream was collected 

using Geographic Information Systems (GIS) by the Teagasc GIS unit specifically for this 

analysis.  

5. Results and Discussion 

Model Estimates 

The summary statistics for the variables used in the model are reported in Table 4. The average 

farm size for year 2005-2013 was 58.5 hectares with on average 61 livestock units in the herds. 

The average dairy enterprise GM was €69K, an average beef enterprise GM was about €14.5K 

per year with only €592 from a sheep enterprise. However, it can also be seen that the minimum 

reported GMs were negative, indicating that on some dairy farms these enterprises operated at 

a loss.  

Table 4 Summary Statistics (2005-2013) 

Variables Measurement mean min max 

Age of  Farmer years 52 19 87 

Teagasc Client yes/no 1 0 1 

No. of Days Grazed days 247 165 330 

Dairy share* - 1 0 1 

Farm size ha 59 8 299 

No. of Dairy LU - 61 11 258 

Labour/dairy LU € 7 0 424 

Concentrates/ dairy LU € 247 6 1081 

Dairy Fertiliser kg/ha 258 0 1312 

Other costs/LU (dairy) € 92 9 495 

Soil - 1 1 3 

Region - 5 1 8 

No. of Beef Cattle - 42 0 406 

Labour/beef LU € 0 0 105 

Concentrates/ beef LU € 188 0 3,600 

Beef Fertiliser kg/ha 264 0 1,222 

Other costs/LU (beef) € 55 0 4,100 

No. of sheep LU - 2 0 93 

Labour/sheep LU € 0 0 21 

Concentrates (sheep) € 182 0 23,205 

Sheep Fertiliser kg/ha 28 0 1,661 

Other costs/LU (sheep) € 4 0 197 

Dairy GM € 69,191 -13,441 375,108 

Beef GM € 14,544 -45,961 195,772 
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Sheep GM € 592 -2,149 42,119 

Source: Weighted NFS data; *Proportion of farm land dedicated to dairy enterprise 

The estimated equations for gross output (Equation 1) and direct costs (Equation 2) per 

livestock unit (LU) for dairy, beef and sheep enterprises are reported in  The estimates indicate 

that farmers’ age is negatively associated with dairy and cattle GO/DC per LU. This indicates 

that younger farmers have higher GO/DC per LU and lower costs per LU. Teagasc clients tend 

to have higher GO and lower DC per LU. This is not surprising as Teagasc clients have access 

to specialist advisory services delivered by Teagasc, via mass communication, office/phone 

consultation, visits to farms, discussion groups as well as by organising events such as farm 

walks, seminars and other public events (Buckley and Carney, 2013). There are also online 

services available via the Teagasc website (Isbell et al., 2013).  

Table 5. The estimates indicate that farmers’ age is negatively associated with dairy and cattle 

GO/DC per LU. This indicates that younger farmers have higher GO/DC per LU and lower 

costs per LU. Teagasc clients tend to have higher GO and lower DC per LU. This is not 

surprising as Teagasc clients have access to specialist advisory services delivered by Teagasc, 

via mass communication, office/phone consultation, visits to farms, discussion groups as well 

as by organising events such as farm walks, seminars and other public events (Buckley and 

Carney, 2013). There are also online services available via the Teagasc website (Isbell et al., 

2013).  

Table 5 Results for Function Estimations 

Var. name DGO DDC CGO CDC SGO SDC 

Farmer’s Age -0.032 -0.024 -0.110 0.024 0.311 -0.091 

 (2.05)* (1.60) (3.53)** (0.84) (2.21)* (0.29) 

Teagasc Client 0.027 -0.005 0.028 -0.013 0.067 0.085 

 (3.60)** (0.63) (1.89) (0.96) (1.01) (0.57) 

Ln(Days Grazed) 0.271 -0.063 0.367 -0.096 0.083 1.166 

 (8.62)** (2.04)* (6.01)** (1.70) (0.33) (2.09)* 

Dairy Share 0.121 0.258 0.207 0.641 -0.289 -0.581 

 (3.49)** (7.56)** (3.63)** (12.19)** (1.23) (1.10) 

Ln(Farm Size) 0.056 -0.009 0.136 0.038 0.023 -0.276 

 (3.85)** (0.61) (7.01)** (2.12)* (0.36) (1.90) 

Ln(LU) †† 0.013 0.008 -0.075 -0.112 -0.140 -0.367 

 (0.95) (0.55) (5.46)** (8.86)** (4.26)** (4.97)** 

Ln(Labour/LU) †† 0.007 0.028 0.040 0.042 -0.103 -0.047 

 (2.76)** (10.93)** (2.16)* (2.43)* (1.15) (0.23) 

Ln(Concentrates/LU) 

†† 

0.173 0.503 0.087 0.314 0.047 0.414 

 (24.17)** (71.65)** (10.00)** (39.17)** (3.13)** (12.19)*

* 

Ln(Fertiliser/ha) †† 0.038 -0.020 0.074 0.023 -0.001 -0.100 

 (7.18)** (3.89)** (7.41)** (2.55)* (0.02) (1.17) 

Ln(Other DC/LU) †† 0.138 0.266 0.098 0.192 -0.001 0.477 

 (18.47)** (36.30)** (8.90)** (18.92)** (0.04) (8.20)** 
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Soil type 2 -0.020 -0.000 -0.063 0.021 -0.161 0.033 

 (2.61)** (0.06) (4.17)** (1.47) (2.16)* (0.20) 

Soil type 3 -0.087 -0.027 -0.054 0.014 -0.780 0.271 

 (6.16)** (1.92) (1.93) (0.52) (7.72)** (1.20) 

Western Region† 0.169 0.153 -0.295 0.016 -0.316 0.343 

 (3.36)** (3.10)** (2.95)** (0.17) (1.34) (0.65) 

Midlands Region 0.108 0.068 -0.137 0.094 -0.212 0.316 

 (7.04)** (4.47)** (4.40)** (3.29)** (1.88) (1.25) 

Mid-East Region 0.068 0.003 -0.099 -0.023 -0.454 0.465 

 (4.23)** (0.20) (3.10)** (0.78) (3.26)** (1.49) 

Dublin Region 0.050 -0.025 -0.145 0.038 -0.159 -0.075 

 (3.18)** (1.63) (4.71)** (1.34) (1.42) (0.30) 

South-East Region 0.025 0.003 -0.089 0.088 -0.515 -0.235 

 (1.86) (0.24) (3.39)** (3.64)** (5.81)** (1.19) 

South-West Region 0.052 0.023 -0.203 0.079 -0.244 -0.162 

 (4.24)** (1.94) (8.31)** (3.52)** (2.70)** (0.80) 

Mid-West Region 0.020 0.008 -0.071 0.070 -0.230 -0.469 

 (0.86) (0.37) (1.56) (1.66) (1.69) (1.54) 

_cons 3.530 2.741 3.391 3.821 4.986 -3.034 

 (18.11)** (14.29)** (9.29)** (11.32)** (3.41)** (0.93) 

R2 0.61 0.57 0.25 0.58 0.40 0.58 

N 3,147 3,147 3,121 3,121 350 350 
*** significant at 1 % level; ** significant at 5 % level; *significant at 10 % level 

† Boarder Region is a reference region in the regressions; †† enterprise specific 

Year dummies are omitted from this table 

Soil and region variables are included in the analysis to account for spatial heterogeneity 

attributed to soil and weather conditions that may affect farmers’ management decisions. In 

particular soil type/quality, temperature, the amount of rain and the hours of sunshine affect 

ruminant livestock production systems in Ireland by accounting for annual dry matter 

production (which ranges from 11-12 tonnes per hectare in the Border region to 15 tonnes per 

hectare in the South-West) and starting dates of the grazing season (which range from the 

March 25th in the South-West region to April 15-20th in the Border region) (De Nocker et al., 

2014).  

The Border Region is the reference region in the regression. The results indicate that farms 

located in Midlands, Mid-East, Dublin, South-East and South-West regions have on average 

higher dairy GO/LU and lower DC/LU compared to the reference region. 

The number of LU and size of farm are included in the analysis to capture economies of scale, 

with the bigger farms normally displaying higher outputs and lower costs per LU, possibly 

indicating greater production efficiencies.  

Labour, concentrates and fertiliser used per LU increase GO per LU as these are the main inputs 

into production on dairy farms. The results indicate that those farmers that input more labour 

benefit from higher GO/LU and lower costs. This can be explained by the fact that in dairy 

production, animal health conditions stem from proper nutrition and care as well as tight 
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calving patterns that require the observation of animals for prolonged periods of time, while 

artificial insemination (AI) also influences the output per animal (Inchaisri et al., 2010). 

Unsurprisingly, the amount of fertiliser used on the farm is positively associated with gross 

output per animal.  

Simulated Results 

Gross margin and net margin analysis of mitigation measures 

Based on the model estimates, the impacts of each scenario were simulated for 2013. Results 

for changes in the farm gross margin (FGM) per hectare are reported in Table 6. It can be seen 

that FGM per hectare declines on average, for the subset of affected farms under most of the 

measures. The exceptions are the two slurry application scenarios, under which FGM increases 

from €1,347 to €1,352, €1,349 per hectare (0.3%, 0.2%) respectively. These results reflect the 

fact that the proposed mitigation measures generally either reduce the scale of production or 

increase the costs of production, resulting in lower FGM. Only measures that improve 

production and/or cost efficiency yield positive economic results. 

The highest negative impact is observed under scenario 3 (reduce LU by 20%), with scenario 

2 (reduce LU 170kg) yielding second highest negative result (projected loss is 23% and 8.9% 

respectively) (Table 6). These results are consistent with similar scenarios simulated for 2008 

by Chyzheuskaya et al. (2014), who reported losses of 21% and 5% respectively. 

Table 6 Effect on Farm Gross Margin (€/ha, %) simulated for 2013. 

Scenario FGM, €/ha ΔFGM,% FNM/ha FNM 

Baseline 1347   430 23,055 

Fert-20% 1320 -2% 403 21,550 

ReduceLU-20% 1036 -23% 115 5,561 

Feed change 1263 -6% 344 18,409 

Slurry 1* 1352 0.3% 434 23,299 

Slurry 2** 1349 0.2% 432 23,164 

Baseline  1867   645 33,491 

Reduce LU 170kg 1701 -8.9% 483 24,876 

Baseline 1326   384 20,071 

Fencing-off (intensification) 1274 -4% 331 17,976 

Fencing-off (de-

intensification) 

1233 -7% 290 15,753 

*change in the timing of slurry application to spring; 
**change the method of slurry application from SP to TS 
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A change in feed composition leads on average to a loss of €84 (6% reduction) per hectare. 

This is due to assumed increases in feed cost which increase the direct costs on the farms. 

Reducing fertiliser by 20% leads to a loss of €27 per hectare (2%). Fezzi et al. (2008) also 

explored the cost of reducing the amount of fertiliser by 20%. Their results show a reduction 

of FGM on dairy farms by £132 per hectare (approximately €194), which is higher than the 

model results presented here. However, in their paper Fezzi et al. (2008) state that in another 

UK study by Cuttle et al. (2007), the cost of this measure is much lower - £35 per hectare 

(approximately €51), which is very close to the result reported in Table 6. Fezzi et al. (2008) 

attribute the differences between their results and those of Cuttle et al. (2007) to the differences 

in assumptions used in the two models. This could also be the case here; however the 

differences could also be attributed to the differences in the farm data and prices.  

The fencing of streams results in a loss of €93 (7 % reduction) per hectare on affected farms, 

if the farmers reduce stocking rates proportionally to the reduction in land farmed. The 

reduction would be due to the loss of output from the reduced number of livestock which is 

partially offset by the reduction in costs. However, if farmers decide to maintain livestock 

numbers and intensify the production on the remaining land, the loss would be smaller – €52 

per hectare (4% reduction) – due to the output remaining the same but the costs increasing due 

to higher fertiliser use to accommodate sufficient grass cover on pasture. However, this may 

mean that environmental objectives would not be met. 

Farmers may be more concerned with how the mitigation measures would affect Farm Net 

Margin (FNM) rather than GM. FNM is defined as GM less overhead costs, which can be 

substantial on dairy farms in particular. The effect of the measures on FNM is also reported in 

Table 6. The effect on FNM and FNM per hectare is more dramatic than that on FGM. The 

reduction in LU by 20% potentially leads to FNM/ha reduction from €430 per hectare to €115 

per hectare, which translates into 71% reduction in FNM/ha due to this measure. Reducing LU 

to achieve 170 kg of N per hectare leads to a FNM/ha loss of almost 25%, while fencing off 

streams leads to a loss of 10-21% of FNM/ha.  

Farm N implications of mitigation measures  

Table 7 summarises the amount of organic, chemical and total N per hectare on the affected 

farms under each scenario and the percentage change from the baseline. All scenarios produce 

a reduction in total N (except for the case of intensification of production after fencing off 
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streams, when N per hectare is expected to increase). However, some options result in larger 

total N per hectare reduction than others. Relatively high total N reduction can be achieved by 

reducing chemical N fertilizer application by 20% (13% N reduction) and decreasing the 

number of LU by 20% (7% N reduction). Under the LU reduction to 170kg N per hectare 

measure, on average 17% organic N can be mitigated. However, the cost of abating N under 

the different measures varies across farms. This is discussed in the following sections. 

Table 7 Average farm N under different scenarios (kg/ha, %) 

Scenario OrgN ChemN TotalN 

kg/ha % kg/ha % kg/ha % 

Baseline 148   261   410   

Fert-20% 148 0% 209 -20% 357 -13% 

ReduceLU-20% 119 -20% 261 0% 380 -7% 

Feed change 133 -10% 261 0% 394 -4% 

Slurry 1* 148 0% 260 -1% 408 0% 

Slurry 2** 148 0% 258 -1% 406 -1% 

Baseline 199   306   505   

Reduce LU 170kg 165 -17% 306 0% 471 -7% 

Baseline 148   262   410   

Fencing-off (de-intensif) 145 -3% 255 -2% 400 -3% 

*change in the timing of slurry application to spring 

**change the method of slurry application from SP to TS 

Cost per Unit Abated Results 

The changes in FGM and/or N per hectare do not in themselves allow the cost-effectiveness 

comparisons to be made. Thus, CPUAs for each measure are calculated (see Table 8). The 

results represent the cost in € per kg of N abated per hectare, ranging from a cost of over €10.3 

per kg N for reduction of LU by 20% scenario to a saving of €3.2 per kg N for Slurry 1 (change 

the timing of slurry application) scenario4. 

Table 8 Cost per Unit Abated by scenario. 

Scenario Cost (€ per kg N Ha-1) 

Slurry 1* -3.2 

Slurry 2** -0.7 

Fert-20% 0.6 

Reduce LU 170kg 5.1 

Feed change 5.4 

                                                 
4 The higher the CPUA result, the more expensive it is to abate each unit of total N for farmers. The negative 

CPUA for the slurry scenarios and the improved breeding index scenario, indicate that these measures on average 

would not only produce a decrease in total N introduced into the environment but would also lead to a reduction 

of costs on farms. 
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Fencing-off (de-intensif) 8.7 

Reduce LU -20% 10.3 

*change in the timing of slurry application to spring; 
**change the method of slurry application from SP to TS 
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Figure 1 Ranking of the CPUAs for dairy farms (€/kg N). 

 
*change in the timing of slurry application to spring; 

**change the method of slurry application from SP to TS 

The ranking of the CPUAs of each mitigation measure is presented in Figure 1. The measures 

that provide the most cost-effective results for N abatement, are changing the timing and 

method of slurry application. However, further investigation reveals that national average 

CPUA numbers hide the diversity of impacts that each strategy would have across individual 

farms. Figure 2 shows CPUAs for a subset of dairy farms in the NFS sample5 simulated for the 

2013 year. The farms are ranked by the most cost effective on average scenario – Slurry 1 – 

with a view to see if the ranking of measures by their CPUAs is the same for all farms. If this 

is the case, we could conclude that mitigation recommendations can be based on average results 

and would suit all farms in the country. 

  

                                                 
5 Note that in Figure 2, some scenarios only affect a subset of farms (e.g. fencing-off). 
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Figure 2 CPUA ranking for individual farms (€/kg N) 

 

If the ranking of CPUAs for mitigation measures was the same for all the farms in the dataset, 

the lines would be parallel and would not cross. However, as can be seen in Figure 2, the lines 

cross a number of times indicating different magnitudes and rankings of the CPUAs for 

individual farms. There is no measure that is strictly dominant for all dairy farms in the sample. 

This has very important policy implications and suggests that any policy measure introduced 

in a rigid manner will not produce the most economically efficient result across individual 

farms. 

This conclusion is consistent with the previous literature. There are a number of 

microsimulation models which conclude that flexible mitigation approaches which allow 

abatement efforts to vary from producer to producer, yield more favourable economic results 

than those that are enforced uniformly across all producers. For example, Doole et al. (2013) 

and (Doole, 2012) concluded that uniform policies are at least three times more expensive than 

differentiated approaches, while threshold policies that require farmers to emit below a certain 

threshold can be up to four times more expensive. 
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6. Discussion and Conclusion 

The impressive advance in agricultural productivity has come at a high price in terms of 

environmental degradation (Merrington et al., 2003). N emissions from agriculture are a 

significant cause of the current high N levels in the biosphere. N losses from the agricultural 

sector have been held as a contributory factor behind soil and water acidification, 

contamination of surface and groundwater resources and loss of biodiversity (Knudsen et al., 

2006). Truly sustainable agricultural production will require countries to achieve the twin goals 

of meeting the growing demand for agricultural produce, while also reducing negative 

environmental impacts from the agricultural production process.  

This research is particularly important in the context of recent international efforts to monitor 

progress towards sustainable intensification (Barnes and Thomson, 2014, Frater and Franks, 

2013). Many approaches to accomplishing the dual challenge of increasing agricultural 

production, while reducing its environmental impact, are based on increasing the efficiency of 

agricultural production, relative to resource use and relative to unintended outcomes such as 

water pollution, biodiversity loss, and greenhouse gas emissions (Bennett et al., 2014). This 

calls for a new category of indicators which measures the efficiency of production in relation 

to both inputs and environmental impact (Ryan et al., 2016).   

In Ireland, the industry-developed strategies for the agri-food sector, Food Harvest 2020 

(DAFM, 2010) and Food Wise 2025 (DAFM, 2015), set ambitious agricultural expansion 

targets for the dairy sector in particular (Dillon et al., 2016). In the Irish context, there is an 

ongoing need to examine farm management measures which improve efficiency of resource 

use and which can be employed to reduce N pollution, while still permitting sustainable 

intensification of production. However, the impact of these measures must be considered 

before any policy recommendations can be made.  

Results from this study indicate that FGM per hectare would decline under most mitigation 

scenarios. These findings are consistent with those of Hennessy et al., (2005) and Fezzi et al. 

(2008), whose studies also found that the implementation of measures that require livestock 

reduction, would lead to a loss in FGM. The exceptions are the two slurry scenarios, which 

allow for resource use efficiencies on farms, with a consequent reduction in costs. The cost-

reducing measures represent potential win-win situations of increased returns to production 

while reducing the risk of N loss. Unsurprisingly, gains in FGMs are possible with the adoption 



23 

 

of new technologies. As has been investigated by Howley et al. (2012), the adoption of new 

technologies among farmers is slow and depends on cultural, social and economic factors as 

well as on the nature of the technology itself. This could account for the fact that a number of 

farmers could benefit from these measures. Moreover, the success of farm management is 

dependent of farmers making the right management decisions at the right time (Daydé et al., 

2014), while many nutrient loss mitigation measures depend on the application of just the right 

amount of nutrients, in the right place at the right time. 

All of the mitigation measures discussed in this paper have the potential to reduce N loss 

(keeping other factors constant). However, it should be noted that this analysis explored N 

reduction at a farm scale and the subsequent cost to the affected farmer and does not explore 

the environmental benefit of these measures. It does not follow that all reductions in N at the 

farm level would be fully realized as benefits to the local aquatic environment. The relationship 

between the inputs and losses of N may not be linear and are likely to differ spatially, seasonally 

and to be soil/geology and weather dependent.  

This paper focused on assessing the cost of six potential N reduction measures but an overall 

environmental effectiveness of these measures would require an integrated economic and 

hydrological approach (Fezzi et al., 2010). The CPUA analysis revealed that a number of the 

mitigation measures (changing season or method of slurry application) have negative signs 

which means that these mitigation measures on average, result in a decrease in both total N 

introduced into the environment and a reduction of costs at farm level. The mitigation measures 

with the largest average CPUA are 20% reduction in LU/ha and fencing of watercourses, 

caused by the large abatement costs associated with these measures.  

The ranking of CPUAs for individual farms revealed that no measure is strictly dominant for 

all farms across the sample. Individual farms have their own CPUA ranking of the measures. 

Therefore the mitigation measure that is the most cost-effective at the aggregate level may not 

be the most cost-effective at the micro (farm) level. Similar findings are reported by Doole et 

al. (2013) and Doole (2012) It is beyond the scope of this paper to be prescriptive regarding 

optimal policy design. However, this paper confirms that a ‘one size fits all’ policy to mitigate 

N loss would be an inadequate approach. A possible solution could involve the estimation of 

the nitrogen emissions for each farm and then incentivising/regulating reductions in nitrogen 

usage, while leaving it open to individual farms to choose how such reductions could best be 

achieved. Transparency regarding the methodology used to estimate the farms’ baseline 
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emissions would be essential to ensure farmers buy-in to such a scheme. Efficient policy 

making should reflect this and allow for flexibility and innovation at the farm level to allow 

farmers to adopt measures that meet the policy objectives, while recognising the constraints 

facing their farm. While such an approach could involve increased transaction and monitoring 

costs, recent research suggests that these are outweighed by the environmental benefits of 

‘payment for results’ measures (Cullen et al., 2018).  

N losses may also arise due to poor management, rather than the actual quantities of N used on 

the farm, however such management or nutrient pathway losses are much more difficult to 

measure and thus to model. Notwithstanding this, it is anticipated that a proportional reduction 

of losses would happen since N that is not introduced to the environment cannot be lost. In our 

analysis, the reduction in total N differs across mitigation measures with some expected to 

yield a higher total N reduction. However, the environmental effectiveness of the measures 

would be dependent on a range of local bio-physical conditions including soils and 

hydrological pathways (Jordan et al., 2012). Such considerations are beyond the scope of this 

work but merit further consideration.  

The model used in this analysis does not explicitly incorporate behavioural changes at the farm 

level. In order to reliably allow for behavioural change to be captured through shifts in the 

model parameters more observations than are available here are required. However, certain 

elements of behaviour were incorporated in our model through explicit assumptions, for 

example, that farmers would drop the LU with the lowest GM per LU. It was also assumed that 

if required to fence-off the streams, that farmers would either intensify their operations by 

keeping all their livestock or reduce stock numbers in proportion to the reduction in useable 

area in order to maintain existing stocking rates. A limitation of the model described in this 

paper is that it does not presently allow a combination of the mitigation measures to be 

considered - this may be needed if specific N reduction targets are to be introduced.  

As a static model, this analysis does not incorporate medium or long-term behavioural changes 

that may result as a consequence of the measures introduced and assumes that farmers do not 

alter their behavioural responses in light of the mitigation strategy under consideration. 

However, it is based on the assumption that in the short term, farmers are unlikely to change 

their farm management techniques and are likely to continue operations with minimal changes. 

In the long run it is reasonable to suppose that farmers may alter their behaviour in light of the 

mitigation strategy. In particular, farmers can introduce other operations on their farms to 
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compensate for loss of income as a result of a particular measure. The results are conditional 

on the validity of the assumptions underlying the model. Notwithstanding these cautionary 

remarks, the model is informative regarding the costs and other impacts of the mitigation 

measures considered.  
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