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Dutch nutrient policy aims at reducing leaching
of agricultural nutrients by internalizing the nega-
tive externalities associated with inefficient nutri-
ent use. This is done by taxation of nitrogen and
phosphate surpluses that exceed a hectare-based
threshold of maximum-allowed surpluses. One
management strategy farmers may use to reduce
the nutrient surpluses on their farms is to improve
the nutrient efficiency of the agricultural produc-
tion process.

This study employs Data Envelopment Analy-
sis (DEA) to calculate nitrogen and phosphate ef-
ficiencies and an overall nutrient efficiency mea-
sure for a 3-year panel of 114 Dutch dairy farms.
Subsequent analyses show the impact of both
farm intensity and nutrient efficiency on the ni-
trogen and phosphate surpluses. It appears that
farm intensity has a positive effect on efficiency,
but efficiency and intensity exert opposite influ-
ences on nutrient surpluses. This is especially the
case for nitrogen. The magnitude of a possible
reduction of nitrogen surpluses through a strat-
egy of efficiency improvement is therefore limited
by the intensity of the farming system, unless the
technology with which nutrients are used by the
farming system can be further improved or input/
output ratios will be altered.
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INTRODUCTION

Recent developments in European, and in particular Dutch, nu-
trient policy have forced farmers to consider nutrient manage-
ment as an essential part of their decision-making process[1].
Dutch farmers have to operate within the Mineral Accounting
System (MINAS), anutrient accounting system that taxes farm-
erswith nitrogen and phosphate surpluses exceeding a predeter-
mined surplus standard. In thisway, the Dutch government aims
at internalizing the negative externalities associated with ineffi-
cient nutrient use. The main objective of MINAS is to reduce
nutrient pollution of groundwater, which is the most important
source of drinking water in the Netherlands. The system is out-
put oriented, meaning that farmers are taxed according to their
final nutrient resultsirrespective of theway they arriveat it. This
development forces farmersto incorporate nutrient management
into their total management, sincefinancial repercussions can be
severe[2]. One way to improve nutrient management, and thus
reduce the surpluses which accompany the agricultural produc-
tion process, is to improve the efficiency with which nutrients
are used.

To improve nutrient efficiency, and environmental perfor-
mancein general, itiscrucial tolearn from successful colleagues
that can act as benchmarks, rather than focussing on central ten-
dencies. The ultimate goal of (environmental) performance re-
searchis, after al, toimprovethisperformance[3]. Thisiswhy a
frontier approach, in which farm efficiency is measured as the
deviation from best performance, may provide moreinsight into
performance and can indicate waysto improve performance bet-
ter than methodslike regression models, which focuson average
performance.

The purpose of this paper isto provideinsight into the pos-
sibilitiesfor Dutch dairy farmerstoimprove nutrient performance,
through nutrient efficiency improvement, in order to meet the
environmental policy objectivesthat wererecently introduced in
the Netherlands. Data Envelopment Analysis (DEA) is used to
estimate nutrient efficiency. The magnitude of the current possi-
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bilities for reduction of nutrient surpluses is calculated and, fi-
nally, nutrient efficiencies arerelated to farm intensity and nutri-
ent surpluses using regression analysis.

MATERIALS AND METHODS

Nutrient Efficiency

Debreu[4] and Farrell[5] specified an operational definition of
efficiency that complieswith Koopmanstheoretical definition of
technical efficiency[6]. This definition states that a producer is
technically efficient if an input reduction requiresanincreasein
another input or adecreasein at least one output[6]. The Debreu-
Farrell (DF) measure of technical efficiency is defined as one
minus the maximum equiproportionate reductionin all inputsthat
still allows continued production of given outputs. A score of
unity indicates full efficiency, whereas a score below one sug-
gests that a reduction in inputs is possible without sacrificing
output.

Efficiency measures can be determined by parametric aswell
as nonparametric approaches. Efficiency measurement in agri-
cultureis complicated by the fact that agricultural processes are
moreor lessstochastic and, if not accounted for, thisstochasticity
can have a serious impact on estimated efficiency. The choice
for parametric or stochastic frontier analysis (SFA) seemsthere-
fore obvious. Coelli et al. recommend the use of SFA over non-
parametric approachesin agricultural research[7]. However, the
problem with SFA is that it assumes a functional form for pro-
duction technology, which can confound the efficiency resultg[8].
Nonparametric programming approaches, currently known as
DEA, have an enormous flexibility in that they avoid a paramet-
ric specification of technology and the distribution of efficiency.
Further information on the benefits of DEA over SFA or
other parametric approaches can be found in the litera-
ture[9,10,11].

DEA yieldsameasure of DF efficiency of afarmrelativeto
the best practice farmsin the sample. In an input-oriented DEA
model, the objective is to produce the observed output with as
littleinput as possible. Thisis a reasonable assumption in Euro-
pean milk production sinceit islimited by aproduction quotafor
every individua farm. In ahomogenous market in which prices
change very little in a short time period, the most common way
to maximize profit is therefore input minimization.

The production of milk on Dutch dairy farmsgenerates nega
tive externalities in the form of nutrient surpluses. They can be
modeled as a weakly disposable output in a distance-function
approach[12,13], or as a (weakly) disposable input to be mini-
mized[14,15]. In this study, the latter method is employed be-
cause the nutrient surpluses can be seen as net inputs rather than
outputs resulting from the production process. Using the concept
of “non-radia” efficiency, which calculates the efficiency of a
subvector of aparticular input (in this case, nutrient surpluses),
an efficiency estimate for the nutrient surpluses can be calcu-
lated to get anindication of nutrient performance of thefarm[16].
The nutrient efficiency is defined as the ratio of minimum fea-
sibleto observed nutrient surpluses, conditional on observed lev-
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els of output and conventional input[17]. This can be formu-
lated as alinear programming problem:

Miny
YA
Subjectto:  y; < YA
X > XA
A= WA
NA=1
A>20 ()

Nutrient efficiency for the ith firm is represented by v (y €
[0,1]) for theith firm. Y isthe observed vector of output, X isthe
observed vector of conventional input, and W is the observed
vector of the environmentally detrimental input (i.e., the nitro-
gen and phosphate surplus). Firm weights are represented by an
N x 1 vector A, where N is the number of farms in the sample.
The first and second constraints reflect strong disposability of
outputs and conventional input, respectively. The equality inthe
third constraint imposes weak disposability of the nutrient sur-
pluses. The fourth constraint allows for atechnology character-
ized by variable returnsto scale, which envel opes the data most
tightly, compared to constant returns to scale and nonincreasing
returns to scale. The nutrient efficiency model involves finding
the frontier that minimizes both the nitrogen and phosphate sur-
plussimultaneously.

Like Reinhard et al., separate production sets and efficien-
ciesare calculated for each year of the panel[17]. Window analy-
sis, which incorporates every preceding year in the calculation
of efficienciesin subsequent years, would mix up technological
change and (stochastic) year effects in the calculated efficien-
cieq 18]. Since our sampleisreasonably large, thiscan be avoided
by calculating efficienciesfor every year in the sample separately,
and then averaging over the total period.

Fig. 1 givesagraphic explanation of the concept of nonradial
input-orientated DEA efficiency using two inputs, x; and x,. P,
Q, and R represent farms that use a different combination of x;
and x,. DEA creates a piecewise linear isoquant from the obser-
vations, representing the most efficient technol ogies used by the
farmsin the sample (in this case, farms Q and R, which use the
|east input while producing the same amount of output asall other
farms). Nutrient efficiency can be calculated asanonradial mea-
sure (as opposed to the radial measure OP’/OP, which represents
total technical efficiency). Suppose x, representsthe nutrient sur-
pluses. Nutrient efficiency can then be calculated as O'P”’/O'P
and indicates that farm P could reduce the use of x; with a pro-
portion of 1 —O’P”/O’P,

Data Description

Data of 114 specialized dairy farms! were collected over a pe-
riod of 3 years (1997 to 1999) as part of a large government
supported project called Farm Data in Practice (FDP, Project
Praktijkcijfers). The goa of the project was to gain empirical

! Farmsare classified as a specialized dairy farm if at least 95% of all Dutch Size Units [DSUS] can be attributed to dairy production; the DSU is an economic size

unit, based on standard gross marging[19].
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FIGURE 1. Input-oriented DEA efficiency.

insight into nutrient management on “real-life” farms, and to
support and improve nutrient management. Farmswere sel ected
to give an accurate representation of dairy farmsin the Nether-
lands, but the management support they received affectstherep-
resentativeness of the farms. However, because the goal of this
study isto show the possibilitiesfor an improvement of nutrient
management, this does not affect the validity of theresults. Data
collection was organized by the project organization and was
carried out by the bookkeepers of the farmers. Both financial
and nutrient accounting data were collected as well as data on
farm layout and management characteristics. Screening and rec-
tification of data was done twice, once by the project organiza-
tion and once by the authors. Table 1 gives an overview of the

input and output used in the DEA analysisusing three-year aver-
ages.

The outputsdistinguished aretotal milk production corrected
for fat and protein content, and livestock sales and value change
expressed in 1997 . They represent the major outputs for such
highly specialized farms. The inputs used are cultivated land in
hectares, total stock aggregated in livestock units (LU), total la-
bor used (both unpaid and paid) in full-time equivalents (FTE),
total nitrogen from chemical fertilizer inkilograms, and total phos-
phate from chemical fertilizer in kilograms. Net feed purchases
contains both concentrates and roughage, aggregated using gross
energy (GE) content, and corrected for sales and stock changes?.
Environmental detrimental inputsarethe nitrogen and phosphate

TABLE 1
3-Year Averages and Standard Deviation of Total Inputs and Total Outputs*

Standard
Mean Deviation
Input
Cultivated land (ha) 41.65 11.93
Stock (LU) 92.43 28.83
Labor (FTE) 1.76 0.54
Nitrogen fertilizer (kg N) 11013 5304
Phosphate fertilizer (kg P,Os) 1677 1307
Net feed purchases (GE) 178794 101437
Nitrogen surplus (kg N) 11163 4467
Phosphate surplus (kg P,Os) 2152 1238.36
Output
Milk production
(kg fat and protein corrected milk) 590437 201928
Livestock sales and value change (1997 e) 21196 8568

* Livestock sales and value change = livestock sales livestock purchases + change in value of livestock

inventory.

2 Data on machinery and equipment were considered to be of insufficient quality to be used in the analysis; the misspecification of the DEA model due to this

omission will negatively affect efficiency.
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surpluses, calculated as the difference between the use and pro-
duction of nutrients (the difference between input and output
corrected for stock changes). All inputs are considered strongly
disposable except for the nutrient surpluses. Even though land
may be seen as afactor that is hard to acquire, disposing of itis
easy. In an input-orientated DEA, the goal isto minimize input,
which means that the availability property is not important, but
thedisposability property is. Land isthereforemodel ed asstrongly
disposable. A similar observation can be made for labor. Both
the nitrogen and phosphate surplus are assumed to be weakly
disposable, sincethereisacost involved with disposing of it.

RESULTS AND DISCUSSION

Nutrient Efficiency

Nutrient efficiency was calculated according to the model ex-
plained above, and incorporates both nitrogen and phosphate.
Average nutrient efficiencies (NE) for every separate year and a
3-year average are presented in Table 2. The nutrient efficiencies
for the separate years are approximately 80%.

The number of fully efficient farms differs slightly among
years, with 1998 having the highest number (61.4%) of fully ef-
ficient farms. The mean nutrient efficiency for the nonefficient
farmsincreases over time, indicating that the nonefficient farms
have made improvements. The 3-year averageis 80.16%, mean-
ing that a simultaneous reduction of almost 20% is possible for
the nitrogen and phosphate surplus. Only 28.9% of the farmsin
the sample werefully efficient over the 3-year period; the farms
that were not could lower their surpluses by about 28% if they
would produce on the frontier (Table 2).

The DEA nutrient efficienciesfound in the present study are
high compared to other studies[14]. Thefact that the resultswere
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obtained from a highly homogenous group of farms, having at
least 95% of all their activitiesin dairy farming, and input was
only aggregated in physical units and corrected for quality dif-
ferences, will result in high efficiencies. The advantage of this
approach isthat variance found can be more correctly attributed
to management differences, instead of to noise in the data.

Table 3 shows the 3-year averages of the absolute reduc-
tionsin nutrient surplusesthat are possible under the technology
that was used from 1997 to 1999. The actually achieved sur-
pluses (268 kg N/ha and 52 kg P,Os/ha) could be reduced by 52
kg N/ha and 13 kg P,Os/ha, respectively, if al farms were to
produce on the efficient frontier. The final (to be introduced in
2003) Levy Free Surplus (LFS) for nitrogenisset at 180 kg N/ha
for grassland and 100 kg N/ha for arable land. For phosphate,
the final LFS is set at 20 kg P,Os/ha. The last row of Table 3
showsthe 3-year averages of thefinal LFS. It isobviousthat, for
both nitrogen and phosphate, an efficiency improvement towards
the current level of best performance will not suffice to comply
with thefinal LFS. Thefinal LFSfor nitrogen would still be ex-
ceeded by 47 kg N/ha, and the final LFS for phosphate by 19 kg
P,Os/ha. Therefore, in order to be able to meet the final LFSin
2003, not only an efficiency improvement, but also an improve-
ment in technology used (i.e., a shift in the DEA-frontier) is
needed.

Nutrient efficiency can be further decomposed into nitro-
gen and phosphate efficiency using a nonradial DEA approach
similar to the calculation of total nutrient efficiency. The results
are shown in Table 4. Nitrogen efficiency appears to be higher
than nutrient efficiency (the 3-year averagesare 89.42 and 80.16,
respectively), whereas phosphate efficiency islower (77.51 vs.
80.16). The consequence of thisisthat if farmers were to focus
entirely on nitrogen, disregarding phosphate management, nitro-
gen surpluses could not be reduced as much asshownin Table 3.
On the other hand, if farmers were to focus on phosphate man-
agement, phosphate surpluses could be reduced more than indi-

TABLE 2
Nutrient Efficiency Scores for Separate Years and 3-Year Averages
1997 1998 1999 1997-1999
Mean all farms 78.04 81.96 80.49 80.16
% of fully efficient farms 55.3 61.4 56.1 28.9
Mean nonefficient farms 50.90 53.25 55.52 72.08
TABLE 3

3-Year Averages of Reduction Possibilities Through
Efficiency Improvement for Nitrogen and Phosphate

Nitrogen Phosphate

kg N/ha kg P,O;/ha
Real surplus 268 52
Reduction through efficiency improvement 52 13
Surplus if all farms were fully efficient 216 39
2003 levy free surplus 169 20
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TABLE 4
Nitrogen and Phosphate Efficiency for
Separate Years and 3-Year Averages

1997 1998 1999 1997-1999
Nitrogen efficiency
Mean all farms 90.78 88.84 88.64 89.42
% of fully efficient farms 70.2 65.8 64.0 42.1
Mean nonefficient farms 69.11 67.38 68.41 81.73
Phosphate efficiency
Mean all farms 76.3 76.11 80.16 77.51
% of fully efficient farms 60.5 62.3 61.4 35.1
Mean nonefficient farms 39.87 36.65 48.59 65.35

cated by Table 3. Clearly, nutrient management that considers
both nitrogen and phosphate is more effective in reducing nutri-
ent surpluses. Dutch agricultural policy before MINAS used to
focus on regulating phosphates to control pollution. Apparently,
this was not a big issue for dairy farmers. Their nitrogen man-
agement ismoreefficient than their phosphate management, even
though phosphates are easier to control.

Nutrient Efficiency, Farm Intensity, and
Nutrient Surpluses

Fully nutrient-efficient farms have a significantly higher inten-
sity of the farming system in terms of fat- and protein-corrected
milk per hectare (fpcm/ha) than the inefficient farms. Theineffi-
cient farms have a 3-year average intensity of 13,444 kg fpcm/
ha, compared to 15,147 kg of fpcm/hafor thefully efficient farms
(t =-4.64, p < 0.001). Full efficiency resultsin relatively low
nutrient surpluses per kilogram of produced milk for the highly
intensivefarms. However, dueto theintensity of thefarming sys-
tem, fully efficient farms tend to have higher absolute levels of
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nutrient surpluses per hectare, especialy if they do not dispose
of excess manure. A highly intensive farming system involves a
large amount of external inputs compared to more extensive
systems, which are more self-sufficient, due to alarger propor-
tion of roughage production relative to milk production. Rough-
age production, however, is less nutrient-efficient than milk
production. Nutrients not used for milk production will be ex-
creted in manure, which will then be used on available farmland
as fertilizers. Roughage production is an open system in which
losseslike volatilization and leaching occur. The shift of theless
nutrient-efficient roughage production process onto other farms
partially explainswhy more-intensive farming systemsare more
efficient. Improving nutrient efficiency (lower surplus per unit
of output) by increasing intensity will, therefore, simultaneously
|ead to higher nutrient surpluses per hectare, which are the bases
for taxation in MINAS.

A linear regression analysis was done to assess the magni-
tude of the effect of nutrient efficiency and farm intensity on the
nitrogen and phosphate surplus. The analysis was done for the
total sample, as awhole, as well as for the inefficient and effi-
cient farms separately (sincethereisno variation in nutrient effi-

TABLE 5
OLS Regression Results of Nutrient Efficiency and Farm Intensity on Surpluses’

Total Sample

Inefficient Farms Efficient Farms

b t b t b t
Nitrogen surplus (kg N/ha)
Constant 12.25 7.27 6.12
Nutrient efficiency -0.36 -7.72 —-0.51 -8.44
FPCM/ha 0.52 11.39 0.57 9.39 0.51 8.26
R? 32% 49% 26%
Phosphate surplus (kg P,Os/ha)
Constant 7.45 5.70 2.86
Nutrient efficiency -0.26 —4.91 -0.37 -4.73
FPCM/ha 0.19 3.52 0.16 2.07 0.19 2.72
R 8% 15% 4%

* P <0.01 for all t.
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ciency for the latter group of farms, only farm intensity will be
used asapredictor). Datafrom 3 yearswere used to estimate the
regression models. The results are shown in Table 5.

In explaining the nitrogen surplus, nutrient efficiency shows
alower relativeimportance than farmintensity, both for thetotal
sample and for the inefficient farms. This indicates that, at the
current level of performance, improvement of efficiency cannot
overcome the higher nitrogen surpluses associated with more-
intensivefarming systems. For thetotal sample, aimost athird of
the nitrogen surplus can be explained by differencesin nutrient
efficiency and farm intensity. For the inefficient farms, thisisas
much as 49%. For them, improvement of efficiency is a rela-
tively important issue. The regression analysis of farm intensity
on nitrogen surplus explains 26% of the nitrogen surplus. Appar-
ently, for the fully efficient farms, other important determinants
exist for explaining the nitrogen surplus.

In the case of phosphate surpluses, nutrient efficiency is a
relatively more important determinant in explaining the varia-
tion in phosphate surpluses than farm intensity. Even though the
models have significant F-ratios (not shown in Table 5), the ex-
planatory power islow (4 to 15%), indicating that the phosphate
surplusis more dependent on other factorsthan nutrient efficiency
and farm intensity.

CONCLUSION

Thenutrient efficienciesfound in this study imply that the farms
in the sample are highly nutrient-efficient producers. Thisindi-
cates that relative spilling of nutrients per unit of production is
low. Thisis more the case for nitrogen than it is for phosphate,
thelatter being the nutrient Dutch policy used to focuson before
MINASwas introduced. It must be noted that the measures cal-
culated here are relative to the best management practicesin the
sample. Introduction of farmsin the sample that are able to pro-
duce the same amount of output with lower nutrient surpluses
will cause nutrient efficiencies of the current sample to drop.
Furthermore, full efficiency does not mean that there is no im-
provement possible. Farms that produce on the frontier can im-
prove nutrient management by improving technology, and
therefore shift the production frontier towards lower input/out-
put ratios.

A noteonthelevel of nutrient surplusesrelativeto the final
surplus standards in MINAS must be made. The final surplus
standards were not mandatory in the 1997 to 1999 time period.
MINASwasintroduced in 1998, and the maximum-allowed sur-
pluses at that time were higher than the final surplus standards.
Dueto thisregulation, farm management was not geared to meet
the final surplus standards of 2003. Furthermore, the introduc-
tion of MINA Swas done using astepwise procedure. First, farms
with alivestock density exceeding 2.5 LU/hawere subjected to
the system. Only in 2000 were all other farms enrolled. There-
fore, nutrient management was, for many of the farms in the
sample, more experimental than goal-oriented.

At the current level of best performance in the sample, im-
provement of nutrient efficiency alone will not suffice to meet
thefinal LFS of 2003. On the other hand, sincethefarmersinthe
sampledid not truly put forth the effort to meet thefinal LFS, the
limits of the possibilities for efficiency improvement as a strat-
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egy to reduce nutrient surpluses have not been fully explored. If
farmershavetheintention to meet the MINAS surplus standards
while maintaining the intensity of the farming system, techno-
logical improvementswill have to be made. Another optionisto
ater the nutrient input/output ratio through, for instance, ma-
nure disposal. However, the possibilities for this type of solu-
tion are limited in the Netherlands. New policy measures,
scheduled to beimplemented in 2002, will force farmersto meet
application standards for manure. Thiswill entail restrictionson
the maximum allowed N-load from manure per hectare. The
application standards follow the restrictions on manure applica-
tion in the Nitrate Directive closely. When implemented, ama-
nure surplus will arise due to a lack of sufficient agricultural
areato place all excess manure from farms with high intensity.
As aresult, atransition towards less intensive farming systems
in terms of cattle units per hectare will very likely follow.

Further research should focus on the costs of complying with
MINAS. Costs of meeting the final surplus standards depend on
farm circumstances and previous nutrient management behavior.
The extent to which they can make use of innovation offsetswill
determine the possibilities for compensating for the extra costs
incurred. Therefore, some farmswill have to make large invest-
ments. Others will reduce costs because of efficiency improve-
ments. Looking at normative studieson thetopic[20,21], it seems
that costs of compliance may be compensated for by improved
efficiency. This depends on farm intensity, however. Intensive
farmswill be more affected financially by environmental legisla-
tion than will more extensive farms, because the optimal animal
density of farms decreases with theintroduction of environmen-
tal legidation[21].
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