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Dairy production across the world contributes to environmental impacts such as eutrophication, acidi-
fication, loss of biodiversity, and use of resources, such as land, fossil energy and water. Benchmarking
the environmental performance of farms can help to reduce these environmental impacts and improve
resource use efficiency. Indicators to quantify and benchmark environmental performances are generally
derived from a nutrient balance (NB) or a life cycle assessment (LCA). An NB is relatively easy to quantify,
whereas an LCA provides more detailed insight into the type of losses and associated environmental
impacts. In this study, we explored correlations between NB and LCA indicators, in order to identify an
effective set of indicators that can be used as a proxy for benchmarking the environmental performance
of dairy farms. We selected 55 specialised dairy farms from western European countries and determined
their environmental performance based on eight commonly used NB and LCA indicators from cradle-to-
farm gate. Indicators included N surplus, P surplus, land use, fossil energy use, global warming potential
(GWP), acidification potential (AP), freshwater eutrophication potential (FEP) and marine eutrophication
potential (MEP) for 2010. All indicators are expressed per kg of fat-and-protein-corrected milk. Pear-
son and Spearman Rho’s correlation analyses were performed to determine the correlations between
the indicators. Subsequently, multiple regression and canonical correlation analyses were performed to
select the set of indicators to be used as a proxy. Results show that the set of selected indicator, including
N surplus, P surplus, energy use and land use, is strongly correlated with the eliminated set of indicators,
including FEP (r=0.95), MEP (r=0.91), GWP (r=0.83) and AP (r=0.79). The canonical correlation between
the two sets is high as well (r=0.97). Therefore, N surplus, P surplus, energy use and land use can be used
as a proxy to benchmark the environmental performance of dairy farms, also representing GWP, AP,
FEP and MEP. The set of selected indicators can be monitored and collected in a time and cost-effective
way, and can be interpreted easily by decision makers. Other important environmental impacts, such as
biodiversity and water use, however, should not be overlooked.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Dairy products are important protein sources in human diets.
Around 57% of the protein content of an average European diet con-
sists of livestock products, of which about one third is milk-derived
(FAOSTAT, 2013). The global demand for milk products is expected
to increase further due to population growth, rising incomes and
on-going urbanization (FAO, 2006).
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Dairy production, however, has a major impact on the environ-
ment. The global dairy sector, producing both milk and meat, for
example, is responsible for about 30% of the anthropogenic green-
house gas (GHG) emissions from livestock (Gerber et al., 2013).
Dairy production across the world is shown to contribute also
to eutrophication, acidification, loss of biodiversity, and use of
resources, such as land, fossil energy and water (de Vries and de
Boer, 2010). The European livestock sector, for example, is respon-
sible for more than 90% of the total emission of ammonia in the
European union, and the dairy sector is one of the major contrib-
utors (Eurostat, 2015). Production of one kg of milk, furthermore,
requires about 2.3-5.3 M] of fossil energy (Upton et al., 2015).

At present, several environmental indicators are adopted to
quantify and benchmark the environmental performance of dairy
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production systems, and to gain insight into potential improve-
ment strategies. These environmental indicators are generally
derived from a nutrient balance approach or a life cycle assess-
ment (Oenema et al.,2003; Thomassen and de Boer, 2005; Yan et al.,
2011).

A nutrient balance (NB) computes the difference in nutrients
entering and leaving a system (Oenema et al., 2003), and allows
computation of environmental indicators, such as nutrient use effi-
ciency or nutrient loss per ha of land. An NB generally focusses on
the nutrients nitrogen (N) and phosphorus (P), because these are
the major nutrients that limit crop growth, and their losses can
cause environmental problems (Oenema et al., 2003; Gourley et al.,
2012). An NB of a dairy production system generally is computed at
farm level. Indicators derived from an NB at farm level, however, do
not include nutrient losses related to the production of farm inputs,
such as purchased concentrates. Mu et al. (2016) demonstrated
that an NB at chain level (i.e. cradle-to-farm gate) should be used
to benchmark nutrient losses of dairy systems when differences
in on-farm losses between systems are small, and pre-farm losses
related to e.g. production of purchased concentrates, are relatively
important.

Although environmental indicators derived from an NB appear
to be useful to gain insight into the nutrient losses to the envi-
ronment, generally they do not specify the type of losses, nor
the environmental impact associated with those losses, such as
the impact on acidification or climate change. Furthermore, a NB
neglects certain environmental impact categories, such as the use
of natural resources like fossil energy or land (Thomassen and de
Boer, 2005).

Life cycle assessment (LCA) is an internationally accepted and
standardized method (ISO 14040, ISO 14041,1S0O 14042, 1S0 14043)
that quantifies the potential environmental impact related to emis-
sions of pollutants to air, water and soil, and the use of resources
during the entire life of a product. Thus, contrary to an NB approach,
an LCA specifies the type of losses, as well as the associated envi-
ronmental impact. Over the past few years the number of LCAs on
dairy products have increased enormously (e.g. Cederberg, 1998;
Thomassen and de Boer, 2005; Yan et al., 2011). However, stud-
ies suggested that collection of data required to perform an LCA
appears difficult and is more time consuming than, for example,
performing an NB (Thomassen and de Boer, 2005).

To benchmark the environmental performance of large groups
of dairy production systems, there is a need for a set of sustainabil-
ity indicators that does not require an excessive amount of data,
and provides insights into the wider environmental impact of a
system (Bélanger et al., 2012). Exploring correlations between var-
ious indicators can help to identify such a set of indicators (Lebacq
et al.,, 2013). Previous studies have mainly focused on correla-
tions between indicators within LCA (Berger and Finkbeiner, 2011;
Laurentetal.,2012; R66s etal.,2013). Berger and Finkbeiner (2011),
for example, analysed correlation between several environmental
indicators derived from an LCA on a hundred different materials (i.e.
grouped into four categories 1) ore, metal, alloys; 2) monomers and
polymers; 3) organic intermediates; 4) inorganic intermediates).
They concluded that to compare the environmental performance of
these materials, the number of indicators can be reduced because
of strong correlations between several of the resource-oriented
indicators. Laurent et al. (2012) analysed correlations between the
carbon footprint and thirteen other LCA impact categories of about
4000 different products and concluded that solely relying on the
carbon footprint as environmental indicator could result in over-
looking other important environmental impacts. R66s et al. (2013),
however demonstrated that the carbon footprint generally can act
as an indicator for acidification and eutrophication potential of
different types of meat (i.e., pork, chicken and beef). Results are
explained by the importance of nitrogen losses, contributing to

both eutrophic and acidifying substances as well as to greenhouse
gas emissions in the form of nitrous oxide.

So far, no study examined correlations between environmental
indicators within dairy production, or included indicators derived
from an NB. The purpose of our study, therefore, is to explore cor-
relations between NB and LCA indicators, in order to identify an
effective set of indicators that can be used as a proxy for the envi-
ronmental performance of dairy systems. Such a set of indicators
can be used, for example, to benchmark dairy farms.

2. Material and methods
2.1. Data

To identify an effective set of indicators to benchmark the envi-
ronmental performance of dairy farms, we used farm data from
Dairyman. Dairyman was a project in the INTERREGIVB program
co-funded by the European Regional Development Fund that aimed
to improve regional prosperity through better resource utilization
on 113 dairy farms and stakeholder cooperation (Dairyman, 2010).

When exploring correlations between environmental indica-
tors, we should avoid using data from contrasting production
systems, because systematic differences in environmental impacts
between systems bias the correlation analysis. We therefore
selected 55 specialised dairy farms from Dairyman and determined
their environmental performance using different indicators for
2010. We defined specialised farms as farms that have less than 5%
non-dairy purpose animals, and less than 10% of their agricultural
area in use for non-dairy purpose activities. The amount of energy,
land and fertilizers used for non-dairy purposes was based on farm-
ers’ estimate and excluded from the data set. These 55 dairy farms
are from different countries and regions (i.e. Netherlands, Ireland,
Belgium (Flanders, Wallonia), France (Brittany), Germany (Baden,
Wiirttemberg) and Luxembourg) and differ in farm characteristics
(Table 1).

2.2. System boundaries

Fig. 1 illustrates the system boundaries for the NB and LCA
approach. For both approaches, system boundaries are from cradle-
to-farm gate. For the NB, we included all on-farm activities as well
as the production of purchased feed products, but production of
other farm inputs were excluded because their contribution to
nutrient losses was assumed to be negligible (Mu et al., 2016). In
case of LCA, we considered on-farm processes, e.g. manure man-
agement, milk and feed production, and off-farm processes, e.g.
fertilizer and feed production. Pesticides and water usage were
not considered due to lack of data. Capital goods (buildings and
machinery) were also excluded because their contribution to the
environmental impact of dairy production is assumed to be low
(Cederberg, 1998).

2.3. Nutrient balance

In this study, we used the method of Mu et al. (2016) to estimate
N and P surpluses at chain level for each of the 55 specialised dairy
farms. We first determined a NB at farm level, which equals the
difference in nutrients entering and leaving the farm. Computation
of a farm level NB requires data about the quantity and nutrient
content of farm inputs and outputs, and data on stock changes of
e.g. concentrates, roughages, animals and fertilizers on the farm.
We calculated net inputs or net outputs of products that were both
purchased and sold, such as animals. For the case of manure, we
subtract manure outputs from the fertilizer input. The chain level
NB was subsequently calculated by summing up the NB at farm



Table 1
General characteristics of the 55 dairy farms.
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Country (#) Farm area (ha) Dairy cows (#) Milk production (kg cow~" year—1) Concentrate (kg cow~! year—!)
Belgium (15) 61(16.0) 82(23.8) 8053(1473.7) 1547(797.8)
France (2) 72(1.4) 77(21.7) 7192(794.7) 765.5(538.1)
Germany (4) 154(74.3) 102(17.4) 8866(1396.9) 2139(824.9)
Ireland (19) 77(28.3) 109(29.7) 5304(646.7) 841(180.6)
Luxembourg (1) 78(N.A.) 49(N.A.) 4826(N.A.) 710(N.A.)
Netherlands (14) 60(24.1) 126(35.1) 8705(752.5) 2066(245.0)
N.A.=not applicable.
Non-dairy purpose usage (e.g.
human consumption,
bio-gases)
A
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Fig. 1. System boundaries.

level and the NB related to production of purchased feed prod-
ucts. Unlike at farm level, nutrient surplus at chain level cannot
be expressed per ha, because purchased feed ingredients are pro-
duced at different locations and different countries. Computing one
average value for nutrient surplus per ha, therefore, would be mis-
leading because it enables compensation of poor results for one of
the ingredients by another, and does not provide insight into the
local impact of any of the (crop) farms under study. The NB for N and
P, therefore were expressed per ton of fat-and-protein-corrected
milk (FPCM), i.e. milk that is corrected to a fat content of 4.0%
and a protein content of 3.3% using the formula: FPCM (ton) = Milk
(ton) x [0.337+0.116 x Fat (%) +0.06 x Protein (%)] (Product Board
Animal Feed, 2008)). Nutrient surpluses were allocated to milk and
meat based on the relative economic value (i.e. economic alloca-
tion).

2.4. Life cycle assessment

This LCA study focussed on the use of scarce recourses land and
energy, and on the emission of pollutants methane (CHg), nitrous
oxide (N, 0), carbon dioxide (CO;),ammonia (NH3 ), mono-nitrogen
oxides (NOx), sulphur dioxide (SO,), nitrate (NO3~) and phosphate
(PO43~). The impact categories considered were land use, fossil

energy use, climate change, acidification, freshwater eutrophica-
tion, and marine eutrophication (Table 2).

2.4.1. Inventory analysis

Land use related to on-farm processes was based on farm data
(Dairyman, 2010), whereas energy use related to on-farm processes
was based on farm data (Dairyman, 2010) and fixed factors from
Dairyman (2010, based on Gac et al., 2010). The following fixed
factors were used to assess energy use related to milking and on-
farm crop production: electricity use during milking (65 kWh per
10001 of milk), electricity use for crop production (37 kWh per ha),
and diesel use for crop production (1281 per ha). In addition, diesel
use for forage and pasture production was dependent on the area of
maize silage (771 per ha for areas with <5% maize silage; 941 per ha
for areas with 5-25% maize silage; and 1281 per ha for areas with
>25% maize silage) (Dairyman, 2010; based on Gac et al., 2010).

On-farm CH4 emissions relate to enteric fermentation and
manure management. In this study, CH4 emissions were based on
[PCC (2006) Tier 2. Enteric CH4 was assumed to equal 6.5% of the
average gross energy (GE) intake of the dairy herd. GE intake was
estimated based on farm data and dependent on energy require-
ments for growth, maintenance, activity, and milk production.
Emissions of CH4 from manure management were based on the
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Table 2
Contributing elements and characterisation factors for selected impact categories.
Impact category Unit Contributing Characterization References
elements factors
Land use m? Land occupation Guinee et al. (2002)
Energy use M] Energy
Climate change Kg CO,-eq CO, 1 IPCC (2013)
CH4 (biogenic) 28
CH4 (fossil) 30
N,O 265
Acidification Kg SO,-eq SO, 1 ReCiPe (2008)
NH3 245
NOy 0.56
Freshwater eutrophication Kg P-eq P 1 ReCiPe (2008)
PO43- 033
Marine eutrophication Kg N-eq N 1 ReCiPe (2008)
NH; 0.092
NOy 0.039
NO3~ 0.23

volatile solid excretion rate of the dairy herd, and type of manure
system. Volatile solid excretion was estimated based on the GE
intake and an assumed feed digestibility of 75% for dairy cows, and
65% for young stock (IPCC, 2006). CH4 per kg volatile solid excreta
was calculated by multiplying the maximum amount of 0.36 kg
CHy4/kg (dairy cow) or 0.12 kg CH,4/kg (young stock) with a system
specific conversion factor (i.e., 19% for manure in pit storage, 2% for
solid manure, 1% for manure excreted on pasture).

On-farm N, O emissions occur via direct and indirect pathways.
Direct N, O emissions result from manure management and N appli-
cation to the field, whereas indirect N,O emissions results from
volatilization of NH3, NOy, and leaching of NO3 ~ (IPCC, 2006). Direct
N, O emissions from manure storage were based on the N excretion
multiplied by a management specific emission factor (i.e., 0.002 kg
N,O-N per kg N for manure in pit storage, and 0.005 kg N,O-N per
kg N for solid manure; IPCC, 2006). N excretion was based on N
intake (i.e., calculated from the dry matter intake and N content of
the diet) and the amount of N retained by the dairy herd for milk
production and growth. Direct N,O emissions from N application
via manure, synthetic fertilizer, and crop residues, and all indirect
N, 0 emissions were based on IPCC Tier 1 (IPCC, 2006).

On-farm NH3 emissions relate to manure management and N
application to the field, and were based on the Tier 2 approach of
the European Environmental Agency (EEA) air pollutant emission
inventory guidebook (EEA, 2013). Emissions from manure manage-
ment were estimated based on the total ammonia nitrogen (TAN)
content of manure, which was assumed to be 60% of the total N
excretion. Emission factors in kg NH3-N per kg TAN were 0.2 for
slurry and 0.19 for solid manure in stables; 0.20 for slurry and 0.27
for solid manure in storage; 0.55 for slurry and 0.79 for solid manure
after application; and 0.10 (dairy cows) and 0.06 (young stock) for
manure excreted during grazing. Emissions of NH3 related to the
application of synthetic fertilizer were based on fertilizer specific
emission factors (EEA, 2013).

On-farm emissions of NOx and SO, related to the combustion of
diesel were based on Eco-invent (2010).

Due to lack of detailed soil information, we estimated leach-
ing of NO3~ and PO43~ based on the N and P balance of the farm.
This approach is often applied in environmental impact assessment
studies (van Middelaar et al., 2013), but could lead to an overesti-
mation of leaching because, potential nutrient build-up in soils is
neglected. Leaching of NO3~ was calculated by subtracting NH3-N,
N,O-N and NOx-N from the total N surplus of the farm, whereas
for PO43-, the total P surplus was assumed to leach off. Phos-
phate fixation in the soil was assumed to be negligible in this study
because we do not have detailed soil information. Uwizeye et al.
(2016), however, showed that P saturation can vary a lot across EU

soils. We, therefore, may have overestimated phosphate leaching
on some of the farms.

Off-farm processes contributing to use of resources and emis-
sions of pollutants are the production and transportation of
purchased feed (e.g. concentrates, roughages, by-products), the
production and transportation of fertilizers and pesticides, and the
production and transportation of energy sources. Impacts related
to production and transportation of purchased feed were based on
FeedPrint (2015), whereas impacts related to production of syn-
thetic fertilizers and energy sources were based on Eco-invent
(2010). Production and transportation of pesticides, and trans-
portation of fertilizers and energy sources were not included. The
contribution of these processes was assumed to be minor.

2.4.2. Impact assessment

Resources and emissions were classified by the following impact
categories: land use, fossil energy use, climate change, acidification,
freshwater eutrophication and marine eutrophication. Climate
change relates to the emission of greenhouse gases, including CO5,
CH4 and N,O. Acidification of terrestrial and aquatic ecosystems
relates to the emission of acidifying gases, including SO,, NH3 and
NOy (i.e., NO and NO,). Eutrophication of terrestrial and aquatic
ecosystems relates to leaching of eutrophic substrates, including
NO3~ and PO43-, and to the emission of eutrophic gases, includ-
ing NH3 and NOx. We distinguish between freshwater and marine
eutrophication, as suggested by ReCiPe (2008), and assumed that
N is the limiting nutrient in costal water, and P in marine water.

The characterisation factors for the different pollutants per
impact categories are listed in Table 2. The functional unit is
one ton of FPCM. Economic allocation was used to allocate the
environmental impact between the different outputs in case of a
multifunctional process, i.e. impacts were allocated based on the
relative economic value of the outputs.

2.5. Statistical analysis

First, Pearson and Spearman correlations were calculated
between eight indicators at the chain level, i.e. N surplus, P surplus,
land use, fossil energy use, global warming potential (GWP), acidifi-
cation potential (AP), freshwater eutrophication potential (FEP)and
marine eutrophication potential (MEP), all expressed per kg FPCM.
These correlations offer a first impression of the strength of rela-
tionships for pairs of indicators. Spearman rank correlations were
added as a simple check upon the presence of outlying, influential
data.

Second, we applied multiple regression analyses to explore the
relationships between each indicator and remaining other indica-
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tors. In this second step, indicators that strongly relate to other
indicators will be omitted from consideration and a sub-set of
indicators will remain that can be used as proxies. In separate mul-
tiple regression analyses, in turn each of the eight indicator was
regressed on the other seven indicators. The proportion of vari-
ance, the so-called coefficient of determination R2, which equals the
square of the multiple correlation coefficient, was stored. Indicators
were ranked based on their associated R? values. If the indicator
with the highest rank had an R? larger than 0.64, this indicator was
eliminated, because it can be predicted well by the other indica-
tors. Threshold value 0.64 was chosen because it corresponds to a
multiple correlation of 0.8, which is considered to be high (Cohen,
1988). Subsequently, the procedure was repeated for the remaining
seven indicators, regressing each indicator in turn upon the other
six indicators. Again, the indicator, now among the seven remaining
indicators, with the highest R? value was eliminated when the asso-
ciated R? exceeded 0.64. This procedure was repeated until none of
the remaining indicators was associated with an R above 0.64. The
remaining indicators are the set of indicators to be used as proxies.

Finally, we investigated canonical correlation between the set
of all eliminated indicators and the set of remaining indicators to
test if the set of remaining indicators can be used as a proxy for the
eliminated indicators. This selection procedure does not take into
account any practical considerations, e.g. some indicators being
more easily observed than others. Referring to the set of selected
indicators as the optimal set, an alternative set of indicators associ-
ated with multiple and canonical correlations similar to those of the
optimal set can be considered for use as proxies as well, when some
of the indicators in this alternative set are more appealing from a
practical point of view. In this respect the optimal set is considered
to be a standard for comparison with other alternative sub-sets. All
calculations were performed with SPSS (SPSS, 2011).

3. Results
3.1. Nutrient balance

Indicators derived from the NB are presented in Table 3. On
average, nutrient surplus at chain level are 14.4 g N/kg FPCM, and
1.3 gP/kg FPCM. An important part of the nutrient surplus relate to
on-farm processes; 84% in case of N and 41% in case of P. Variation
in nutrient surplus among farms is large and mainly relate to vari-
ation in on-farm nutrient surplus. Results are in line with results
found in literature (Gourley et al., 2012; Buckley et al., 2013; Leip
etal, 2013; Mu et al., 2016).

3.2. Life cycle assessment

Indicators derived from the LCA are presented in Table 4. Pro-
ducing one kg FPCM requires on average 1.3 m?2 land and 2.8 M]

Table 3
Indicators derived from the nutrient balance.
Indicator Unit Mean SD Minimum Maximum
N surplus
On-farm g N x kg FPCM~! 12.2 53 3.5 25.0
Off-farm g N x kg FPCM~! 23 1.3 0.4 6.2
Total g N x kg FPCM~! 14.4 5.2 49 27.0
P surplus
On-farm g P x kg FPCM ! 0.5 0.7 0.0 3.0
Off-farm g P x kg FPCM ! 0.8 0.4 0.1 19
Total g P x kg FPCM ! 1.3 0.9 0.1 4.9
Table 4
Indicators derived from the LCA.
Indicator Unit Mean SD Minimum Maximum
Land use m? x kg FPCM~!
On-farm 0.8 04 03 2.3
Off-farm 04 02 0.1 13
Total 1.3 04 0.7 2.8
Energy use  M] x kg FPCM~!
On-farm 0.5 0.1 0.2 1.0
Off-farm 24 08 14 4.7
Total 2.8 08 1.8 5.1
GWP? kg CO, eq x kg FPCM !
On-farm 1.0 02 0.7 1.5
Off-farm 0.2 0.1 00 0.5
Total 1.2 02 038 1.8
AP? g S0, eq x kg FPCM~!
On-farm 22.5 6.1 7.2 38.2
Off-farm 3.6 14 1.1 8.5
Total 26.1 6.2 103 42.4
FEP? gPeq x kg FPCM~!
On-farm 0.6 0.7 0.0 3.1
Off-farm 0.6 03 0.1 1.9
Total 1.1 09 0.1 5.0
MEP? g N eq x kg FPCM !
On-farm 53 38 07 16.1
Off-farm 2.8 1.2 07 6.9
Total 8.1 40 1.7 194

2 GWP (global warming potential), AP (acidification potential), FEP (freshwater
eutrophication potential), MEP (marine eutrophication potential).

energy, and results in a GWP of 1.2 kg CO,-eq, an AP of 26.1 g SO,-
eq, a FEP of 1.1 g P-eq and a MEP of 8.1 g N-eq. On-farm activities
have a larger impact on land use, GWP, AP and MEP compared to
off-farm activities. Off-farm activates, however, use more energy
than on-farm activities. The results of our study are in line with
results found in literature (de Boer, 2003; Cederberg and Flysjo,
2004; O’Brien et al., 2012; Upton et al., 2013).

Table 5
Pearson correlation coefficient matrix of the environmental indicators.””
N surplus P surplus Land use Energy use GWP? AP? FEP? MEP?

N surplus - 0.30 0.24 059" 0.68 0.64 036" 092"
P surplus - 0.24 0.21 0.15 0.45 093" 031
Land use - 0.69" 061" 0.54" 041" 0.20
Energy use - 0.78 0.72 037" 050"
GWp? - 0.81" 0.28 051"
AP? - 0.19 0.42
FEP? - 041"
MEP? -

" Correlation is significant at the 0.01 level (2-tailed).
™ Correlation is significant at the 0.05 level (2-tailed).

™" The results of the Pearson correlation are in line with the results of Spearman Rho’s correlation, we therefore only presented the results of the Pearson correlation

coefficients here.

a2 GWP (global warming potential), AP (acidification potential), FEP (freshwater eutrophication potential), MEP (marine eutrophication potential).
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Table 6

Multiple correlations between the set of indicators to be used as a proxy to bench-
mark environmental performance i.e., P surplus, land use, acidification potential,
marine eutrophication potential and each of the eliminated indicators, and the
canonical correlation between both sets.

Eliminated indicators Correlation coefficient’

Multiple correlations

N surplus 0.96
FEP? 0.95
GWP? 0.84
Energy use 0.82

Canonical correlation
N surplus, FEP,* GWP,? energy use 0.98

" All correlation coefficients are significant at the 0.05 level (2-tailed).
3 FEP (freshwater eutrophication potential), GWP (global warming potential).

Table 7

Multiple correlations between the new set of indicators to be used as a proxy to
benchmark environmental performance (i.e. N surplus, P surplus, land use, energy
use) and each of the eliminated indicators, and the canonical correlation between
both sets.

Eliminated indicator Correlation coefficient

Multiple correlation

FEP* 0.95
MEP? 0.91
GWP? 0.83
AP? 0.79

Canonical correlation
FEP, MEP, GWP, AP 0.97

" All correlation coefficients are significant at the 0.05 level (2-taiiled).
2 FEP (freshwater eutrophication potential), MEP (marine eutrophication poten-
tial), GWP (global warming potential), AP (acidification potential).

3.3. Statistical analysis

Correlations are presented in Table 5. A strong correlation was
found between N surplus and MEP (r=0.92), and between P surplus
and FEP (r=0.93). Furthermore, strong or marked correlation were
found between GWP and AP (r=0.81), GWP and N surplus (r=0.68),
between GWP and energy use (r=0.78), and GWP and land use
(r=0.61), between energy use and land use (r=0.69) and energy
use and AP (r=0.72), and between AP and N surplus (r=0.64).

Through repeated use of multiple regression analysis a set of
indicators was selected i.e. MEP, P surplus, land use, and AP that
can be used as a proxy to benchmark environmental performance.
The multiple correlations between the set of indicators to be used as
a proxy and each of the eliminated indicators are shown in Table 6.
The set of indicators to be used as a proxy has a strong correlation
with N surplus (r=0.96), FEP (r=0.95), GWP (r=0.84), and energy
use (r=0.82). The canonical correlation between the set of indica-
tors selected as proxies and the set of eliminated indicators is also
high (r=0.98; Table 6).

The set of indicators selected to be used as a proxy to benchmark
the environmental performance of dairy farms contains four indi-
cators of which two (MEP and AP) require more data and complex
calculation methods than the other two (P surplus and land use).
Since MEP is highly correlated with N surplus, and energy use is also
correlated with AP, we further explored the possibility to substitute
MEP with N surplus, and substitute AP with energy use, which can
reduce data requirements and simplify computations. The multi-
ple correlations between this new set of indicators, i.e. N surplus,
P surplus, land use, energy use, and each of the eliminated indica-
tors, i.e. MEP, FEP, GWP, AP, and the canonical correlation between
the two sets are presented in Table 7. The alternative set of indi-
cators to be used as a proxy are also strongly correlated with the

eliminated indicators FEP (r=0.95), MEP (r=0.91), GWP (r=0.83)
and AP (r=0.79). The canonical correlation between the two sets
is high as well (r=0.97). Therefore, the alternative set of indicators
does not differ much from the set of indicators that was initially
selected (Table 6). We, therefore, recommend that N surplus, P sur-
plus, land use and energy use will be used as proxies to benchmark
the environmental performance of dairy farms.

4. Discussion

In recent years, the key question in the field of sustainability
assessment of livestock production systems has shifted from “how
do we develop an indicator?” to “which indicators can we use?”,
highlighting the importance of indicator selection (Bockstaller
et al., 2008; Lebacq et al., 2013). Selecting an effective set of indi-
cators will depend on factors, such as the intended purpose and
the target group. Complex indicators that require extensive infor-
mation and expert knowledge to provide sound environmental
performance evaluations are generally not suitable for benchmark-
ing purposes (Bélanger et al., 2012). In the case of benchmarking,
indicators should be simple, measureable, accessible, relevant and
timely (Lockie et al., 2002). To be more specific, an effective set
of indicators to benchmark dairy systems are defined as indica-
tors that are able to assess the major environmental performance
of the farms, and able to provide early warning of potential envi-
ronmental problems; meanwhile, this set of indicators needs to
be monitored and collected in a time and cost efficient way, and
to be interpreted easily by decision makers. Benchmarking results
should be comprehensible and easily applicable by decision mak-
ers, such as farmers and policy makers; they should provide insight
into the environmental hotspots of the production systems and
guide strategic (e.g. change in production system) or operational
(e.g. change in feeding strategy) decisions to reduce negative envi-
ronmental impacts of dairy farming. However, it should be noted
that by using a selected set of indicators, there are risks that envi-
ronmental impacts that are not represented by the selected set are
overlooked in the benchmarking process.

In this study, N surplus, P surplus, land use and energy use were
identified as the effective set of indicators to benchmark environ-
mental performance of dairy farms and represent also MEP, FEP, AP
and GWP. MEP logically can be represented by N surplus, because
leaching of NO3~ is the major contributing element to MEP and is
highly correlated with N surplus. The same holds for FEP, which
is caused by leaching of PO43~ and, therefore, can be predicted
by P surplus. Meanwhile, AP can be represented by N surplus and
energy use because N surplus include emissions of NH3 and NOy,
and production and combustion of energy sources contribute to
the emission of SO, NOyx, which are all elements contributing to
AP. GWP can be represented by N surplus and energy use because
N surplus include the emission of N0, and production and com-
bustion of energy sources contribute to the emission of CO,. The
GWP, however, is determined not only by the emissions of N,O
and CO,, but also by the emission of CH4, mainly related to enteric
fermentation, and contributing about 50% to the total GWP of milk.

Due to the simplicity of the method for quantifying some of
the emissions, variation in environmental impacts between farms
was limited for some indicators. Variation in CH,4 per unit of milk,
for example, was determined mainly by milk production levels (as
were the other indicators) and not so much by differences in dietary
composition of the herd or other feed characteristics. As a result,
correlations between GWP and N surplus and energy use were quite
high, even though enteric CH4 is not related to N surplus and energy
use. If information on, e.g., diet composition would be available, we
could assess CH4 emissions with a more detailed approach (e.g. Tier
3), which could have affected the selection of the final set of indica-
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tors. The methods that were used in this study, however, are widely
accepted and generally used in current research and practices.

This study used data from specialised dairy farms to identify
a set of indicators to benchmark the environmental performance
of farms. We deliberately selected specialized farms only to avoid
bias in our correlation analysis resulting from systematic differ-
ences in environmental impacts between contrasting systems (i.e.
mixed crop-livestock systems versus specialized systems). Plotting
the environmental impacts demonstrated the absence of system-
atic differences between countries or systems. Based on current
methodologies, we expect that the reduced set of indicators can
also be used to benchmark environmental performance of other
types of dairy systems, because like we explained previously, the
mechanism behind the relationships of the indicators is irrelevant
of the type of dairy system; N surplus and P surplus can be used as
good proxies for estimating e.g. leaching of NO3~ and PO43~ that
contribute to MEP and FEP, and the combination of N surplus and
energy use can be used as a proxy for estimating NH3, NOx, SO,, N,O
and CO,, which contribute to AP and GWP. However, with more
advanced methodology, e.g. to estimate emissions of CH4 related
to enteric fermentation, we might end up with a different set of
indicators. Future research, however, would be required to verify
this hypothesis.

Unlike some indicators in LCA that are difficult to quantify,
our set of indicators are technically and financially feasible to be
collected on a regular basis because of the transparency in the
usage of the input parameters. Indicators are also relatively easy
to communicate with farmers and policy makers, which facilitates
identification of improvement options. For example, if the N surplus
on a specific farm is relatively high, the farmer can easily oversee
which N inputs contribute most (Thomassen and de Boer, 2005).
The reduced set of indicators can represent the full set of indi-
cators included in this study. One indicator is not regarded to be
more important than the others because they all represent differ-
ent environmental impacts. The importance of the indicators may
differ between farms or regions, and could depend on the decision
of stakeholders or policy makers. The indicators we examined in
this study do not provide detailed information on the local impacts
of the emissions. Eutrophication potential, for example, was based
on generic impact factors because local specific impact factors are
not available at the global level. In addition, it should be noted
that the selected set of indicators only represents the limited set
of indicators that was included in this study. Impact on biodiver-
sity and water use, for example, were not assessed. Further research
is required to assess correlations between a larger set of indicators.

5. Conclusion

The objective of this study was to identify an effective set of
indicators that can be used to benchmark the environmental per-
formance of dairy systems. N surplus, P surplus, energy use and
land use were selected to represent a broader set of indicators
also including global warming potential, acidification potential,
freshwater eutrophication potential and marine eutrophication
potential. This effective set of indicators can be used to bench-
mark farms on some major environmental impacts, and they can
be monitored and collected in a time and cost-effective way, and
can be interpreted easily by decision makers. Other important envi-
ronmental impacts, such as biodiversity and water use, however,
should not be overlooked.
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