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Abstract: The aim of this study was to combine Life Cycle Assessment (LCA) with a Key Performance
Indicator (KPI) assessment focusing on biodiversity in order to examine the environmental impacts
of different pig farm types (13 breeding, 23 finishing and 27 breeding-to-finishing farms) in seven
European countries. In addition, the relationship between environmental impacts and selected farm
management characteristics was explored. Fossil energy depletion (FED), global warming (GWP),
acidification (AP) as well as marine (MEP) and fresh water (FEP) eutrophication potential were as-
sessed by an attributional LCA and expressed per kilogram body mass net sold (BMNS). In addition,
the potential biodiversity performance of all crop-livestock farms within the sample (n =56) was eval-
uated with a KPI assessment of biodiversity-related field management characteristics. We found no
relationship between LCA results and biodiversity scores (KPI). LCA and biodiversity performance
varied more within than across farm types (breeding, finishing, breeding-to-finishing). For example,
the GWP expressed per kg BMNS of the breeding unit of breeding-to-finishing farms was on average
(median) 2.77 (range: 1.40-4.78) and of breeding farms 2.57 (range: 1.91-3.23) kg CO2-eq. The average
(median) biodiversity theme score for breeding farms was 51% (range: 36-70%), for breeding-to-fin-
ishing farms 38% (range: 30—68%) and for finishing farms 43% (range: 28-67%). Several farm manage-
ment characteristics (e.g. FCR, productivity, proportion of solid manure) correlated with all/some
LCA results. Biodiversity performance depended especially on KPIs related to ecological focus areas,
fertiliser management and GMO crops. The large range regarding environmental performance in both
LCA and KPI assessment across farm types indicates that farm-specific improvement measures
should be implemented to enhance overall environmental sustainability on farm. In conclusion, com-
bining LCA with KPI assessment provides a more comprehensive environmental impact assessment
of pig farms.

Keywords: life cycle assessment; key performance indicators; biodiversity; acidification potential;
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1. Introduction

Sustainability has become an important aspect of livestock production in Europe. It is
defined as “... the ability to make development sustainable to ensure that it meets the needs
of the present without compromising the ability of future generations to meet their own
needs” [1] and is often described to include three dimensions: economy, environment and
social sustainability. The EU Commission has launched its Green Deal, which aims for Eu-
rope to be the first climate-neutral continent and includes a farm-to-fork strategy to accel-
erate the transition to sustainable food systems. This addresses several environmental as-
pects, such as “to have neutral or positive environmental impacts, to help to mitigate climate
change and adapt to its impacts and to reverse the loss of biodiversity” [2]. Therefore, the
EU has clearly stated the need for environmentally friendly agriculture practices.

However, livestock production can have detrimental effects on the environment by
producing large amounts of greenhouse gas and ammonia emissions and thus contributing
to global warming, acidification and eutrophication. Global pork production is estimated to
emit 668 megatons of carbon dioxide equivalent (COz-eq) greenhouse gases annually [3].
Although this is lower than the beef and dairy cattle sectors combined (4623 megatons CO2-
eq annually [3]), global pork production is forecast to grow by 11 Mt (+10%) until 2029,
especially in developing countries [4]. Further, agricultural expansion and intensification is
one of the main drivers for land-use change (e.g. deforestation of large areas in the Amazo-
nas) and biodiversity loss due to increasing demand for animal feed (e.g. soybean, pastures)
[5]. Therefore, environmental assessment of different pig farms and a deeper understanding
of underlying driving factors are highly relevant to support strategies for limiting adverse
effects on the environment.

One systematic assessment method to quantify the potential environmental impacts of
complex systems is the Life Cycle Assessment (LCA), which aims to evaluate the environ-
mental impact generated during the entire life cycle of a product [6]. In the past years, LCA
of pig production systems were used to investigate potential environmental impacts related
to farm performance [7,8], manure management [9], or pig diet e.g. crude protein content
or amino acid supplementation [10-12]. The results are required to support farm manage-
ment decisions regarding mitigation strategies. However, LCA has limitations. Various en-
vironmentally relevant aspects are hard to quantify and are therefore mostly not included
in the assessment. Biodiversity, for example, is often omitted [13] despite its crucial global
role [14,15]. Therefore, a combination with other environmental assessment methods are
needed to address environmental impacts more comprehensively.

Key-Performance-Indicator (KPI) assessment, a semi-quantitative method, is a suitable
approach to address such topics. A number of comprehensive sustainability or environmen-
tal impact assessment tools are fully or partially based on KPIs, e.g. “Sustainability Moni-
toring and Assessment RouTine” (SMART) [16], “Sustainability Assessment of Food and
Agriculture Systems” (SAFA) [17] or the “Response-Inducing Sustainability Evaluation”
(RISE) [18]. KPIs are especially useful for assessing field management measures to promote
biodiversity, such as cultivation of endangered crops or growing catch crops. These
measures improve the environment locally as well as globally and can directly be imple-
mented on-farm. Some studies have already assessed environmental performance as part
of a sustainability assessment using the SAFA tool, for example on organic livestock farm-
ing in Sicily [19] or beef cattle farming in Indonesia [20]. Others used the SMART tool, for
example on coffee farms in Uganda [21]. However, a combination and on-farm application
of LCA and KPI assessment has yet to be undertaken.

Therefore, a novel methodological approach is to combine quantitative LCA assess-
ment with KPI assessment, in order to complement the LCA with a biodiversity assessment.
This can serve as a hot-spot analysis for farmers and provide a first overview as the basis
for improvements.

Thus, the overall aim of this study was to undertake a methodological evaluation of
two environmental sustainability assessments, namely LCA and KPI assessment based on
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selected European pig farms. Specific objectives of this study were to (1) calculate environ-
mental impacts using LCA methodology considering three different farm types (specialized
breeding farms, finishing farms and breeding-to-finishing farms) and to analyse variation
within farm types, (2) assess biodiversity performance at farm level using KPIs considering
the three farm types and analyse variation, (3) investigate associations between LCA and
KPI results and (4) investigate associations between farm management characteristics and
environmental impacts (LCA and KPI).

We hypothesized that variation within farm types would be higher than across farm
types for both LCA and KPI assessment, since the farm sample included very different pro-
duction systems. Further, we hypothesized that farms with good LCA impacts would have
poor performance on biodiversity based on a KPI assessment. The assumption was that
farms with good LCA results manage their pig farm on a high productivity and efficiency
level, which might be also reflected in intensive field management to produce crops to feed
the pigs, which might have few biodiversity measures in place. Furthermore, we hypothe-
sized that combining LCA and KPI assessment provides a more comprehensive environ-
mental sustainability assessment.

2. Materials and Methods
2.1. On-Farm Data Collection

Data were collected on 63 commercial farms of three farm types across seven countries
(Table 1). The farms included conventional and organic pig production systems within each
country, as well as farms with other labels regarding e.g. GMO-free feed or higher animal
welfare standards than the minimum requirements of the EU. A large variety of farms were
included to obtain a more heterogeneous sample. Some farm systems combined pig farming
with production of crops, often to be used as raw materials for pig feed or sold as cash crops;
these farms are referred to as “crop-livestock farms”. Farms were assessed as part of the
ERA-Net SusAn project “Sustainable pig production systems” (SusPigSys; complete assess-
ment protocol in [22]).

Table 1. Overview of the 63 farms included in the present study with the production system in brackets (conventional/or-

ganic/other labels 1).

Farm Type AT DE FI IT NL PL UK Total

Breeding farms ! 2 4 ! 2 0 0 13
(1/0/0) (0/0/2) (4/0/0) (0/2/2) (1/0/1) (0/0/0) (0/0/0)

Breeding-to-finishing farms 7 4 2 0 N N 6 23
(1/2/4) (0/0/4) (2/0/0) (0/0/0) (0/2/2) (4/0/0) (1/1/4)

Finishing farms 2 3 2 6 3 6 ! 27
(1/0/1) (0/0/3) (2/0/0) (0/2/4) (1/0/2) (5/0/1) (0/0/1)

Total 10 9 8 10 9 10 7 63

!Includes any kind of labels, e.g. GMO-free feeding, higher animal welfare standards than the minimum requirements of

the EU.

Farms were visited between May and October 2018, with the calendar year 2017 used
as the reference period for analysis of farm records data. Farm visits were conducted ac-
cording to a standard operation protocol [22]. One national assessor per country inter-
viewed the farm manager and summarised data from farm records using a standardized
questionnaire. One of two trained and tested for reliability assessors (AR, JH) conducted
direct observations of animals and facilities on each farm. The farm manager and the inter-
viewer signed a confidentially agreement before assessment started. Data were collected on
paper and subsequently transferred to Microsoft® Excel files.
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2.2. Life Cycle Assessment: Scope and Methodology
2.2.1. System Boundaries and Functional Units

The system boundary for the LCA calculations was from the ‘cradle’, or the production
of input materials, to the farm gate. Breeding-to-finishing farms were divided into a breed-
ing and a finishing unit to obtain one value for their breeding and one for their finishing
stage. Amounts of feed and straw were collected separately for each animal category and
could therefore be split easily. Electricity usage was allocated to the breeding and the fin-
ishing units based on the farmers’ records. In this way, it was possible to create a larger
sample to compare specialized breeding and finishing farms with the respective stage of
breeding-to-finishing farms. Weaners up to 30 kg live weight were considered as part of the
breeding unit. In addition, system boundaries depended on whether the farm produced
feed for its own pigs or not (Figure 1). Impacts of pigs after they left the farm gate were not
considered (i.e. transport of animals to and from all farms, and the slaughter process).

The functional unit was 1 kg of body mass net sold (BMNS). Total amount of body
mass net sold was defined as the difference between total live weight output and input of
the respective unit (breeding and finishing). LCA impact categories were calculated for
breeding and finishing units separately. For breeding-to-finishing farms, LCA impacts were
additionally calculated per kg BMNS throughout the whole process, i.e. from piglet birth to
finishing pig leaving the farm. All bought-in pigs such as replacement gilts were considered
indirectly through subtracting their body mass from the total output.
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Figure 1. System boundaries for breeding units with land (A + C) or without (A only) for their own feed production and for
finishing units with land (B + D) or without (B only) for their own feed production.

2.2.2. Impact Categories

The following LCA impact categories relevant for pig production [6,23,24] were calcu-
lated (method in brackets):

e  Fossil energy depletion in mega joules (FED; Cumulative energy demand v1.10)
e  Global warming potential in kilograms of COz-equivalents (GWP; GWP-100 v1.03)

e  Acidification potential in kilograms of sulphate SO2-equivalents (AP; CML-IA non-
baseline v3.04/EU25)
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e  Fresh water eutrophication potential in P-equivalents (FEP; ILCD 2011 Midpoint+
v1.10/EC-JRC Global)

e  Marine water eutrophication potential in N-equivalents (MEP; ILCD 2011 Midpoint+
v1.10/EC-JRC Global)

2.2.3. Life Cycle Assessment Tool

A LCA assessment tool for calculating farm-specific LCA impacts was constructed in
Microsoft® Excel. In principle, this study was based on the four phases of the LCA, which
are defined in the ISO standard 14040 [25]. Those phases are: (1) the goal and scope defini-
tion, which defines the aims of the analysis and for instance the functional unit, the system
boundaries and the allocation procedure; (2) the life cycle inventory analysis that assembles
inputs and outputs and their associated environmental impacts; (3) the life cycle impact
assessment, which calculates environmental impacts based on the inventory for each pig
unit (farm); (4) additionally, results are interpreted to derive conclusions for the analysed
farm types within this study. The following steps explain the development of the LCA tool
in more detail:

(1) Data sheets for farm-specific primary (foreground) data were designed and filled in
with data collected during the farm visits. Data sources included productivity records
from the management information system, slaughter remarks and invoices. The fol-
lowing farm management characteristics were used (for more detailed information see
Supplementary Material S2):

e  Farm size and productivity numbers
¢  Bought-in pigs per annum

e  Sold pigs per annum

e Feed management

¢  Manure management

e Bedding material

e  Electric energy

(2) For data that were not possible to collect on all farms, default values were defined and
added to the LCA assessment tool as follows:

e  Composition of fifteen compound feeds (five different feeds regarding energy and
protein content, each with three variations for conventional, regional and organic
feed; details of their compositions are given in Supplementary Material S3) based
on feed formulations with typical protein and metabolizable energy content, us-
ing data from the Swiss FEEDBASE [26]

¢  Nitrogen excretion per sow including piglets up to 30 kg (34.5 kg sow year!) and
per finishing pig place per year (12.1 kg pig™ year), based on EMEP EEA [27]

e  Country-specific electricity mixes, based on Ecoinvent data [28]

(3) LCA impacts (FED, AP, GWP, FEP and MEP) of background data were calculated with
SimaPro version 9 and implemented as impact factors in the LCA assessment tool. The
impacts of infrastructure were excluded from calculations as recommended e.g. by
British PAS 2050 [29]. Impact factors were calculated for the following background
data:

s  Forty-six bought-in feed components expressed per kilogram feed component
based on Ecoinvent data [28] whenever no allocation was needed (for grains or
legumes). Additionally, when economic allocation was needed, data on feedstuffs
were also derived from Agribalyse data [30] and Agri-footprint data [31,32].
Sources and impact factors of each feed component are presented in Supplemen-
tary Material Tables 54 and S5.
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e  Twelve variable impact factors for home-grown feed components, which allow
for changing parameters for yields and N- and P-fertilisation expressed per kilo-
gram of feed component, based on Ecoinvent data [28]

e  Four mineral nitrogen and two phosphorous fertilisers expressed per kilogram of
fertiliser, based on Ecoinvent data [28]

e  Seven country-specific electric energy mixes expressed per kilowatt hour, based
on Ecoinvent data [28]

e  Straw expressed per kilogram of straw, based on Ecoinvent data [28]

(4) Formulae that connect farm-specific primary data, default values and impact factors to
calculate LCA impacts per kg BMNS of the different emission sources were imple-
mented in the tool and LCA results calculated for:

¢  Bought-in feed

e  Home-grown feed, taking farm-specific yield and fertilising management for ni-
trogen and phosphate into account

e  Manure, includingimpacts from manure (incl. spreading) and enteric fermenta-
tion based on IPCC [33] and EMEP EEA [27] guidelines

e  Electric energy
e Bedding material

(5) Impacts from the different sources were summed up to generate one result for each
LCA impact category for each farm (per kg of BMNS).

2.3. Biodiversity Performance Based on Key Performance Indicator Assessment

For agricultural activities, KPIs are useful for assessing important environmental im-
pacts mainly based on farm-individual field management characteristics (e.g. cultivation of
catch crops, use of pesticides). The KPIs used in this study were based on the SAFA guide-
lines and tool [17,34] as well as the SMART tool [16] and adapted to address the specifics of
pig farms. These tools are designed to evaluate farm-specific sustianability scores per
theme. According to the SAFA guidelines and tool, KPIs were allocated to subthemes (e.g.
ecosystem diversity, water quality, land degradation), which were then grouped into
themes (e.g. atmosphere, water, soil, biodiversity as well as material and energy) [17,34].
The focus of this study was the biodiversity theme, specifically the subthemes “ecosystem
(habitat) diversity (ED)”, “species (flora and fauna; number of species and abundance) di-
versity (SD)” and “genetic diversity (GD)”. This was not covered by the LCA method used
in this publication, nor was it addressed in previous LCA studies focusing on European pig
production e.g. [6,23,24].

The format of KPI answers included numbers, proportions and categorical data (see
Table 2). Thus, for analysis, it was necessary to scale all KPI to values ranging from 0% to
100%, representing the lowest to the highest score. This was done by recoding “yes”/”"no”
answers as 0% and 100%, “yes/”maybe”/"no” answers as 0%, 50% and 100% or vice versa.
Numerical answers were converted by applying linear functions between minimum and
maximum values (thresholds) based on literature.

The converted answers were then multiplied with expert weightings representing the
respective contribution of each KPI to each subtheme, and the products summed up to one
value per subtheme for each farm (Table 2). The three subtheme values were further aggre-
gated into a biodiversity theme score for each farm by calculating the mean of the sub-
themes. Weights were set based on an expert survey through a Delphi-like approach [35],
closely following the methodology of [36] on the use of experts to evaluate animal welfare
indicators. This approach was conducted for all four sustainability dimensions, namely en-
vironment, economy, social wellbeing and animal health and welfare similar to [16]. Experts
were selected based on their documented experience in the respective sustainability area
from within and outside the SusPigSys consortium. Out of the 36 participating experts, six
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Table 2. Key Performance I

were experts (researchers) in biodiversity and conducted the weighing procedure within
the biodiversity theme. The expert survey consisted of two rounds and was undertaken in
an anonymous way. In the first round, all experts were asked to allocate weights inde-
pendently. All answers were then collected and a median calculated which was presented
to the same experts in a second round. Experts were able to agree or to revise the presented
weights. The final weights (median) were calculated based on the results from the second
round. The process from indicator selection to the aggregated values including the expert
survey is described in detail elsewhere [37].

For the specialized livestock farms without their own agricultural land, KPIs related to
agricultural land could not be assessed due to the system boundaries (crops are grown on
other farms) nor could any aggregation be made for subtheme (ecosystem, genetic and spe-
cies diversity) and theme scores. Thus, these farms had to be excluded from this part of the
analysis.

ndicators contributing to ecosystem, species and genetic diversity. Possible answers of KPIs are

presented with their respective scaling (0%: minimum score = poor performance, 100% maximum score = best performance)
in the second row. The three last rows show the respective weights assigned by experts for KPI contributions to the three

subthemes.

Key Performance Indicator !

Expert Weighting
Possible Answers and Scaling (%) Ecosystem Species Genetic
Diversity Diversity Diversity

Cultivating/harvesting crops and/or keeping animals on yes: 0 014 013
riparian strips no: 100 ] )
o yes: 0
On-farm cultivation of GMO crops 0.04 0.04
no: 100
. yes: 0
.04 . 1
Feeding GMO crops o 100 0.0 0.03 0.18
yes
+based on plant demand: 100
:50
High precision application of nitrogen (N) fertiliser ;élOt based on plant demand 0.04 0.04
+based on plant demand: 50
+ not based on plant demand: 0
Amount of nitrogen (N) fertiliser based on demand on  yes: 100 0.04 0.03
soil- or plant analyses no: 0 ) )
Phosphorous (P) and potassium (K) fertilisers amounts yes: 100
. . 0.04 0.04
based on the results of soil or plant analysis no: 0
Propo.rtlon of agricultural land with chemical synthetic 0-100% > 100-0 (linear) 0.04 0.08 015
pesticides
never: 100
Average pesticide treatment frequency one or two times: 50 0.02 0.01 0.13
more than two times: 0
Calculation of humus balances for farmland i(e;: 0100 0.02 0.04
Prop'ortlon of arable land with leguminous crops or le- 0-100% = 0-100 (linear) 0.05 01
guminous grassland
Proportion of permanent grassland or pasture converted .
. >=20-0% > 0-100 (linear) 0.08 0.04 0.18
to arable land in the past 20 years
Proportion of woodland on farm 0-10% -> 0-100 (linear) 0.1 0.08
Proportion of woodland deflore.sted.and converted to 5=10-0% > 0-100 (linear) 01 0.03
grassland, arable land or buildings in the past 20 years
Proportion of catch crops 0-100% -> 0-100 (linear) 0.05 0.08
Proportion of ecological focus areas 0—>=25% -> 0-100 (linear) 0.1 0.08 0.18
Proportion of agricultural land on drained moorland ~ 100-0% -> 0-100 (linear) 0.1 0.15
Growing rare or endangered agricultural crops yes: 100 0.18
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no: 0

! The complete assessment protocol can be found in [22].

2.4. Statistical Analyses

Statistical analysis were undertaken in SAS 9.4 [38], with p-values < 0.05 considered to
indicate significant differences. Non-parametric tests were used since data were not nor-
mally distributed. LCA results of breeding and finishing farms were compared with the
respective production stage of breeding-to-finishing farms using a Wilcoxon two sample
rank-sum test. Since farms were not a representative sample, production standards (con-
ventional, organic, other label) and country were not tested. Biodiversity performance re-
sults based on the KPI assessment were compared between the three farm types (breeding,
finishing and breeding-to-finishing) using a Kruskal-Wallis test. Spearman correlation co-
efficients (rs) were calculated to investigate associations between farm management charac-
teristics (listed in Table 3) and results for the environmental impacts FED, GWP, AP, FEP
and MEP, ED, GD, SP. Absolute rs values greater than 0.4 were regarded as indicating a
relevant association.

3. Results
3.1. Farm Management Characteristics

Farm management characteristics of the 63 pig farms are summarized in Table 3. The
sample included farms of a large variety of production systems within all farm types. On
average (median), specialized breeding farms were numerically larger than the breeding
units of breeding-to-finishing farms (419 vs. 150 sows per farm), as were specialized finish-
ing farms compared to the finishing units of breeding-to-finishing farms (4035 vs. 2867 fin-
ishers sold to slaughter).

Table 3. Farm management-characteristics of 63 pig farms in Austria (10 farms), Finland (8), Germany (9), Italy (10), Neth-
erlands (9), United Kingdom (7), and Poland (10).

Breeding Farms Breeding-to-Finishing Farms Finishing Farms
Q25 M Q75 Q25 M Q75 Q25 M Q75
Farms (n) 13 27 23
Size
Sows in production (n) 291 419 946 58 150 287
Finishers sold for slaughter (n) 1061 2867 5284 1500 4035 6411
Productivity
Sow replacement rate (%) 40 43 50 35 44 53
Litters sow™ y' (n) 2.2 2.4 2.4 2.1 2.3 23
Piglets born alive sow™" y! (n) 29 35 36 24 29 35
Piglets weaned sow™ y! (n) 25 28 30 21 25 29
Lactation length (d) 24 28 28 27 28 33
Mortality suckling piglets (%) 11.2 15.1 16.8 9.6 134 16.7
Mortality weaners (%) 1.8 3.0 3.8 1.7 29 4.8
Mortality finishers (%) 1.2 2.0 3.0 1.5 1.8 2.3
Live weight at slaughter (kg) 111 118 122 118 127 168
Daily gain finishers (g day™) 700 810 855 780 846 1000
Feed
FCR BU (kg feed kg™ BM™) 2.8 3.0 3.7 3.0 3.6 4.6
FCR FU (kg feed kg™ BM™) 2.7 3.0 3.7 2.8 3.0 3.8
Home-grown feed BU (% of FW) 0 0 11 0 21 33
Home-grown feed FU (% of FW) 0 16 43 0 0 20
Bedding, manure management sys-
tem and electricity
Bedding (kg sow™ year™) 0 1 38 0 76 248
Bedding (kg weaner! year™) 0 26 0 0 55
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Bedding (kg finisher! year)
Solid manure (%) vs liquid BU
Solid manure (%) vs liquid FU
Electricity (kWh sow™ year™)
Electricity (kWh finisher™ year™)

46

107

44

194

o O O

145
7

0
20
0
217
11

37
52
60
348
14

6

10

31

13

n =number; M = median, Q25 = lower quartile; Q75 = upper quartile. FCR = feed conversion ratio. BU = breeding unit, FU =
finishing unit. BM = body mass, FW = fresh weight.

Out of 63 farms, 56 farms (89%) had agricultural land (including grassland and arable
land), with the lowest value found in breeding farms (65%), followed by finishing farms
(91.3%) and the highest in breeding-to-finishing farms (96%). Details about the field man-
agement can be found in Supplementary Material Table S6. Breeding-to-finishing farms
produced on average (median) 21.2% of the feed for the breeding unit and 15.9% for the
finishing unit on their own fields, whereas an average (median) breeding and finishing
farms did not produce any of the feed from their own fields (Table 3).

3.2. Results from Life Cycle Assessment (LCA)

Total environmental impacts (FEP, GWP, AP, FEP, MEP) based on LCA and expressed
per kg BMNS for the three different farm types (breeding farms, finishing farms and breed-
ing-to-finishing farms) are shown in Table 4.

Table 4. Environmental impacts of 13 breeding, 23 finishing and 27 breeding-to-finishing farms expressed per kg body mass
net sold on farm. The results for the breeding and finishing units of breeding-to-finishing farms are presented separately
(per kg body mass net sold during breeding and finishing stage, respectively), as well as combined for the whole farm (per
kg body mass net sold from piglet to finishing pig).

Unit per kg BMNS Breeding Farms Breeding-to-Finishing Farms
Min Q25 M Q75 Max Min Q25 M Q75 Max P
Breeding units (n) 13 27
FED MJ 10.4 13.6 15.3 17.1 20.0 8.8 12.5 16.1 204 312 045
GWP kg CO2-eq 191 2.23 2.57 2.78 3.23 1.40 2.24 2.77 3.56 478  0.20
AP g SO2-eq 28.1 33.6 41.0 51.2 79.4 17.5 39.9 43.0 52.5 166.1  0.27
FEP g P-eq 0.41 0.51 0.59 0.67 1.03 0.32 0.42 0.60 0.83 129  0.89
MEP g N-eq 10.3 17.1 20.7 26.4 46.8 8.3 18.7 23.6 325 76.1  0.24
Finishing Farms Breeding-to-Finishing Farms
Finishing units (n) 23 27 P
FED MJ 8.4 11.3 12.9 15.9 21.1 4.4 10.6 13.7 16.7 381 073
GWP kg COz-eq 1.82 2.24 2.93 3.46 413 1.64 2.28 2.66 3.06 550  0.51
AP g SO2-eq 28.2 42.6 48.5 66.4 165.5 32.1 38.2 47.3 63.1 946 050
FEP g P-eq 0.28 0.47 0.54 0.67 1.04 0.20 0.36 0.50 0.68 139 0.60
MEP g N-eq 9.5 13.8 20.5 25.3 47.2 5.4 13.7 19.1 27.2 100.0 091
Breeding-to-Finishing Farms
Breeding-to-Finishing farms overall (n) 27 P
FED M] 6.8 11.3 13.9 17.4 351 na
GWP kg CO2-eq 1.93 2.28 2.67 3.18 507 na.
AP g SO2-eq 31.3 36.7 46.3 58.8 965 na.
FEP g P-eq 0.26 0.39 0.54 0.70 124 na.
MEP g N-eq 10.2 14.2 20.6 30.0 86.3 n.a.

BMNS = body mass net sold; n = number; Min = minimum, Q25 = lower quartile, M = median, Q75 = upper quartile, Max =
maximum. FED = fossil energy depletion; GWP = global warming potential; AP = acidification potential; FEP = fresh water
eutrophication potential; MEP = marine eutrophication potential. p = p-value results of global Wilcoxon rank sum test. n.a.
= not applicable. M] = megajoule; CO2-eq = carbon dioxide equivalents; SO2-eq = sulphur dioxide equivalents; P-eq = phos-
phorous equivalents; N-eq = nitrogen equivalents.

Results of the respective breeding and finishing unit of breeding-to-finishing farms are
presented separately as well as combined for the whole farm. Median values of FED were
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Contribution of LCA impact sources to total

LCA impact results

between 12.9 and 16.1 M] kg' BMNS, GWP between 2.57 and 2.93 kg CO2-eq kg' BMNS,
AP between 41.0 and 48.5 g SOz-eq kg' BMNS, FEP between 0.50 and 0.60 g POs-eq kg™
BMNS and MEP between 19.1 and 23.5 g N-eq. kg~ BMNS. Environmental impacts of breed-
ing farms and the breeding units of breeding-to-finishing farms and finishing farms and the
finishing units of breeding-to-finishing farms were very similar (all p-values > 0.2). Varia-
tion within breeding and finishing units was large, e.g. GWP results of breeding units
ranged from 1.40 to 4.78 kg COz-eq kg' BMNS and AP results from 17.5 to 166.1 g SO2-eq
kg' BMNS.

Bought-in feed contributed highest to FED (91.1% and 94.1%), GWP (79.1% and 64.7%),
FEP (93.8% and 97.4%) and MEP (84.4% and 93.3%) for both breeding and finishing units
(Figure 2). Manure management (housing, storage and spreading) had the highest impact
on AP for both breeding units (60.9%) and finishing units (68.6%). Electric energy contrib-
uted less than 4% to all impact categories. Straw contributed less than 0.001% to impacts
and was thus excluded from Figure 2.

Bought-in feed Home-grown feed Manure management Electric energy

(median values)

100

90
80
70
60
50
40
30
20
10

FED GWP AP FEP MEP FED GWP AP FEP MEP

breeding units finishing units
n =40 n=>50

Figure 2. Median values of relative contribution (%) of bought-in feed, home-grown feed, manure management and electric
energy to total amount of Fossil Energy Depletion (FED), Global Warming Potential (GWP), Acidification Potential (AP),
Freshwater Eutrophication Potential (FEP) and Marine Eutrophication Potential (MEP) for breeding (n = 40) and finishing

units (n = 50).

3.3. Key-Performance Indicator and Biodiversity Results

The lowest/worst performing KPIs across all farm types with a median of 0% were:
High precision application of nitrogen (N) fertiliser, calculation of humus balances for farm-
land, presence of ecological focus areas and growing rare and endangered agricultural
crops (see Supplementary Material Table S7).

Results of aggregated KPIs on subtheme level (ecosystem, species and genetic diver-
sity) and biodiversity theme level for farms with agricultural land are shown in Table 5. No
significant differences were found between the three farm types regarding any diversity
subtheme or theme scores (biodiversity). In all three farm types, lowest median subtheme
scores were found for genetic diversity, with 35%, 25% and 27% for breeding, breeding-to-
finishing and finishing farms, respectively.
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based on the scaling by experts.
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Breeding Farms Breeding-to-Finishing Farms Finishing Farms p

Min Q25 M Q75 Max Min Q25 M Q75 Max Min Q25 M Q75 Max
Farms (n) 9 26 21
Subtheme
ED (%) 49 53 56 65 68 42 48 55 62 73 42 53 58 61 83 0.55
SD (%) 47 49 52 59 65 34 40 44 59 68 35 47 51 57 77 021
GD (%) 7 27 35 58 81 1 12 25 43 68 5 11 27 41 64 0.34
Theme
BD (%) 36 42 51 59 70 30 35 38 51 68 28 37 43 56 67 0.21

ED = ecosystem diversity, SD = species diversity, GD = genetic diversity, BD = biodiversity. n = number; M = median, Q25 =
lower quartile; Q75 = upper quartile. p = p-value results of global Kruskal-Wallis test.

3.4. Correlations between LCA and Biodiversity Results

None of the environmental impacts from the LCA were correlated with any of the bi-
odiversity subthemes (ecosystem, species and genetic diversity) or the aggregated biodiver-
sity theme scores (see Supplementary Material Table S8).

The same was visible when combining overall biodiversity (KPI), global warming po-
tential and acidification potential (LCA) results in one graph expressed in percentage devi-
ation from overall median for finishing farms (Figure 3). Some farms (e.g., 4 and 5) were
performing better than the median in all three categories, some farms (e.g. 18 and 20) were
performing worse than the median in all categories, whereas others were performing good

in biodiversity (e.g. 6 and 7) but worse in GWP and AP or vice versa (e.g. 17 and 21).

1
00 W Biodiversity m GWP 1 AP

(%)

2°|||IIII
e .
1 2 8 4 5 & 7 8 9

10 11 .12 -13 I14 I15 ll6 Il7 lS l9 IO }1

Results of individual finishing farms

Figure 3. Relative deviation of biodiversity theme score, global warming potential (GWP) and acidification potential (AP)
from the respective median of individual finishing farms (n = 21; crop-livestock farms only) included in the study. A value
above 0 means “performing better than the average finishing farm (median; higher biodiversity scores, lower GWP and
AP)”, whereas a score below 0 means “performing worse than the average (median)”.

3.5. Correlation of Farm Management Characteristics with LCA and Biodiversity Results

Correlations between farm management characteristics and LCA results and biodiver-
sity results based on KPIs are shown in Table 6. Most farm management characteristics (e.g.
FCR, piglets weaned per sow and year, percentage of solid manure) correlated with LCA
results only. Only three farm management characteristics correlated with results from both
LCA and KPI assessment: Litters per sow and year correlated negatively with AP (rs=-0.43)
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as well as the subthemes species diversity (-0.40) and genetic diversity (-0.42) and the over-
all theme biodiversity scores (-0.41). Lactation length correlated positively with AP (0.48),
MEDP (0.69) and genetic diversity (0.45). In finishing units, number of finishing pigs sold for
slaughter per year correlated negatively with AP (-0.61), MEP (-0.47) and genetic diversity
(-0.47).

Table 6. Spearman correlations (rs) of farm management characteristics (rows) with LCA impacts (columns) and with bio-
diversity subtheme and theme scores (columns) based on KPI assessment. Correlations with an absolute 1s > 0.4 and p-value
<0.5 are shown in bold font.

LCA Subtheme Theme

FED GWP AP FEP MEP ED SD GD BD

M] COz2-eq. SO2-eq. P-eq. N-eq. % % % %
Breeding units (n) All 40 breeding units 35 bre.edmg units of 35

crop-livestock farms
Sows per farm (n) -0.01 -0.14 -0.58 -0.08 -0.42 -0.09 -0.10 -0.25 -0.18
Litters sow™! year (n) 0.03 -0.07 -0.43 -0.17 -0.36 -0.37 -0.40 -0.42 -0.41
Piglets born sow™ year™ (n) -0.08 -0.22 -0.68 -0.09 -0.54 -0.27 -0.34 -0.30 -0.31
Piglets weaned sow~! year™ (n)  -0.01 -0.18 -0.63 0.00 -0.47 -0.25 -032  -0.32 -0.32
Lactation length (n) 0.25 0.32 0.48 0.20 0.69 0.12 0.18 0.45 0.37
Replacement rate (%) 0.04 -0.02 -0.40 -0.09 0.01 0.14 0.11 0.03 0.12
Mortality weaners (%) 0.06 0.14 -0.02 0.00 -0.15 0.00 0.01 -0.20 -0.15
FCR (kg feed kg™' BM™) 0.85 0.90 0.49 0.67 0.70 -0.08  -0.01 0.14 0.10
Home-grown feed (%) -0.01 0.08 0.53 -0.17 0.41 0.03 0.00 -0.04 -0.05
Solid manure (%) 0.09 0.12 0.43 0.15 0.33 0.00 0.10 0.32 0.21
Finishing units (n) All 50 finishing units 47 fm%shmg units of 47
crop-livestock farms

Finishers sold for slaughter (n)  -0.11 -0.15 -0.61 -0.03 -0.47 -027 027 -0.47 -0.39
Slaughter weight (kg) 0.03 0.12 0.28 0.01 0.15 -0.01  0.10 0.12 0.12
Mortality finishers (%) 0.16 0.33 -0.13 0.12 -0.13 -0.09 -0.06  -0.09 -0.12
Average daily gain (kg d) -0.26 -0.14 -0.23 -0.23 -0.03 0.03 -0.05 -0.26 -0.15
FCR (kg feed kg™' BM™) 0.72 0.66 0.33 0.50 0.54 0.23 0.28 0.36 0.34
Home-grown feed (%) -0.16 -0.08 0.29 -0.33 0.31 -0.01 -0.06  -0.07 -0.08
Solid manure (%) 0.03 -0.16 0.52 0.09 0.22 -0.01  0.03 0.27 0.16

FED = Fossil energy depletion, GWP = Global warming potential, AP = Acidification potential,

FEP = Fresh water eutrophi-

cation potential, MEP = Marine eutrophication potential, ED = Ecosystem diversity, SD = Species diversity, GD = Genetic
diversity, BD = Biodiversity. FCR = feed conversion ratio, BM = body mass.

4. Discussion

So far, environmental impacts of pig farms have been mainly analysed by LCA [4] and
to our knowledge, no study exists that has analysed environmental impacts of a compara-
ble, diverse sample of European pig farms with a KPI assessment based on SAFA guidelines
[17,34] or the SMART tool [16]. Therefore, this study combined for the first time quantitative
LCA results with a semi-quantitative KPI assessment based on field management charac-
teristics focusing on biodiversity to achieve a more comprehensive and holistic assessment
of environmental performance of European pig farms.

4.1. Life Cycle Assessment (LCA)

The first aim was to quantify the environmental impacts of the 63 pig farms surveyed
with an attributional LCA and to assess differences between farm types and variability
within farm types. As expected, values did not only vary widely within farm types, but also
the overall variation was similar for all farm types, i.e. specialized breeding or finishing
farms and the respective stage of combined breeding-to-finishing farms (Table 4). This is in
line with a previous study that did not compare different farm types but different organic
systems (indoor with outdoor run, partly access to pasture and pasture pigs) and also came
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to the conclusion that variation was higher within farm systems than between them [24].
Findings from the current survey can be explained by the large variety of production sys-
tems within each farm type expressed in different farm management characteristics includ-
ing different husbandry, feeding and manure management systems (Table 3). This inclusion
of various, very different farms is in contrast to many other LCA studies, which focused
either on environmental impacts of a rather homogenous sample of farms, e.g. conventional
farms [39], organic farms [24] or traditional Iberian farms [40], or analysed different man-
agement aspects or feeding practices through scenarios based on average values [8,12,41].

Furthermore, we decided to use kilogram body mass net sold as the functional unit,
whereas other studies often used kg live weight [23,24] or kg pork [8,12]. We chose kilogram
body mass net sold as the LCA functional unit, since this allowed us to compare specialized
pig farms (breeding, finishing) with the respective stage of breeding-to-finishing farms. Ad-
ditionally, this functional unit is referring to the main product of pig farms and is therefore
of high relevance for farmers from the environmental and economic (gross margin) point of
view. However, it has to be kept in mind that using other functional units in LCA might
results in different outcomes. For example, the unit “hectare of cultivated land”, might have
shown increased LCA results for more intensive farms [23]. Indeed, including this unit in
the present study would have been interesting to avoid one-sided evaluations based on
product-related LCA results only. However, in the end we decided not to use the functional
unit of ha of cultivated land, as it would have led to higher uncertainty due to the inclusion
of a high proportion of default values for crop yields. Furthermore, in most cases pig farm-
ers do not have the possibility to decide on the origin of the bought-in feed.

Since we used a different functional unit and also the methodologies and system
boundaries are also slightly different, direct comparison with other studies is not possible
[42]. Nevertheless, it is possible for the results for breeding-to-finishing farms to be set
against the range of values found in other studies that focused on this farm type only. For
breeding-to-finishing farms in the present study, their functional unit “per kg BMNS” can
be compared with the functional unit “per kg live weight” used in most other studies, since
for breeding-to-finishing farms it includes the whole process from piglets being born to fin-
ishers leaving the farm including bought-in gilts. The results found in the current study
were in the same range as described in other studies. For example, GWP and AP (median)
of breeding-to-finishing farms were 2.67 kg COz-eq and 46.3 g SO2-eq per kg BMNS (Table
4), whereas other studies report values ranging from 2.2 to 4.4 kg COz-eq per kg live weight
(GWP) and from 23 to 186 g SO2-eq. per kg live weight (AP) [6,23,24,39-41].

When looking at the emission sources we found that feed (bought-in and home-grown)
had the highest contribution to almost all impact categories, except for AP (Figure 2), which
is similar to other studies [8,24]. This was also reflected in the correlations between farm
management characteristics and the LCA results (Table 6). Thus, FED, GWP and FEP can
be especially mitigated by an improved feed conversion ratio, whereas AP and MEP can
also be reduced by management improvements regarding the reproductive performance of
the farm and emissions deriving from manure.

On the other hand, focusing on management improvements to mitigate LCA results
might have negative impacts (trade-offs) on other dimensions of sustainability such as ani-
mal welfare [43]. A shorter lactation can result in better LCA results, but increases stress
and health issues (e.g. diarrhoea) in early weaned piglets [44]. Therefore, management im-
provements to mitigate LCA results should always be improved with due regard to the
possible effects on the other sustainability dimensions (economy, social sustainability, ani-
mal health and welfare).

4.2. Biodiversity Assessment Based on Key Performance Indicators

The second aim of this study was to undertake a detailed KPI assessment with a focus
on biodiversity, which broadened the environmental perspective compared to other stud-
ies. Variation in biodiversity subtheme and theme scores was larger within farm types than
across farm types, similar to the LCA results (Table 5). This can also be explained by the
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large variety of production systems. Nevertheless, across all 56 crop-livestock farms regard-
less of farm type, scores for ecosystem, species and genetic diversity were scored on a low
level so that the overall biodiversity theme score was between 38% and 43% (Table 5). An-
other study, assessing biodiversity on various organic farms (farms with different livestock
species, mixed crop-livestock farms and crop farms) in Switzerland found median values
within the “Good” category (theme scores were between 61% and 80%) [45]. The lower val-
ues found in the present study can be explained by the inclusion of mostly conventional
and pig farms of some labels (except organic), many of which have also adopted conven-
tional field management (e.g. use of pesticides). Nevertheless, the large variation with some
relatively high values indicates that there is a large potential to implement measures to pro-
mote biodiversity on the majority of crop-livestock pig farms. Especially measures such as
providing ecological focus areas on agricultural fields [46], fertilizing based on plant and
soil analysis [47] and growing rare or endangered agricultural crops can be improved on
the majority of crop-livestock pig farms in the present study to improve biodiversity.

Improving biodiversity is needed, since biodiversity is highly relevant for food security
(e.g. supporting populations of pollinators) but has decreased rapidly in the last decades
[15]. Therefore, biodiversity has been targeted in Sustainable Development Goal #15 of the
United Nations, which states to “protect, restore and promote sustainable use of terrestrial eco-
systems, sustainably manage forests, combat desertification, and halt and reverse land degradation
and halt biodiversity loss” [48]. It is even hypothesised that with increasing biodiversity on
the fields, inputs such as artificial pesticides can be reduced whilst maintaining yield
through ecological control (i.e. with beneficial insects) [40]. Furthermore, the positive effects
of measures to promote biodiversity, such as providing opportunities for pollination or bi-
ological pest control, can positively impact crop yields and even farm incomes [49,50].

These effects are part of an ecological intensification, which has received more atten-
tion in the last decades, since it is known that conventional intensification leads to a loss of
biodiversity [51]. Ecological intensification is described as “a nature-based alternative that
complements or (partially) replaces external inputs, such as agrochemicals, with production-support-
ing ecological processes, to sustain agricultural production while minimising adverse effects on the
environment” [52]. Ecological intensification makes use of biodiversity and other ecosystem
services of agricultural fields. This emphasises to highlight the diversity of ecosystem ser-
vices so that farmers are aware of the potential benefits that nature provides and thus are
willing to implement respective measures [53].

Therefore, projects to develop biodiversity assessment schemes, user-friendly tools,
education and advice are necessary to raise understanding about the potential benefits of
ecosystem services and to engage farmers in biodiversity improvement. Conducting a KPI
assessment is one approach, since these measure-orientated indicators are easy to com-
municate to farmers, as they focus on information, which is known and understood by farm-
ers [54]. In this way, farmers may be encouraged to implement some steps to promote bio-
diversity in the future. For further research it would be interesting to also include result-
orientated indicators of biodiversity, such as counting numbers of different species [54,55].
However, counting species diversity is time- and resource-intensive [54] and was therefore
not suitable for the scope of the current project.

4.3. Correlation of Farm Management Characteristics with LCA and Biodiversity Results

Most farm management characteristics correlated only with the LCA impact categories
(as discussed in Section 4.1. above). Only three farm management characteristics, namely
number of litters per sow per year, lactation length and number of finishers sold for slaugh-
ter correlated with both LCA and KPI results.

A longer lactation resulted in a higher AP (rs = 0.45) and MEP (1s= 0.69) and at the same
time higher genetic diversity scores (rs = 0.45; Table 6). A longer lactation period results in
fewer litters per sow per year, which explains why both lactation length and number of
litters per sow per year were correlated in the same direction. The effect of improved
productivity on the LCA impacts has already been described above. Our explanation for
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the correlation between a longer lactation period and genetic diversity scores is that organic
farms are required to have a lactation length of at least 40 days (Council Directives
2007/834/EC and 2008/889/EC) and at the same time they have to implement several
measures regarding genetic diversity, e.g. not allowed to feed GMO feed, must not use
chemical pesticides and have to provide ecological focus areas. Such measures highly con-
tribute to the subtheme genetic diversity (Table 2), whereas species diversity and ecosystem
diversity can also be improved by other measures (e.g. cultivation of leguminous or legu-
minous grassland, forest) and therefore the link with longer lactation length was not con-
firmed statistically through a significant correlation.

Nevertheless, lactation length is a farm management decision, which reflects the inten-
sity of a pig farm and thus partly confirmed our hypothesis that farms managed on a high
productivity and efficiency level might also manage their fields more intensively, which
might be less effective concerning biodiversity measures. However, it has to be kept in mind
that this relationship was only found with genetic diversity, and the underlying reasons
may be likely due to the effect of the organic regulations on both topics.

4.4. Correlation between LCA and Biodiversity Results

Against our hypothesis, no correlations were found between environmental impacts
from the LCA and any of the biodiversity subthemes (ecosystem, species and genetic diver-
sity) or the overall biodiversity theme scores (Supplementary Material Table S8). This shows
that farms with a more intensive pig production system and therefore lower LCA impacts
(Table 6) do not necessarily differ from less intensive farms in terms of their field manage-
ment to promote biodiversity. This can be explained by the fact that many KPIs not only
address ecosystem services, e.g. ecological focus areas, but also equally important other
field management aspects (e.g. application of fertiliser based on plant or soil analysis). In
summary, good management of the pig farm and the associated crop production leads to a
reduction of negative and an enhancement of positive environmental impacts.

This clearly emphasises the need to assess environmental sustainability and provide
feedback (e.g. in form of benchmarking with peers) to farmers on their farm-specific perfor-
mance based on both LCA and KPI assessment. Indeed, this was the intention of the SusPig-
Sys project. Farm-specific LCA results, however, should always be provided with infor-
mation about the main (emission and resource use) sources, in order that farmers can see
where the majority of impacts come from (e.g. feed, mortality, electricity) and how they can
improve their LCA results [56]. This is needed, since to the non-specialists, LCA results are
complex, so that farmers may not understand the underlying calculations and sources. Mak-
ing farmers aware of where resources are being wasted is not only important from an envi-
ronmental point of view, but also critical from an economical point of view [57]. Such anal-
ysis might therefore serve as incentives for improvements to reduce losses and improve
efficiency in the short term, whereas bigger investments (e.g. covering slurry tanks to re-
duce emissions) may need financial support or incentives (subsidies) from government.
Similar, since the benefits of an ecological intensification (e.g. natural pest control) may only
be reaped in the long-term, financial support (subsidies) of biodiversity measures and reg-
ulatory instruments are complementary pathways to accelerate an ecological intensification
[52].

4.5. Uncertainity and Other Limitations

Performing LCA and KPI assessments also give rise to a degree of uncertainty in the
results. One strengths of the present study presents the use of primary data collected on
farm, whenever available. However, this was not possible for all data. For example, we did
not calculate the N-balance based on farm-specific data, since we rarely obtained data on
feed quality (e.g. on crude protein content). Also, data about the origin and therefore the
yield of bought-in feed components were missing on most farms, which also forced us to
use default values. Furthermore, LCA impact categories such as toxicity were not included
in the present study due to missing and a high uncertainty in LCA back-ground data sets.
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Uncertainty in the KPI assessment derived mainly through scaling of indicators and
the weighing procedure (Delph-like approach) that was used to aggregate the KPIs on
theme level. This uncertainty was addressed in the study of [58], who found that the varia-
bility of weights given for theme biodiversity was intermediate. Due to similar use of the
Delphi-like approach, uncertainty introduced by subjective expert weights in the current
study is expected to be similar to that in [58].

Nevertheless, we suggest to include an uncertainty analysis for both LCA and KPI as-
sessment, in the further development of the SusPigSys tool.

5. Conclusions

Our comprehensive approach to evaluate the environmental performance of diverse
European pig farms through combining LCA and KPI assessment showed that the two
methods complement and can therefore not replace each other. The LCA gives insights into
each farms’ contribution to highly discussed topics such as (fossil) energy demand, global
warming, acidification and eutrophication potential. KPI assessment on the other hand sup-
plements the analysis regarding impacts on a local, but no less relevant topic, namely bio-
diversity based on the farms’ field management. Since no correlations between LCA and
biodiversity results were found, it is possible to perform well in both LCA and KPI assess-
ments. The LCA and KPI assessment results showed that variation within farm types was
larger than across farm types, indicating that there is still a potential to improve environ-
mental sustainability regardless of the farm type. The farm-specific results serve as a hot-
spot analysis for farmers and demonstrate that enhancing farm and field management is
crucial to simultaneously reduce environmental impacts and promote biodiversity in Euro-
pean pig production.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/su132011230/s1, Table S1: Abbreviations, Table S2: Farm-specific primary (foreground)
data used for LCA calculations, Table S3: Composition of compound feed, Table S4: Impact factors of
bought-in feed components, Table S5: Impact factors of bought-in compound feed, Table S6: Charac-
teristics of the agricultural fields managed by the pig farmers, Table S7: Scaled Key-Performance-In-
dicators, Table S8: Spearman correlations (rs) between environmental impacts calculated using LCA
(rows) and the biodiversity theme and its three subthemes (ecosystem, species and genetic diversity;
columns) for breeding units and finishing units of crop-livestock farms.
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