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ABSTRACT

The reduction of product-related greenhouse gas
(GHG) emissions in milk production appears to be
necessary. The reduction of emissions on an individual
farm might be highly accepted by farm owners if it
were accompanied by an increase in profitability. Using
life cycle assessments to determine the product carbon
footprints (PCF) and farm-level evaluations to record
profitability, we explored opportunities for optimiza-
tion based on analysis of 81 organic and conventional
pasture-based dairy farms in southern Germany. The
objective of the present study was to detect common
determining factors for low PCF and high management
incomes (MI) to achieve GHG reductions at the low-
est possible operational cost. In our sample, organic
farms, which performed economically better than con-
ventional farms, produced PCF that were significantly
higher than those produced by conventional farms [1.61
+ 0.29 vs. 1.45 £+ 0.28 kg of CO, equivalents (CO,eq)
per kg of milk; means + SD)]. A multiple linear regres-
sion analysis of the sample demonstrated that low feed
demand per kilogram of milk, high grassland yield, and
low forage area requirements per cow are the main fac-
tors that decrease PCF. These factors are also useful
for improving a farm’s profitability in principle. For
organic farms, a reduction of feed demand of 100 g/kg
of milk resulted in a PCF reduction of 105 g of COeq/
kg of milk and an increase in MI of approximately 2.1
euro cents (c)/kg of milk. For conventional farms, a de-
crease of feed demand of 100 g/kg of milk corresponded
to a reduction in PCF of 117 g of COseq/kg of milk
and an increase in MI of approximately 3.1 c¢/kg of
milk. Accordingly, farmers could achieve higher profits
while reducing GHG emissions. Improved education
and training of farmers and consultants regarding GHG
mitigation and farm profitability appear to be the best
methods of improving efficiency under traditional and
organic farming practices.
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INTRODUCTION

From a global perspective, agriculture is the fourth
largest greenhouse gas (GHG) emission source (IPCC,
2007) and accounts for 10.1% of the overall emissions
in the European Union (EEA, 2013). The dairy sector
alone is thought to contribute 4% of global GHG emis-
sions (FAO, 2010). Because emissions due to agriculture
are expected to sharply increase quantities of global
GHG in the future (Smith et al., 2007), a reduction
potential of 5.5 to 6 Gt of CO, equivalents (CO,eq;
Neufeldt et al., 2006) per year until 2030 deserves spe-
cial attention. Much of agricultural emissions derive
from methane emissions of ruminants.

Because pasture accounts for approximately 70% of
the areas used for agriculture globally (FAO, 2013) and
can be used for food production by ruminants, pasture
makes a considerable contribution to global food secu-
rity in the framework of milk production (Gill et al.,
2010). Compared with increasingly expensive concen-
trate-based milk production in the recent past, grazing
on grassland is a low-cost milk production approach
that has attracted increasing interest in Germany
(Thomet et al., 2011; Reijs et al., 2013; Kiefer et al.,
2014). Investigations into the effects of pasture-based
milk production systems on GHG emissions arrive at
different results: Lewis et al. (2011) reported pasture
to produce less methane emissions than permanent
housing. Similarly, Flysjo et al. (2011) observed slightly
lower GHG emissions from the pasture systems of New
Zealand compared with permanent housing and higher
milk yields in Sweden. However, according to Sutter
et al. (2013), the weakest aspect of pasture feeding is
the high methane emission per kilogram of ECM. To
improve the GHG balance in milk production, Brade
and Flachowsky (2007), Yan et al. (2010), and Havlik
et al. (2014) advocate for increased productivity with
higher performance in individual cows, which is usually
not found with pasture feeding. Their proposal aims to
decrease enteric methane emissions and would neces-
sitate a greater portion of concentrate in the ration (see
also Hindrichsen et al., 2006; Christie et al., 2012).
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It is important to note that emissions are influenced
by numerous factors, and complex interactions exist
between individual sources of emission (Schils et al.,
2005; Amon et al., 2006). However, increased efficiency
actually appears to be a feasible approach to reducing
GHG emissions on the individual farm (Pirlo, 2012).
One important factor influencing efficiency and GHG
emissions is the amount of feed (forage plus concen-
trates) that each cow needs to produce 1 L of milk
(Waghorn and Hegarty, 2011).

Against this background, 81 dairy farms in southern
Germany with pasture feeding frequently situated in
the uplands (a practice that is not representative of
the overall milk production in southern Germany) were
analyzed economically and for their GHG emissions
over 3 economic years (2008-2009 to 2010-2011). To
create a high level of acceptance by producers, not only
should GHG emissions be reduced, but profitability of
milk production should be increased simultaneously
(Lovett et al., 2006). Various variables of milk produc-
tion that can influence GHG emissions and simultane-
ously influence profitability of the farms were examined
as a basis for discussing the following hypotheses: (1)
a production-related optimization potential in milk
production exists that enables the realization of cli-
mate protection with low financial costs of reducing
GHG; and (2) specifically, reduced feed demand (forage
plus concentrates) per kilogram of milk is a preferable
measure to improve GHG balances and increase farm
profitability simultaneously.

In this analysis, production by organic and conven-
tional enterprises was considered separately to evaluate
the potential differences in production techniques and
profitability of the systems.

MATERIALS AND METHODS

This section describes the method of ascertaining
profitability as well as GHG emissions. All of the rel-
evant operational data were collected in cooperation
with the farm managers during multiple farm visits.

Sample Description

The nonrepresentative 81 farms in this study were
randomly requested to participate and had to meet
the following basic conditions: (1) frequent usage of
pasture for dairy cows, (2) location in southern Ger-
many (Baden-Wuerttemberg, Bavaria, and Hesse), (3)
a minimum of 25 cows, (4) keeping in loose housing
stable indoor systems, and (5) mandatory accounting.
On average, these farms were characterized by main-
taining a herd of 43 cows. Fleckvieh (34%), Holstein
(31%), Vorderwalder and Hinterwalder (24%), Brown
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Swiss (9%), and other (2%) breeds were found. In total,
44% of the farms operated according to the criteria
of organic farming under Council Regulation (EC) No.
834/2007 or under the guidelines of the Naturland and
Bioland farming associations (Bioland, 2013; Naturland,
2014). Most cows calved throughout the whole year and
only one-third of farmers practiced seasonal calving in
spring. The forage ration consisted mainly of pasture
grass in summer and grass silage in winter. The land for
mowing and pasture was improved grassland and the
feed budget per cow and year totaled approximately 5
t (DM). The average concentrate portion in the ration
is approximately 20%. Additional production-related
features of the farms are shown in Table 2.

Data Acquisition and Determination
of Selected Efficiency Criteria of Farms

All material flows (inputs and outputs) relevant to
the framework of the present study were quantified
during data acquisition of the 81 practicing enterprises
and subject to mandatory accounting. Accounting is
defined as the complete recording of all of the business
transactions based on documents; it provides informa-
tion to the entrepreneur and is used as a basis for cal-
culating tax liability.

Livestock and any entries and withdrawals or losses
of animals were centrally recorded in the animal iden-
tification and information database, conducted by the
Bavarian State Ministry for Food, Agriculture and For-
ests. Animal performance data (e.g. milk yield, age at
first calving, replacement rate) were taken from reports
by state inspection associations for individual farms as
well as milk processing plants.

The quantities and ingredients of the purchased feed
were recorded based on the bills of feed suppliers. For
feed production, necessary input quantities (e.g., diesel,
electricity, mineral fertilizers, and pesticides) and their
specific emissions were allocated and related to kilo-
grams of CO,eq/decitonne (dt) through the cultivation
area and yield. The quality of homegrown feed could
only be partly verified based on feed analyses. There-
fore, the feed ingredient data were partially adopted
from data sets of the Agricultural Centre of Baden-
Wuerttemberg (LAZBW, 2009-2011) and Bavarian
State Research Centre for Agriculture (LFL, 2012)
for the relevant region and respective economic year.
Farmland yields were estimated based on information
provided by the farm managers and verified through re-
cords of nutrient comparisons according to §5 Fertilizer
Ordinance (BMELV, 2012b) and, again, data sets of the
Agricultural Center of Baden-Wuerttemberg (LAZBW,
2009-2011) and the Bavarian State Research Center
for Agriculture (LFL, 2012). Yields were a function of
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region, altitude, rainfall, mean annual temperatures,
livestock count, and general intensity of land manage-
ment compared with other farms. Regarding grassland
yield, all farmland areas (mowing area and pasture) of
each individual farm were treated the same because
mowing areas and pasture areas were not fixed on most
farms within the periods investigated. Feed and energy
losses for hay and silage were considered 5%; feed losses
on pasture were estimated according to the intensity of
pasture usage on the basis of a locally relevant expert
network (LAZBW, 2014) with farm-specific values be-
tween 10 and 30%. Feed demand per kilogram of milk
included all forage (pasture, hay, silage) as well as all
concentrates fed.

A 2-step cluster analysis was used for the investiga-
tion to subdivide the organic and conventional farms
according to their main PCF influencing factor into
farms with low, middle, and high feed demand per ki-
logram of milk. Using this 2-step cluster analysis by
the statistical software SPSS (SPSS Inc./IBM Corp.
Armonk, NY), the number of clusters was calculated
automatically.

Additional purchases (e.g., seeds, pesticides, straw)
or sales (animals for slaughter and cash crops) were also
recorded based on the farms’ accounting data. For all of
the means of production purchased within the period
under observation, it was assumed that the products
were consumed within the same period of time. Modifi-
cations were only made when a farmer explicitly noted
that stock had been changed for a period beyond that
under observation.

Assessment of Farm Profitability

For assessment of farm profitability, farm-level evalu-
ations of the dairy herd were conducted based on the
profit and loss statements of each individual farm. Us-
ing this approach, management income (MI) can be
calculated on the basis of the profit and loss statement
plus the following costs: 5% interest on capital resourc-
es, €15 hourly wage for family workforce, and a local
rent estimate for the farmland. Management income
is a typical economic parameter used to compare the
success of different dairy farms in Germany.

The following economic indicators were considered
for farm comparison: profit figures from profit and loss
statements, which considered the profit per workforce
hour and per farm; MI, which is considered a mea-
sure of the complete payment of all production factors
(land, labor, and capital); and ground rent per hectare
with consideration for wages and interests, which is
considered a measure of the farm’s ability to pay rent
on farmland (Nuthall, 2011).
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Modeling of GHG Emissions

The GHG balances are expressed for each individ-
ual farm as a standardized product carbon footprint
(PCF), which is related to the production of 1 kg of
milk (De Vries and de Boer, 2009) and can be regarded
as part of the life cycle assessment. Regarding life cycle
assessment, the standards DIN EN ISO 14040 (ISO,
2006a) and 14044 (ISO, 2006b) form the structural
framework of the following 4 phases: goal and scope
definition, inventory analysis, impact assessment, and
interpretation. The DIN standards are supplemented
by the guidelines of the International Dairy Federation
(IDF, 2010) and the Intergovernmental Panel on Cli-
mate Change (IPCC, 2006a,b) for determining PCF.
The directives of the IPCC (2006a,b) and of the Ger-
man Federal Environmental Agency (ProBas, 2013)
were used as the database for the emission factors.

The gases were converted into CO.eq according to
the IPCC (2007) to achieve standardization. This ap-
proach modeled the global warming potential for GHG
over the next 100 yr as follows: 1 kg of CO,eq/kg of
CO,, 25 kg of COeq/kg of CHy, and 298 kg of CO,eq/
kg of N,O.

The model applied to the GHG balance calculation
considered the inputs of the farms, including feed, diesel
fuel, electricity, mineral fertilizers, pesticides, and heif-
ers purchased by the farm. The milk and meat products
and associated emissions were considered output.

The cradle-to-farm-gate approach in which the ac-
counting of GHG extends only to the milk tank was
regarded as the system boundary of milk production.
The transport of milk to the dairy factory was beyond
the system boundary of the present analysis and disre-
garded, which was consistent with other studies (e.g.,
Cederberg and Stadig, 2003; Rotz et al., 2010; O’Brien
et al., 2011). The functional unit (FU) of PCF was 1 kg
of fat- and protein-corrected milk (FPCM), which was
standardized according to the IDF (2010).

Based on recommendations by the IDF (2010), the
apportionment of emissions between milk and meat in
this paper was through physical allocation, which was
based on the relationship between feed energy of the
cow and its production of milk and meat using the
following formula:

AF =1 -5.7717 x R,

where AF = allocation factor milk, and R = amount of
beef (kg of live weight)/amount of milk (kg of FPCM).
Accordingly, approximately 77% of emissions were at-
tributed to milk, whereas the remaining percentage
represented the PCF of the associated meat production.
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Greenhouse gas emissions are usually differentiated
between primary and secondary sources of emissions
(Rotz et al., 2010; Zehetmeier et al., 2012). Primary
sources include emissions produced on the farm, where-
as secondary emissions may be produced upstream
from the farm.

Primary Sources of Emissions. Primary sources
include methane emissions caused by enteric fermenta-
tion, methane and nitrous oxide emissions by storage
of organic fertilizers (e.g., slurry, liquid manure, dung,
feed residues, straw), nitrous oxide and CO, emissions
originating from fertilizer application and liming, and
nitrous oxide emissions from pastures. Methane emis-
sions from dairy cattle by enteric fermentation and CH,
emissions originating from slurry storage were calcu-
lated by the Tier-2 method described in TIPCC (2006a;
equations 10.21 and 10.23).

Nitrous oxide emissions caused by storage of liquid
manure were calculated using the Tier-1 method (IPCC,
2006a; equations 10.25 and 10.26). These emissions also
included the direct and indirect emissions produced by
volatilization. To calculate the average N excretion, an
excretion rate of 0.48 (0.33 for calves) kg of N per 1,000
kg of live weight per day for dairy cattle was assumed
(IPCC, 2006a; Table 10.19). For direct nitrous oxide
emissions, the emission factor was the weighted average
of the respective storage systems. A weighted average
was also constructed for determining the N,O emissions
produced indirectly through volatilization (NH; and
NO,; IPCC, 2006a; Table 10.22).

Furthermore, the amount of nitrogen available for
application after storage loss was calculated (IPCC,
2006a; Table 10.23). For the quantity of N applied
through the litter contained in the farm fertilizer, values
of 7 kg/yr (cows) and 4 kg/yr (calves) were assumed
(IPCC, 2006a).

For fertilizer application, direct and indirect emis-
sions were also considered and calculated by means
of the Tier-1 method based on overall N application
through mineral and farm fertilizer as well as plant
residue. The TPCC (2006b; Table 11.1) specified an
emission factor of 0.01 kg of N,O-N/kg of N application
for direct emissions and 0.02 kg of N,O-N/kg of N for
manure deposited by livestock during pasture.

Indirect N,O emissions during application developed
through atmospheric deposition, which accounted for
an emission factor of 0.01 kg of N,O-N/(kg of NH;-N
+ NOx-N) according to IPCC (2006b; Table 11.3). In
addition to farm and pasture manure (0.2 kg of NH;-N
and NOx-N per kg of N), the nitrogen portion pro-
duced by mineral fertilizer (0.1 kg of NH3-N and NO,-N
per kg of N) that volatilized as NH; and NO, was also
considered.
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However, indirect nitrous oxide emissions also devel-
oped through leaching. The IPCC (2006b; Table 11.3)
indicated an emission factor of 0.0075 kg of N,O-N per
kg of eluviated nitrogen. In addition, the nitrogen por-
tion lost by eluviation was rated 0.3 kg of N/kg of N
applied or produced by pasture manure. The nitrogen
emission factor of the IPCC (2006b; Table 11.1) for
“temperate organic crop and grassland soils” was 8 kg
of NyO/ha per year and was used for all of the farm
areas.

The quantity of livestock excrements was apportioned
between the number of grazing days, average number of
hours on pasture, and storage plus application of liquid
manure. The lime requirement was calculated based on
the needs of the plant, which was dependent on the
yield and an emission factor of 0.12 t of carbon per t
of lime application (assumed) according to the TPCC
(2006b).

Secondary Sources of FEmissions. Emissions
caused by production of electricity, fuel, mineral fertil-
izers, pesticides, and purchased feed fall into the scope
of secondary sources. To calculate secondary emis-
sions, the emission factors of the ProBas database of
the Federal Environment Agency (ProBas, 2013) were
considered, and the most suitable process (related to
the geographic location and year of investigation of the
production method described) was selected.

The emission factors of the main secondary sources
are listed in Table 1. The IDF (2010) advocates for
consideration of emissions caused by direct changes
in land use that result from the conversion of natu-
ral areas and pastures into plough land (Weiss and
Leip, 2012). Therefore, emission factors for purchased
feedstuffs (grain maize, crop, rapeseed meal, and soy
meal) that were frequently produced overseas were as-
sociated with direct changes in land use. However, the
direct changes in land use for feed mainly produced
in Germany, including grass silage, dried molasses, or
field beans, cannot be traced. If a compound feed was
used, it was broken down by ingredient and assessed
proportionately with the emission factors of the ingre-
dients with consideration of the direct changes in land
use. When allocation was required for the purchased
feedstuff, it was economically separated into main and
side products, which was consistent with other studies
(Yan et al., 2011). For rearing heifers as a means of
replacement, emissions of 11 kg of CO.eq/kg of live
weight were assumed, independent of the farming
system (Rotz et al., 2010) and multiplied by the cor-
responding replacement rate. The average weight cal-
culated for these heifers was determined in cooperation
with the farm managers and based on breed: Fleckvieh
= 630 kg, Holstein = 580 kg, Vorderwalder = 550 kg,
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and Brown Swiss = 580 kg. These 4 breeds can be
ordered in regard to their influence on milk or meat
output as follows (with decreasing breed influence on
milk yield compared with meat yield): Holstein, Brown
Swiss, Vorderwélder, and Fleckvieh (Elfrich and Roe-
sicke, 2012). Emissions with effects <1% of the overall
emissions (e.g., manufacture of cleaning agents, drugs)
were not considered for the balance according to the
IDF (2010), and the emission-neutral biogenic carbon
cycle of breathing and photosynthesis was also disre-
garded. Investment goods that can be used for many
years (such as buildings, machinery, storage of liquid
manure, housing systems, and equipment for the appli-
cation of liquid manure) and that cannot be identified
in the flow of materials for immediate use were not
considered. This method is in accordance with the IDF
(2010) because these emissions accounted for a small
portion of product-related emissions and data acquisi-
tion in this area is complex.

RESULTS

According to the stated hypotheses, the first step of
the present analysis was intended to describe the influ-
ence of various variables on the PCF per kilogram of
milk and the method in which these influencing factors
co-determined a farm’s profitability. All of the factors
that potentially influence the PCF were considered
explicitly, whereas the variables that predominantly
determined profitability and had negligible influences
on the PCF (e.g., work economics and milk price) were

Table 1. Emission factors of selected secondary sources of greenhouse
gases (ProBas, 2013)

Emission factor

Item (kg of CO4eq/unit)

Electricity (kWh) 0.57
Diesel fuel consumption (L) 2.98
Mineral fertilizer production (kg)
N 7.57
P,0; 1.25
K,0 1.2
Ca 0.01
Pesticides 5.37
Purchased feed (kg)
Grain maize (dLUC") 0.31
Crop (dLUC) 0.41
Rapeseed meal (ALUC) 0.38
Soy meal (dLUC) 0.50
Field bean 0.14
Dried molasses 0.03
Grass silage 0.10
Maize silage 0.10
Hay 0.14
Clover 0.12
Field grass 0.04
Mineral feed 0.01

'Consideration of direct land use changes (dLUC) for purchased feed.
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not considered. The coefficient of determination (R”) of
0.367 for organic farms between the PCF and MI per
kilogram of milk indicated that a relationship existed
between GHG balance and farm profitability on prin-
ciple. This relationship was less pronounced for conven-
tional farms, which had a coefficient of determination
of only 0.193.

In a second step, the correlation between PCF and
profitability was closely investigated, with special con-
sideration given to the feed demand per kilogram of
milk as an important indicator of efficiency.

Potential Factors Influencing PCF
and Associated Correlation with MI

To identify factors that have the potential to influ-
ence the PCF level, we selected 11 variables from the
farm production methods that may influence the PCF
in consideration of comparable studies (e.g., Jones et
al., 2014). Table 2 shows the variables for organic (36
farms) and conventional (45 farms) farming. Differ-
ences between the production methods were recogniz-
able, particularly in regard to diesel fuel consumption,
milk yield, replacement rate, concentrated feed use, and
total feed demand per kilogram of milk. The conven-
tional milk production achieved lower (P = 0.014) PCF
compared with organic production (1.45 + 0.28 vs. 1.61
=+ 0.29 kg of COseq/kg of milk; mean + SD).

In the next step, we compared the coefficients of
determination for the 11 selected variables to the PCF
and MI per kilogram of milk of the organic and con-
ventional farms to allow for preliminary assessment
of the importance of single influencing factors. Table
3 indicates that the demand of feed per kilogram of
milk, milk yield per cow, feed area available per cow,
grassland level of yield, and replacement rate had the
greatest effect on the PCF.

The coefficients of determination of the variables
presented with the MI were smaller than those with the
PCF. However, marked relationships existed among the
variables listed in Table 3, particularly in regard to the
effect of feed demand per kilogram of milk and milk
yield per cow on MI. This finding demonstrates that
the potential should exist to optimize GHG balances
and farm profitability simultaneously.

In a third step, we analyzed the 11 variables and
production method (organic versus conventional) as the
12th variable by means of a multiple linear regression
(Backhaus et al., 2008) to identify the statistically sig-
nificant factors among those that have the potential to
influence the PCF (see Table 4). The factor milk yield
was not considered in the regression analysis because it
had a correlation of 0.82 with the factor feed demand
per kilogram of milk.
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carbon footprint for organic and conventional farming

Organic Conventional
Variable Mean SD Minimum  Maximum Mean SD Minimum  Maximum
Carbon footprint (COseq/kg of milk) 1.61 0.29 1.18 2.38 1.45 0.28 1.06 2.59
Herd size (no. of milking cows) 44 15 22 87 42 16 20 83
Grassland yield level (dt/ha) 63 16 39 92 67 18 39 115
Forage area (ha/cow) 1.0 0.3 0.6 1.8 1.0 0.4 0.5 2.1
Mineral N (kg/ha) 23 16 0 7
Diesel consumption (L/ha) 90 31 67 163 113 38 64 259
Milk yield (kg of ECM/cow) 5,833 1,143 3,703 8,637 6,565 1,324 2,858 9,125
Replacement rate (%) 25.4 5.6 12.6 34.2 34.3 8.8 16.6 53.9
First calving age (mo) 31.0 2.7 24.8 36.9 30.2 2.3 26.1 374
Concentrate (dt/cow) 8.7 4.0 0.2 18.9 15.1 7.0 14 31.1
Feed demand (kg/kg of milk) 1.13 0.20 0.84 1.82 1.01 0.16 0.80 1.64

Feed demand per kilogram of milk was the main
characteristic with a coefficient of determination of
regression of 0.735, and it was followed by replacement
rate, grassland yield level, and area available per cow.
Nevertheless, if the factors were considered separately,
milk yield per cow (0.407) had the second highest coef-
ficient of determination after feed demand per kilogram
of milk (0.516).

The negative correlation of replacement rate is in-
dicative of a lower PCF in cases of high replacement
rates, although this result indicates that more animals
are required for stock replacement. The explanation is
that in our sample farms with high replacement rates
are also characterized by high milk yields and low feed
demands per kilogram of milk, which are the most im-
portant factors affecting PCF. But it must be stated
that causality of replacement rates and PCF is not
implied necessarily and different results might be found
in other studies.

All of the significant influencing factors help explain
why conventional farms performed better when com-
pared with organic farms (Table 2); conventional farms

were characterized by lower feed demand per kilogram
of milk, higher replacement rates, higher grassland
yield, and less area used per cow, despite the absence
of the production method in the results of the multiple
linear regression analysis. Similarly, the milk yield per
cow factor indicates that conventional farms performed
better. A fourth step examined the individual farms’
composition of PCF between organic and conventional
farming with a focus on the feed demand per kilogram
of milk because this factor (together with the milk yield
per cow) was found to be the main factor influencing
for the PCF as well as the MI.

Size and Composition of PCF According
to the Sample Based on Feed Demand

Figures 1 and 2 represent the PCF of all the organic
and conventional farms, respectively. We sorted the
2 production methods by feed demand per kilogram
of milk with ascending figures from left to right. The
diagrams demonstrate that both production methods
tended to have high PCF when the feed demand per

Table 3. Coefficients of determination of single variables regarding their effect on the carbon footprint and management income (MI) per
kilogram of milk for organic (ORG) and conventional (CONV) farms in the sample

R? of carbon footprint

R? of MI

/kg of milk with: /kg of milk with:

Variable ORG CONV ORG CONV
(1) Feed demand (kg/kg of milk) 0.541 0.435 0.214 0.265
(2) Milk yield (kg of ECM /cow) 0.455 0.320 0.325 0.178
(3) Farmland available (ha/cow) 0.534 0.236 0.099 0.152
(4) Grassland yield level (dt/ha) 0.215 0.304 0.029 0.076
(5) Replacement rate (%) 0.108 0.292 0.186 0.002
(6) Concentrate expenditure (dt/cow) 0.159 0.055 0.044 0.031
(7) Age at first calving (mo) 0.055 0.110 0.198 0.066
(8) Mineral fertilizer use (kg/ha) — 0.047 — 0.000
(9) Diesel consumption (L/ha) 0.031 0.058 0.000 0.002
(10) Breed' 0.011 0.038 0.038 0.047
(11) Herd size (no. of milking cows) 0.111 0.001 0.144 0.193

'Breed sorting via dummy variables according to their influence on milk yield in the breeds: Holstein = 1; Brown Swiss = 2; Vorderwilder =

3; and Fleckvieh = 4.
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Table 4. Multiple linear regression® analysis to identify the significant factors influencing the carbon footprints
per kilogram of milk in the sample (R* = 0.735; SE = 0.156)

Nonstandardized Standardized
coefficients coefficients
Item B SE g° £ Sig”
Feed demand (kg/kg of milk) 0.734 0.118 0.465 6.234 0.000
Replacement rate (%) —0.010 0.002 —0.301 —4.469 0.000
Grassland yield level (dt/ha) —0.004 0.001 —0.251 —3.283 0.002
Farmland per cow (ha) 0.129 0.055 0.199 2.333 0.022
Constant 1.150 0.169 6.811 0.000

"The linearity, multicollinearity, heteroscedasticity, and normal distribution conditions of the disturbance vari-

ables were considered.

*t = relative importance of each value to the model.
3Sig = level of significance.

1B = y-intercept of the estimated regression model.

°3 = association of the independent variable with the dependent variable.

kilogram of milk increased. We observed significant
variance within the sample, with the lowest PCF found
for the organic farms being less than half the highest
PCF value.

Moreover, the 2 figures demonstrate that digestion
(methane), rearing of heifers (despite low PCF with
high replacement rates), and growing of feed (pasture,
grass silage, maize silage, and hay) constitute the ma-
jor portion of the PCF. The differences between farms

with high and low PCF appear to be mainly a result of
forage usage.

Relationship Between PCF and Farm Profitability
with Special Consideration of Feed Demand

The average feed demand per kilogram of milk was
1.13 + 0.20 kg of feed/kg of milk for organic farms and
1.01 £ 0.16 kg of feed /kg of milk for conventional farms
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Figure 1. Composition of the carbon footprint (CO, equivalents/kg of milk) for the organic farms in the sample sorted by feed demand (kg/

kg of milk) with ascending values from left to right.
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Figure 2. Composition of carbon footprint (CO, equivalents/kg of milk) for the conventional farms in the sample sorted by feed demand

(kg/kg of milk) with ascending values from left to right.

(Table 5). We found differences in the PCF within one
production method for each cluster of feed demand (P
< 0.01). For both production methods, farms with low-
er feed demand per kilogram of milk tended to feature
larger farms, higher yield per hectare, lower farmland
use per cow, higher milk quantities, and higher forage
performance. Moreover, they had higher concentrate
expenditures and replacement rates, which substanti-
ated the results of the multiple linear regression analy-
sis. Regarding grazing hours, results were inconsistent,
which indicated that low feed demand per kilogram of
milk was not necessarily dependent on the number of
grazing hours. These results should not be generalized,
however, because the sample or the individual clusters
were not based on a large number of representative
farms (see Table 5).

The review of farm profitability reveals major ad-
vantages for organic farms compared with conventional
farms (see also Kiefer et al., 2014). In addition, farms
with low feed demand per kilogram of milk were gener-
ally characterized by lower feed costs, direct costs, and
full cost of milk production, and they achieved better
MI or higher ground rents and profits per workforce
hour or farm for this reason. Therefore, feed demand
per kilogram of milk could serve as an indicator of
efficiency, although the above observations cannot be
ascribed solely to this particular factor.

The data for the individual farms resulted in the
following linear regression equations for the effect of
fodder demand per kilogram of milk on the PCF /kg
of milk and MI. For organic farms, PCF: y = 1.05x +
0.42; and MI: y = —20.67x + 18.36. For conventional
farms, PCF: y = 1.17x + 0.26; and MI: y = —31.04x
+ 16.35.

The results indicate that for organic farms, the re-
duction of feed demand per kilogram of milk by 100 g
enables a PCF reduction of 105 g of COseq per kg of
milk and an increase in MI of approximately 2.1 euro
cents/kg of milk. For conventional farms, the reduction
of feed demand per kilogram of milk by 100 g corre-
sponded to a PCF reduction of 117 g of COseq/kg of
milk and an increase in MI by approximately 3.1 cents/
kg. Increased MI/kg of milk also resulted in an accre-
tion of many other economic characteristics, including
profits, which were not considered here. However, for
the conventional farms in our sample, the linear regres-
sion equation for MI was strongly influenced by the
results of 3 outlier farms.

Therefore, our hypotheses can be largely confirmed,
with feed demand per kilogram of milk recognized as
a central factor in the potential improvement of the
PCF and profitability of farms. Similarly, these results
could be reproduced for the milk yield and area per
cow characteristics but with decreasing coefficients of
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Table 5. Production-related and economic characteristics as well as the carbon footprints (CO, equivalents, CO,eq) per kilogram of milk of 81
dairy farms in southern Germany with grazing for organic and conventional farms as well as by different feed demand values per kilogram of
milk using the k-means cluster analysis (mean values)

Organic Conventional

Item 1 2 3 1 2 3
Feed demand (kg/kg of milk) 0.98 1.16 1.53 0.90 1.08 1.55
SD 0.07 0.06 0.17 0.06 0.07 0.13
Number of farms 16 15 5 22 21 2
Herd size (milking cows) 51 39 39 43 42 28
Grassland yield level (dt of DM /ha) 64 62 58 65 71 42
Milk yield (kg of ECM/cow) 6,761 5,355 4,295 7,517 5,869 3,393
Milk yield from forage (kg of ECM/cow) 4,567 3,817 3,147 3,690 3,350 2,670
Concentrated feeds (dt/cow) 10.7 7.5 5.6 18.8 124 3.6
Grazing hours per cow and year 2,435 2971 1,976 1,727 2,708 3,080
Replacement rate (%) 27.3 23.4 24.3 36.8 32.2 27.4
Carbon footprint (kg of CO.eq/kg of milk) 1.44" 1.66" 1.98° 1.32° 1.51" 2.15°
Management income (MI; ¢/kg of milk) —0.6 —6.2 —15.2 —12.6 —15.8 —36.5
Ground rent (€/ha) 122 —58 —181 —571 —584 —452
Earnings/workforce hour (€) 22.91 18.96 12.24 11.09 10.70 5.95
Earnings/farm (€) 73,793 49,703 35,874 38,634 33,106 18,540

““Means within a row and within the organic or conventional production method with different superscripts differ (P < 0.01).

determination. Other single production-related char-
acteristics reviewed in this study were unsuitable for
achieving simultaneous optimization of GHG balances
and farm profitability. However, dependency only ap-
plies if the results of either production method (organic
vs. conventional) are reviewed separately.

DISCUSSION

Efforts to improve efficiency have shown that con-
sideration of PCF revealed somewhat better values
for more efficient conventional milk production in this
sample, although the differences between individual
farms within one production method outweighed the
differences between the production methods. With
average values of 1.45 kg of CO,eq/kg of milk for con-
ventional production and 1.61 kg of COseq/kg of milk
for organic production, the results of this study showed
markedly higher PCF values than the respective results
of most other studies, which found PCF values in the
range of 0.8 to 1.3 kg of CO.eq/kg of milk without
regard to their methodological details (Pirlo, 2012).
In other studies investigating GHG emissions, organic
and conventional farms performed at comparable levels
(Thomassen et al., 2008; Van der Werf et al., 2009;
Kristensen et al., 2011).

The feed demand per kilogram of milk had the high-
est influence on PCF in our study. Thomassen et al.
(2009) also advocate for the efficient feed input per
kilogram of milk, among other factors, to enable profit-
able and environmentally friendly production. Various
approaches are designed to reduce feed demand, and
influencing factors include the composition of feed (re-
lation of forage and concentrated feed), area available
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per cow, digestibility and tastiness of feed, herd com-
position, and phase of vegetation (Dryder, 2008). High-
quality feed with high energy content and relatively low
fiber content simultaneously reduces the feed demand
per kilogram of milk and PCF (Lovett et al., 2008).
Lovett et al. (2006) demonstrate that an increased con-
centrate portion results in decreasing GHG emissions
within a breed-dependent milk yield level because the
increase in concentrated feed reduces enteric methane
production (Hindrichsen et al., 2006; Yan et al., 2010).
O’Brien et al. (2010) also found a lower concentrate-
associated PCF of milk compared with pasture-based
milk production. However, the methane production
formula recommended by the TPCC (2006a) does not
yet consider this correlation. The fact that concen-
trated feed consists of materials that are digestible by
humans is also a point of criticism because it may be
disadvantageous in the context of feed competition as
a result of increasing population numbers (Gill et al.,
2010). Furthermore, a major portion of such feed (e.g.,
soy meal) is produced overseas and can lead to changes
in land use in the countries of origin (Weiss and Leip,
2012), the effect of which on the global GHG balance
has not yet been determined conclusively.

Kristensen et al. (2011) consider production systems
that focus on high herd efficiency advantageous and
state that feed conversion rate (conversion of feed into
milk) and milk yield are major factors that indicate
success. Other studies (e.g., Brade and Flachowsky,
2007; Yan et al., 2010) also consider an increase in
milk yield per cow to be an important strategy of PCF
reduction as a result of lower methane emissions per
kilogram of milk. High milk yield is frequently linked
to high replacement rates in the literature because high



FEED DEMAND ON ORGANIC AND CONVENTIONAL FARMS

milk yield is often negatively correlated with fertility
(Lovett et al., 2006; Yan et al., 2010). This can lead to
higher PCF, because more heifers for replacement must
be reared. Thus, Casey and Holden (2005) consider
the combination of a milk yield increase per cow and
decrease of young cattle rearing (low replacement rate)
to be a suitable strategy to lower the PCF. However,
the results of our study call into question to what ex-
tent the simultaneous optimization of these 2 variables
is possible because when the characteristics of milk
yield and replacement rate are compared, the effects
of higher milk yield or better feed conversion ratio, re-
spectively, appear to outweigh the emissions of rearing
young cattle. Obviously, some threshold exists where
gains in yield can compensate for higher replacement
rates, but equally it is manifest that lower replacement
rates reduce GHG emissions from rearing heifers.
Overall, these considerations show that an isolated
view of individual sources of emissions can lead to
undesirable outcomes. Therefore, efficient reduction
strategies should be based on the individual farm level
to arrive at an economic and PCF-related management
optimum that combines the above criteria in the con-
text of herd efficiency. A holistic perspective is required
to avoid reducing the efficiency of the entire food chain
by an overemphasis on savings of the individual farm.

CONCLUSIONS

A comparative analysis demonstrated that efficiently
managed milk production (high herd efficiency) in
particular creates the potential for the simultaneous
optimization of farm income and GHG balances. The
efficiency criteria found in this study (including feed
demand per kilogram of milk, milk yield per cow, grass-
land yield, and area per cow) appear to be factors that
indicate the success of farm management. An isolated
consideration of individual variables is not expedient
for determining the reduction potential because every
reduction measure causes changes in the overall system.
The improved education and training of farmers and
consultants regarding GHG mitigation appears to be a
suitable measure for reducing GHG emissions on a na-
tional level. Only well-trained farm managers are good
managers capable of running their farms efficiently. If
reducing GHG emissions can result in higher profits,
an education-induced intrinsic motivation to improve
management might be more expedient than additional
regulations, laws, or taxes on GHG emissions.
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