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Dairy production systems are often criticized as being major emitters of greenhouse gases (GHG). In this context, the extension
of the length of the productive life of dairy cows is gaining interest as a potential GHG mitigation option. In the present study,
we investigated cow and system GHG emission intensity and profitability based on data from 30 dairy cows of different productive
lifetime fed either no or limited amounts of concentrate. Detailed information concerning productivity, feeding and individual
enteric methane emissions of the individuals was available from a controlled experiment and herd book databases. A simplified
GHG balance was calculated for each animal based on the milk produced at the time of the experiment and for their entire lifetime
milk production. For the lifetime production, we also included the emissions arising from potential beef produced by fattening the
offspring of the dairy cows. This accounted for the effect that changes in the length of productive life will affect the replacement
rate and thus the number of calves that can be used for beef production. Profitability was assessed by calculating revenues and full
economic costs for the cows in the data set. Both emission intensity and profitability were most favourable in cows with long
productive life, whereas cows that had not finished their first lactation performed particularly unfavourably with regard to their
emissions per unit of product and rearing costs were mostly not repaid. Including the potential beef production, GHG emissions in
relation to total production of animal protein also decreased with age, but the overall variability was greater, as the individual cow
history (lifetime milk yield, twin births, stillbirths, etc.) added further sources of variation. The present results show that
increasing the length of productive life of dairy cows is a viable way to reduce the climate impact and to improve profitability
of dairy production.
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Implications

Extending the length of productive life could be one way to
mitigate greenhouse gas emissions, but this still needs to be
demonstrated and quantified. Individual and system-based
calculations were made using data determined experimen-
tally on 30 cows. The results showed that emissions and
economic profit per unit of milk improved with productive
lifetime. Cows that had not finished their first lactation
performed particularly unfavourably. When including the
associated beef production, emissions per unit of animal
protein also decreased with age, but individual cow history
caused extra variation. These findings support efforts to
increase longevity in dairy cattle.

Introduction

Dairy production is often criticized as a major emitter of
greenhouse gases (GHG) and thus contributing to climate
change (Caro et al., 2014). Life cycle analysis (LCA) studies
explored main determinants of GHG emissions in dairy
production systems (e.g. Wolf et al., 2017). In industrialized
countries, three main sources (not considering carbon
emissions from land use/land use change) were regularly
identified: (1) methane (CH4) produced by fermentation in
the rumen, (2) GHG emissions that arise during production,
processing, transport and storage of feed and (3) GHG
emissions that occur along with the rearing of replacement
animals (Hörtenhuber et al., 2010; Flysjö et al., 2011; Wolf
et al., 2017). In this context, increasing the level of produc-
tion of the individual cow is often mentioned as an option to† E-mail: florian.grandl@lkv.bayern.de
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mitigate CH4 emission intensity (CH4 emissions per unit of
milk produced) due to the dilution of maintenance (Capper
and Bauman, 2013). However, this neglects that high yields
are often associated with a high replacement rate. The last
decades showed that with increasing milk yields of cows
their length of productive life (LPL) concomitantly decreased
markedly (Knaus, 2009). Increasing the LPL could be con-
sidered an option to mitigate GHG emissions as it reduces
GHG emissions from the rearing of replacement animals
(Zehetmeier et al., 2014; Bell et al., 2015). The strategy may
even improve the profitability of milk production (Horn et al.,
2012; De Vries, 2017). However, no detailed system
comparison has yet been made to confirm or disprove the
role of LPL in this context.
Another aspect is important when the two strategy

options of increasing actual milk yield or increasing LPL are
evaluated. Producing milk with a smaller number of high-
yielding dairy cows opens a gap in beef supply. Given that no
changes in demand for beef occur, this gap is typically
compensated by an expansion of suckler beef production
(Flysjö et al., 2012; Zehetmeier et al., 2012). In this context,
Styles et al. (2018) showed that an intensification of a dairy
production system can lead to increased GHG emissions
through land use change and additional suckler beef
production. Therefore, if a change of practices in dairy
production systems has effects on the number of calves
available for fattening, an expanded system should be
considered (Puillet et al., 2014) as the GHG emissions of beef
from fattened dairy calves largely differs from that from
suckler beef systems (e.g. Alig et al., 2013).
The aim of the present study was to gain insight into how

cows of different LPL perform with regard to their lifetime
productivity, GHG emissions, and profitability. The analysis
applies an LCA approach and a full cost analysis on a case
study where a group of animals quite evenly stratified by age

was evaluated in detail in a metabolic experiment (Grandl
et al., 2016a and 2016b). Following the reasoning above, we
introduced the potential beef produced from these cows in
addition to the milk produced as an alternative functional
unit for the analyses. The case study setting allowed inves-
tigating the effects of LPL in detail at a specific point of
time in the life of the animals and from their entire
lifespan perspective.

Material and methods

Animal data
The 30 case study cows were part of an experiment with the
aim to determine the biological background of potential
differences in performance and emissions of dairy cows of
different age. Details of the experimental procedures are
described in Grandl et al. (2016a and 2016b). In brief, the
cows were taken randomly from the Brown Swiss herd of
the Plantahof (Landquart, Canton of Grisons, Switzerland).
Half of the cows each had received a diet either with a
limited amount or without concentrate for their entire LPL
(‘no concentrate’ and ‘with concentrate’ feeding regime). The
cows were between 2 and 10 years old and their LPL (first
parturition until the time of the experiment) was from 48 to
2608 days. Information about previous calvings and milk
yields was available from the herd book database. The
experimental cows are described in Table 1. Milk yield was
expressed as fat and protein corrected milk (FPCM)
(kg)= uncorrected milk (kg)× (0.337+ 0.116× fat content
(%)+ 0.06× protein content (%)) (Gerber et al., 2010).
Lifetime milk production of the cows was calculated as the
sum of full lactation yields from the first lactation up to the
lactation before the experiment plus the test-day yields
before the experiment started, and milk yield per day of life
as the lifetime milk production divided by the age at the time

Table 1 Characterization of the experimental cows used for the calculation of greenhouse gas emissions and profitability

Feeding regime

With concentrate Without concentrate

Items Mean ± SD Range Mean ± SD Range Data source

Cows n= 15 n= 15
Age (days) 2101 ± 890 876–3648 2001 ± 783 1086–3640 Experiment
Age at first calving (days) 1018 ± 89 770–1132 1077 ± 74 957–1180 Herd book
Calving interval (days) 401 ± 50 350–529 366 ± 20 342–408 Herd book
Length of productive life (days) 1083 ± 890 95–2608 925 ± 784 48–2506 Herd book
Lactation number 3.3 ± 2.1 1–7 3.2 ± 2.0 1–7 Herd book
Number of calves born 3.6 ± 2.4 1–9 3.1 ± 1.9 1–7 Herd book
BW (kg) 710 ± 53 619–781 666 ± 51 579–738 Experiment
Lactation stage (days) 127 ± 57 66–278 111 ± 68 46–321 Experiment
Lifetime FPCM yield (t) 33.7 ± 28.5 3.4–82.3 24.9 ± 21.8 1.6–72.5 Herd book
FPCM yield per day of life (kg) 13.3 ± 7.6 3.2–25.7 10.6 ± 6.0 1.4–19.9 Herd book
Methane yield methane energy, % of gross energy intake 6.42 – 7.26 – Experiment1

Actual feed intake during experiment (kg DM/day) 22.0 ± 2.2 18.6–26.6 20.5 ± 2.6 15.1–25.2 Experiment

FPCM= fat and protein corrected milk yield; DM= dry matter.
1As calculated by Grandl et al. (2016b).
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of the experiment. Lifetime beef production was calculated
as the beef yield of the cow as if slaughtered at the time of
the experiment plus the beef potentially produced from the
respective cow’s offspring. The calculations were based on
the assumption that all calves but one of a cow were used for
fattening. We assumed the most common beef fattening
system in Switzerland which starts with a standard milk/milk
replacer feeding phase followed by bull fattening on high
quality forages and concentrate as described in Alig et al.
(2012) for animals of a final live weight (LW) of 525 kg
at a daily LW gain of 1049 g.

Greenhouse gas emissions during the experiment and
over the entire lifetime
The calculation of GHG emissions for the individual cows
followed an LCA approach. An agricultural LCA covers envir-
onmental impacts that occur either directly on-farm (i.e. arising
on the farm as a consequence of farming activity) or are
resulting from off-farm activities along the supply chain of
inputs used for farming activities. An LCA comprises four
phases: Definition of goal and scope, life cycle inventory, life
cycle impact assessment, and interpretation of the LCA results.

Goal and scope. The goal of the study included three steps:
First, we investigated the GHG emissions of the cows at their
current state of production at the time of the experiment.
Second, we assessed lifetime GHG emissions of the experi-
mental cows up to the date of the experiment illustrating the
effect of different LPL on emissions per unit of product over the
entire LPL. The assessment was performed on the farm level.
We applied a simplified farm system model including feed

production, rearing and cow emissions as sources of GHG. This
simplification was justified because, apart from the diet, all
management and housing activities were identical for all
animals. Thus, the diverging parameters between the different
LPL and the different feeding regimes were covered. In addi-
tion, these three sources of emissions account for more than
2/3 of total emissions associated with milk production by dairy
cows up to the farm gate (Hörtenhuber and Zollitsch, 2009).
The third step consisted of the calculation of the potential
beef output of each case study cow by accounting for their
produced offspring and the culled cow meat in addition to the
GHG directly originating from milk production. With this
system expansion approach, we covered the interaction of
beef and milk production. Figure 1 gives an overview of the
system boundaries of the three steps.
The functional units used in the present study were 1 kg

FPCM at the farm gate and 1 kg of edible animal protein
(milk protein, meat protein) produced at the farm gate
when including the potential beef from the cows. For the
amount of milk protein, the routine milk recording data
of the experimental cows were used. Meat protein was
calculated assuming dressing percentages of 55% and 52% for
fattened cattle and cull cows (using measured LW of the
experimental cows), respectively, and an average meat protein
content of 19% in the part of the carcass edible by humans
(calculated by assuming that 74% of the carcass is saleable;
Ertl et al., 2015).

Life cycle inventory and life cycle impact assessment.
Detailed calculations of GHG based on measured data were
made for the dairy cows, whereas literature data were used

Figure 1 Interrelationships of processes considered and of the greenhouse gas (GHG) emissions in the different steps of the analysis. Step 1: GHG
emissions of the cows at their current state of production at the time of the experiment (considering emissions from feed production and enteric emissions
measured at the time of the experiment; dotted line), Step 2: lifetime GHG emissions of the experimental cows up to the date of the experiment
(considering emissions from the rearing phase and from feed production and enteric emissions from the first parturition up to at the time of the
experiment; dash-dotted line), Step 3: lifetime GHG emissions including the potential beef output of each case study (solid line).

Grandl, Furger, Kreuzer and Zehetmeier

200



for the rearing and the fattening stages. The GHG emissions
of the production of the individual feeds used for the dairy
cows were taken from the FeedPrint tool (Vellinga et al.,
2013). For the analysis of the experimental phase (first step),
the actually measured individual intake of each diet
component was used (Grandl et al., 2016a). The diets
consisted of hay, maize silage and artificially dried grass
pellets, as well as two types of concentrate for the
concentrate-fed cows. The diets for the lactation phase
across all lactations for the animals (second step) were taken
from the diet records that showed feed amounts offered to
the two different groups of cows. The daily amounts of feeds
offered and the corresponding carbon footprint of their pro-
duction are given in Table 2. For the dry periods, across all
reproduction cycles, a diet consisting of grass, hay and maize
silage supplemented with concentrate (60%, 13%, 20% and
7% of dry matter, respectively) was assumed for cows from
both feeding regimes. Thanks to the availability of measured
and recorded data, the feed intake data for the dairy cows
used for the calculations were based on actual animal and
herd-specific data and estimations were only applied for
feeding in the dry periods.
Direct animal emissions were calculated differently in the

three steps. For the first step, CH4 emissions measured during
the experiment were used. For the second and third step, we
calculated the sum of all CH4 emissions of the dairy cows from
the beginning of the first lactation using CH4 emissions
estimated from the gross energy intakes. The latter were
calculated from the amount of feed necessary to produce the
lifetime milk yield. We used the CH4 yields (loss of gross energy
as CH4 energy, Ym) of 6.42% and 7.26% for cows fed
concentrate or no concentrate, respectively, as determined in
the experiment (Grandl et al., 2016b). For the dry period, we
also used as CH4 yield the value 7.26%, as the assumed dry
period diet very much resembled the forage-only lactation diet
in its analysed nutrient composition. For converting CH4 energy
losses into kg of CH4, the standard combustion energy value of

55.5MJ/kg CH4 was applied. The global warming potential of
CH4 (100-year time horizon) was calculated as CO2 equivalents
(CO2-eq.) using the Intergovernmental Panel on Climate
Change conversion factor of 28 (Myhre et al., 2013).
The aggregated rearing emissions (see Figure 1) included

all emissions from animals and emissions of input production
up to the first parturition. Rearing emissions were assumed
to be equal for all animals amounting to 5181 kg CO2-eq. per
first-calving heifer (Hörtenhuber and Zollitsch, 2009).
The calculation of the GHG emissions from beef production

was based on the calculated emissions from beef fattening
systems based on calves from dairy systems as described in
Alig et al. (2012). Per kg of final LW, 9 kg CO2-eq. were used to
calculate the emissions caused by the fattening of the cows’
offspring in the case study. This value also resembled the range
described for similar beef production systems in the review
of de Vries et al. (2015). It was assumed that there was no
finishing before slaughter for cull cows.

Profitability of dairy cow production systems
Profit for each individual cow was calculated using full cost
accounting. Profit is defined as revenues (i.e. receipts from
the sale of milk, calves and culled cows) minus variable costs
minus fixed costs. The calculation was performed using the
online tool LfL DBRechner (full costs calculator) (Bavarian
State Research Center for Agriculture (LfL), 2017), which
provided a standardized full cost calculation for a typical
Brown Swiss dairy cow production system assuming average
prices and costs from databases in Bavaria, Germany, of
60 months (July 2012 until July 2017). Individual cow data
from the experiment and the herd book were taken where
available (Table 1). For all other parameters, default values
from the DBRechner tool were used.
Profit in the present study was expressed as € per cow and

year and € per kg of FPCM. Assumptions for prices and costs
underlying the full cost calculations are shown in Table 3. We

Table 2 Feeds offered to the experimental cows and their assumed carbon footprint (economic allocation, no land use change emissions considered;
FeedPrint database, Vellinga et al., 2013) and costs (according to DBRechner, Bavarian State Research Center for Agriculture (LfL), 2017)

Amount per day (kg DM) Carbon footprint per kg DM Feed costs

Feeds
With

concentrate
Without

concentrate
kg CO2-
eq.

Corresponding feed
in FeedPrint

€-cents per kg
DM

Corresponding feed
in DBRechner

Hay 9.8 11.7 0.49 Grass hay (medium:high
quality, 1:1)

11.5 Hay1

Maize silage 10.9 8.8 0.16 Maize silage 13.1 Maize silage1

Grass pellets 2.7 4.6 2.16 Grass meal 30.2 Grass pellets1

Concentrate, rich in
energy

2.7 – 1.03 Concentrate dairy standard 28.2 Dairy concentrate (6.7 MJ NEL,
180 g CP per kg DM)2

Concentrate, rich in
protein

1.8 – 1.32 Protein-rich dairy concentrate 28.1 Dairy concentrate
(250 g CP per kg DM)2

Grass silage Dry period only 0.52 Grass silage 12.6 Grass silage1

DM= dry matter; NEL= net energy for lactation.
1Variable costs: average of 5 years (July 2012 to July 2017; DBRechner, Bavarian State Research Center for Agriculture (LfL), 2017).
2Market price (Bavarian State Research Center for Agriculture (LfL), 2017).
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assumed that all calves were sold and all heifers needed
for replacement were bought as first-calf heifers at the
market. The costs for the feeds are shown in Table 3. The
assumptions for feed intake per cow were identical to those
used for the GHG emission calculations. Forage costs were
taken from the DBRechner, assuming that forages were
grown on farm whereas market prices were taken for
concentrates using the full cost approach of the DBRechner.

Statistical analysis
The experimental data and the results from the lifetime
emission calculations were subjected to parametric regres-
sion analyses using R (R Core Team, 2016). The following
model was applied:

Yijklm = μ + FRi + βj ln LPLð Þ + βk LPL2
� �

+ βl ln LPLð Þ ´ FRð Þ + βm ln LWð Þ + ϵijklm
where Yijklm is the individual observation of the respective
trait (lifetime production and emissions per animal, emission
intensity per unit of FPCM, and profitability per animal);
μ the overall mean, FRi the fixed effect of the feeding regime
i; βj…m the regression coefficients of the continuous fixed
effects of LPL (ln-transformed and squared), of the inter-
action of LPL and feeding regime (ln(LPL)× FR), and of the
covariate ln(LW), and εijklm the random residual. Starting
from this full model, the Akaike information criterion mod-
ified for small sample sizes was used to select the simplest
model which at least contained the effect of the feeding
regime. If the values of the information criterion differed
by <2, the final model was then chosen following the

parsimony rule as the one with the least number of coeffi-
cients (Symonds and Moussalli, 2011).

Results

Greenhouse gas emissions of the cows at the time
of the experiment
The GHG emissions from feed production to cover the daily
ration of the lactating cows amounted to 14.7 and 14.6 kg
CO2-eq. per day for cows without and with concentrate,
respectively. There was no difference in GHG emissions from
feed production per kg FPCM between cows of different LPL.
Enteric CH4 emissions were greater (P= 0.029) without than
with concentrate and decreased with increasing LPL (Sup-
plementary Figure S1). Feed production and enteric CH4
equally contributed about 0.4 to 0.5 kg CO2-eq. per kg FPCM
to total GHG emissions.

Change in profitability of cows with increasing length of
productive life
Revenues, costs and profit for individual cows of different
LPL are shown in Figure 2. For cows with an LPL of<1 year, a
loss was incurred for all investigated cows. The full costs
were dominated by costs for replacement heifers (54% to
60% of total full costs). For these cows, revenues from culled
cows contributed up to 29% to 53% of total revenues. Cows
with an LPL> 1 year generated a profit (except for one cow),
with a large variation from 314 to 2567 € per cow and year.
The cow with an LPL of 4.1 years that incurred an economic
loss had a relatively low average milk yield of 5648 kg FPCM/
year. Revenues in cows with an LPL> 1 year were mainly
driven by milk revenues, contributing up to 77% to 94% of
total revenues. The contribution of replacement costs
decreased continuously from 38% to 9% for cows when LPL
increased from 1 to 7 years.

Milk and beef production and greenhouse gas emissions over
the entire lifetime
Lifetime production of milk, beef and edible protein
increased with LPL (Figure 3a and b). At an increase of 10%
in LPL, increases of about 9%, 5% and 8% were observed for
FPCM production, beef production, and total edible protein
production, respectively. The calculation of the GHG emis-
sions over the entire lifetime comprised emissions of the
rearing phase, enteric CH4 emissions as the first calving, and
emissions caused by the production of all feeds used as first
calving. Rearing emissions equally totalled 5181 kg CO2-eq.
for each animal. Lifetime enteric CH4 emissions from the
cows ranged from 615 to 30 886 kg CO2-eq., and total
emissions from lifetime feed production for the cows ranged
from 761 to 39 416 kg CO2-eq. The cumulative lifetime
emissions from the cows increased (Figure 3c) at a rate of 6%
when LPL increased by 10%. The total lifetime emissions for
the calculated fattening of their offspring for each animal
also increased with LPL (Figure 3c), this at a rate of 35%
when LPL increased by 10%.

Table 3 Prices and costs1 assumed for the profitability calculation of
the dairy cow production system (DBRechner, LfL, 2017)

Items Unit € per unit

Prices
Milk kg 0.3752
Culled cow2 kg slaughter

weight
2.61

Calf (male/female)2 kg live weight 2.99/1.36
Variable costs
Heifers2 Heifer 1717
Calf rearing Cow and year 33
Veterinary service, medication, hygiene Cow and year 90
Artificial insemination Cow and year 35
Bedding Cow and year 19
Water, energy Cow and year 70
Machinery use Cow and year 70
Fees (insurance for animal diseases,
consulting)

Cow and year 43

Fixed costs
Buildings and infrastructure Cow and year 607
Other fixed costs (e.g. insurance,
accountancy fees)

Cow and year 25

1Excl. of imputed costs (labour, own land and capital).
2Excl. of value-added tax. Marketing fees to be deducted: 21 € per cow, 13 € per
calf and 33 € per heifer.
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Product-related greenhouse gas emissions and profitability
Emission intensity, expressed as lifetime emissions (sum
of emissions from the rearing phase, feed production and
enteric CH4) per lifetime FPCM production, was negatively
(P< 0.001) related to the LPL. The decrease with LPL
was non-linear with a strong decline for cows with short
LPL and a flatter slope towards the end of the observed
LPL range (Figure 4a). The same was true when emission
intensity was related to the milk yield per day of life
(Figure 4b), where a steep decrease in GHG emission
intensity was observed up to ~10 kg FPCM per day of life,
which levelled out quickly after this threshold of daily lifetime
milk yields.
Profit per kg of FPCM was positively related (P< 0.001) to

LPL, showing a steep increase up to an LPL of around
400 days (Figure 4c). Beyond this LPL, the increase in profit
per kg FPCM was smaller and showed a large variation
ranging between −0.02 and 0.19 €/kg FPCM. Profit was also
related (P< 0.001) to milk yield per day of life (Figure 4d),

steeply increasing up to ~10 kg FPCM per day of life and
profit values of >0.10 € per kg FPCM.
When summing up the emissions per cow from dairy

production (rearing, enteric CH4, and feed production) and
meat production, the proportion of the total emissions
caused by the rearing of replacement animals decreased with
increasing LPL from more than 50% to <10% (Figure 5a).
Emissions of CH4 and GHG emissions from feed production
increased in their proportion with LPL, accounting for more
than ⅔ of the total emissions from the third lactation
onwards (Figure 5a). Emissions from the beef production
activity were more variable than the other emission
sources. When total emissions were related to total edible
protein produced (including the potential beef produced),
proportionate rearing emissions decreased strongly when a
short LPL was extended, whereas the decrease was less
pronounced in cows with medium and long LPL (Figure 5b).
The proportionate emissions of enteric CH4 and feed pro-
duction increased with LPL whereas the proportionate

Figure 2 Annual revenues, variable costs (negative scale) and profit (points, □ without concentrate, ○ with concentrate) per individual experimental cow
depending on the individual length of productive life.

Figure 3 (a) Cumulative lifetime production of fat and protein corrected milk (FPCM) and potential beef; (b) cumulative lifetime production of edible
animal protein; (c) the corresponding cumulative lifetime emissions from milk production (heifer rearing, feed production, animal emissions) and beef
fattening depending on the individual length of productive life of the experimental cows.
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emissions from beef fattening decreased (Figure 5b). The
total emission intensity per unit of protein decreased by
almost 50% from the youngest to the oldest cows.

Discussion

The present study utilized a data set of variables measured
experimentally and individually in cows covering a wide age
spectrum. We identified changing cow characteristics asso-
ciated with age and LPL in the experiment (Grandl et al.,
2016a and 2016b). Thus, the aim was to investigate the
effects of differences in LPL on the GHG emissions and
profitability of the milk production system. To this end, we
calculated a simplified GHG balance and the profit for the
current (i.e. at the time of the experiment) production
situation and the lifetime production and GHG emissions. We
did not consider other emission sources apart from enteric
CH4, emissions associated with feed production and the
rearing phase. Especially emissions from manure during
storage and distribution can be an important source of GHG
in livestock production systems (Rotz, 2017). It is, however,
unlikely that emissions from manure largely differ with the
age of the animals. Therefore, although this simplified
approach introduces some inaccuracy by omitting manure
emissions of the dairy cow system, variation caused by

different LPL were widely covered with our approach. We
included the associated emissions of the potential beef pro-
duction to the lifetime-related calculations. Differences
between the two cows groups receiving either no or a limited
amount of concentrate, although being distinguished and
displayed, are not discussed as these were – probably due to
the substantial amount of grass pellets in the diet – mostly
very small as diets and performance of the cows did not
diverge greatly. We also assumed that rearing emissions
were equal for all animals in order to avoid that differences
caused by the rearing phase affect the performance deter-
mined by the productive life of the cows. It is, however,
obvious that the long rearing phase modelled in the case
study increased the burden of emissions from the rearing
phase, and reducing the length of the rearing phase might be
a valid system option.

Greenhouse gas emissions associated with milk production
at the time of the experiment
The effect of LPL on the GHG emissions associated with milk
production was solely relying on the enteric CH4 emissions as
feed provision was identical for cows of all ages and the
small differences in actual feed intake did not result in an
age-related change of emissions from feed production.
Therefore, the GHG emission intensity of the milk produced

Figure 4 (a) Lifetime greenhouse gas emissions per kg fat and protein corrected milk (FPCM) for the individual experimental cows with different length of
productive life and (b) different milk production per day of life; (c) profitability (profit per kg FPCM) for cows with different length of productive life and (d)
different milk production per day of life. Regression coefficients for feeding regime (reference level is the feeding regime with concentrate) are 0.118,
0.0375, −0.035 and −0.0113 in (a), (b), (c) and (d), respectively. Regression coefficients are −0.266 and 0.147 for ln(length of productive life) in (a) and
(c), and −0.468 and 0.266 for ln(milk yield per day of life) in (b) and (d), respectively.
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at the time of the experiment was greatest in cows with short
and medium LPL, similar to those of enteric CH4 alone
(Grandl et al., 2016b). The combined emissions from feed
production and enteric CH4 were in the range of 0.70 to
1.15 kg CO2-eq. per kg FPCM. The corresponding combined
emissions calculated by Van Middelaar et al. (2014) for
modelled farm systems were in the range of 0.59 to 0.62 kg
CO2-eq. per kg FPCM. Ross et al. (2017) calculated GHG
emissions of a Scottish research herd in a range between
0.83 and 1.10 kg CO2-eq. per kg energy-corrected milk. The
GHG emission intensity calculated in the present study,
based on animal and feed production emissions, is com-
paratively high, although only the lactating cows were
considered. The production level is in the range of the other
studies, but the diet characteristics (large forage proportion,
considerable amounts of grass pellets) are likely to result in
greater emissions both from feed production and from
enteric fermentation than in the other systems.
Methane emissions alone show less variation among LCA

studies for milk production. For example, Flysjö et al. (2011)

calculated a difference of only ~0.1 kg CO2-eq. per kg
energy-corrected milk, this even in rather contrasting sys-
tems (milk produced in Sweden v. New Zealand). Different
from that, in the present study the measured individual cow
CH4 emissions per kg FPCM varied considerably, ranging
from 0.27 to 0.55 kg CO2-eq. per kg FPCM. However, more
variation can be expected from individual animal data com-
pared with herd data or modelled systems (Garnsworthy
et al., 2012).

Greenhouse gas emissions from milk and beef production
over the entire lifetime
Cumulated lifetime production of milk and beef increased
almost linearly with age. The same was true for the cumu-
lated lifetime emissions from feed production and enteric
CH4. Emissions associated with rearing were fixed; thus the
average fixed emissions per unit of FPCM decreased with
increasing LPL. Although curvilinear changes in CH4 pro-
duction with age were identified in the cows (Grandl et al.,
2016b), the lifetime CH4 emissions were calculated with a

Figure 5 (a) Cumulative lifetime greenhouse gas emissions from milk and potential beef production and (b) greenhouse gas emissions per kg of edible
protein depending on the individual length of the productive life of the experimental cows with (C) and without (N) concentrate in the diet.
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constant Ym across all ages. As most cows are expected to
undergo such a development of Ym across several lactations,
this effect levels out. Finally, compared with the large
importance of the proportion of rearing replacement animals
in this calculation, the direct age effect on enteric CH4
emissions was minor and thus deemed negligible for
the further interpretation of the results in terms of the
considerations across the entire LPL.
The main effect of age on the average GHG emissions

per kg FPCM over the entire lifetime was the decrease in
the fixed emissions from rearing. This resulted in the char-
acteristic hyperbolic shape of the curves (c.f. Figure 4a and
b), caused by the fixed amount of emissions from rearing
being allocated to an increasing amount of milk. Accordingly,
the decrease in average emissions with age was particularly
steep in the younger cows with <5 kg FPCM per day of life,
whereas it levelled out in older cows with>10 to 15 kg FPCM
per day of life. Thus, prolonging LPL is particularly efficient in
the cows with small amounts of milk produced per day of life.
The great impact of LPL on the GHG emissions from milk
production was already pointed out by Zehetmeier et al.
(2014). Bell et al. (2015) also showed the positive effect of an
improved survival by simulations of improvement of fitness
traits in the UK.
When the emissions of the potential beef production were

added to GHG emissions from rearing, feed production and
enteric CH4, absolute emissions increased with LPL because
more offspring was fattened per cow. However, there was still
a decrease with LPL of the cows in system emission intensity,
when CO2-eq. was related to the total edible protein
produced. This development was largely linear with age and
not hyperbolic like with emissions per kg FPCM (Supplemen-
tary Figure S2) because primiparous cows were not yet
burdened with emissions from fattening of their offspring.
There were some remarkable differences between indivi-

duals, which were directly related to the individual history of
the animals. Cows with constantly low milk yield, like the
cow with an LPL of 1504 days, had a comparatively high
emission intensity; the opposite was true for the cow with an
LPL of 2231 days with a high lifetime milk yield (Figure 4b).
Another factor of influence is offspring, as can be seen when
comparing the cows with an LPL of 2566 days and
2231 days. Both cows had a very similar lifetime milk yield,
but the first had one additional calving and two twin births,
that is, produced three additional calves, which resulted in
distinctively greater absolute emissions from beef produc-
tion. These individual fluctuations between cows in the
individual environmental performance would not be detected
in modelled systems using herd averages for calculations.
The individual variability underlines the importance of traits
like fertility, or more generally, of high productivity at high
levels of fitness (as discussed, e.g. in Bell et al., 2015).
However, when the system is expanded to include potential
beef production, there is some trade-off between fecundity
and GHG emissions. Although regularly calving is essential
for efficient milk production by avoiding unproductive phases
at long calving intervals, the overall emissions intensity per

unit of protein of the combined dairy and beef system
increases, when the proportion of protein from meat
becomes greater. In the present study, we used human edible
protein to account as the functional for both milk and beef
output of dairy cow production systems in order to get
an insight into the interrelationships of the dual-purpose
aspect of dairy production. Different methods are described
in the literature to account for the co-product beef of
dairy cow production systems (e.g. Flysjö et al., 2012). The
methods applied can greatly influence the results. Thus,
interrelationships between co-product handling and the
impact of longevity or other production trait changes in dairy
systems on GHG emissions should be the subject of future
research.

Profitability of milk production considering the entire lifetime
We calculated profit using a full cost approach to assess
differences in profitability of the cows belonging to the data
set. In the present study, some 70% of the first lactating
cows were not able to amortize replacement costs. Based on
data from 101 dairy farms, Boulton et al. (2017) found that
heifer rearing costs were paid back on average with at least
530 ± 293 days after first calving. This translates into ~1.5
lactations before heifers began to become profitable for the
farm. In our study, based on few animals, this turning point
was reached at an earlier LPL. The number of days of LPL of
the cows investigated had a strong impact on profit per kg
FPCM for those cows that did not finish their first lactation.
For cows with an LPL of more than one lactation, the slope
of increase of profit per kg FPCM with longer LPL was less
pronounced.
In order to adjust for influences of either milk yield or LPL,

milk yield per day of life was investigated. This indicator
reflects also lifetime efficiency for milk production of indivi-
dual cows. Profit per kg lifetime FPCM was indeed closely
related to milk yield per day of the life of the dairy cows
investigated. This is consistent with findings by Eilers (2014)
and Horn et al. (2012). Horn et al. (2012) showed that milk
yield per day of life needs to be at least 5 to 10 kg to cover
the full costs of dairy production systems, and Eilers (2014)
concluded that milk yield per day of life needs to exceed
11 kg per cow to cover total costs of dairy farms in South-
West Germany. These results are consistent with the obser-
vations of the present study, where the profitable cows
produced at least 7.5 kg FPCM per day of life. However, such
results are highly dependent on assumptions like milk price,
costs for replacement heifers and beef price. For instance, in
the present study, an increase of costs for heifers by 10%
resulted in a calculated decrease of profit per kg FPCM from
12% up to 52% for cows not finishing the first lactation.
A potential limitation of the profitability assessment in the

current study is the exclusion of opportunity costs of missed
performance. The genetic merit of replacement heifers likely
exceeds the genetic merit of the cow to be replaced (De Vries,
2017). This implies that increasing the longevity of cows
leads to opportunity costs of the forgone revenues from the
additional genetic merit of the replacement heifer. However,
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the impact on the results of the present study is judged to be
minor for several reasons. First, De Vries (2017) concludes
that economic longevity depends more on cow depreciation
than on the accelerated genetic improvements through hei-
fers. Second, when we compared the breeding values of the
animals of the present study using the national herd book
database (personal communication Braunvieh Schweiz),
there was no age trend in total merit index, milk index and
fitness index (data not shown), i.e. the experimental animals
were genetically quite similar with regard to the indices. Still
it is a topic for further investigations whether genetic varia-
tion for characteristics of the cows included in the present
study is not covered by these indices and whether opportu-
nity costs of missed performance other than milk yield exist.

Conclusions

In the present study, we investigated the GHG emission
intensity and profitability of dairy cows of different produc-
tive lifetime fed no or small amounts of concentrate. This
showed that increasing the LPL of dairy cows is a viable way
to reduce the environmental impact and to improve the
profitability of dairy production. In particular, reducing the
proportion of cows that leave the herd before finishing their
first lactation could result in a substantial improvement with
regard to the GHG emissions per unit of food produced and
profitability of dairy herds. In the age range covered by the
present study, the improvement in environmental and
economic performance levelled out in the oldest cows. Future
investigations have to show if there are negative con-
sequences of aging that prevent a further increase in LPL.
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