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a b s t r a c t

This study aimed to evaluate the environmental footprint and feed energy conversion ratio of Alpine
dairy chains in the Eastern Alps, taking into account both the milk production and dairy processing
phases, and to identify farm management features useful for targeting mitigation measures in the
production phase. A cradle-to-farm gate Life Cycle Assessment model that included herd and manure
management, on-farm feedstuff production and purchased feedstuffs and materials (dairy farm), and
production inputs and dairy outputs (dairy processing) was applied to 75 farms (10 dairies). As functional
units, we used 1 kg fat- and protein-corrected milk (FPCM) and 1 m2 of agricultural land, to account for
production intensity and land managed by alpine farms, respectively. Impact categories (CML-IA and CED
methods, background data from Ecoinvent database) assessed were global warming (GWP), GWP plus
land-use change (GWP_LUC), acidification (AP) and eutrophication (EP) potentials, cumulative energy
demand (CED) and land occupation (LO). Feed energy conversion ratio (whole diet - ECR; potentially
human-edible portion of the diet - HeECR) was computed as the ratio between gross energy in feeds and
that in milk. Mean ECR was 6.6 ± 0.5 MJ feed/MJ milk, of which only 8% derived from potentially human-
edible feedstuffs. For 1 kg of FPCM at the dairy farm, GWP averaged 1.19 kg CO2-eq, GWP_LUC 1.31 kg
CO2-eq, AP 17.3 g SO2-eq and EP 6.0 g PO4-eq (coefficients of variation, CV, ranged 17e21%), whereas
mean CED was 2.7 MJ and LO 2.1 m2/y (CVs: 40e46%). When dairy processing was included, the impact
values for 1 kg of dairy product were from 8 to 13 times greater than those obtained for 1 kg FPCM. Based
on the outcomes of a principal component analysis, the farm management features most related to
impacts and feed ratios were milk yield (MY, for the impacts per unit of milk and ECR), stocking rate (SR,
for the impacts per unit of area), and percentages of concentrates (C, for GWP_LUC and HeECR). Step-
wise analysis evidenced that strategies aiming to decrease the environmental footprint referred to
milk and managed area at the same time and to improve the feed energy conversion ratios should
include MY, SR and C jointly. These issues are particularly important for the sustainability of mountain
farming systems, which need to create a virtuous link with local forage resources and the territory.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The European Union is one of the most important contributors
to the global production of dairy milk, with a yield of almost 160
million tons in 2018, about 10% of which is produced in mountain
areas (European Commission, 2019). In Italy, the 12,000 dairy farms
located in mountain areas account for almost 43% of all dairy farms
and 14% of total milk production (ISMEA, 2019). Alpine dairy farms
account for nearly 40% of the milk produced in Italian mountain
areas (ISMEA, 2019) and often belong to cooperative dairies
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producing high-value local and Protected Designation of Origin
(PDO) cheeses (Battaglini et al., 2014).

In the last decades, traditional Alpine dairy systems comprising
small-scale, grassland-based farms, have experienced a strong
decline driven by technical, social and economic factors (Strijker,
2005; Tasser et al., 2007). The Alpine dairy sector is now charac-
terized by a wide variation in farming systems, with small-scale,
low-input traditional farms coexisting alongside recently estab-
lished, large-scale, intensive farms (Sturaro et al., 2009, 2013). At
the same time, dairy production chains have to deal with new social
and policy demands, such as the increasing awareness of environ-
mental issues characterising consumers’ buying patterns
(Feldmann and Hamm, 2015), the general concern for global
climate change (Feucht and Zander, 2017), and the ongoing
implementation of environmental criteria under the EU common
agricultural policy (CAP) (Erjavec and Erjavec, 2015). This situation
is particularly challenging for mountain dairy systems, which
operate under tougher production conditions and run a greater risk
of low profitability than lowland dairy systems (Bazin, 1995).
Therefore, proactive actions are needed to place them in a favour-
able position with respect to consumers’ opinions, market prices
and the CAP. Fundamental requirements to achieve this will be the
ability to mitigate their environmental impacts and to better inte-
grate production systems with territorial resources (Ripoll-Bosch
et al., 2014; Rivera-Ferre et al., 2016).

Life Cycle Assessment (ISO, 2006) is a commonly used method
for evaluating the environmental impacts of a product throughout
its life cycle, i.e., from the sourcing of its raw materials to its
disposal. Most LCA studies evaluating the environmental footprint
of milk production have considered only one impact category, i.e.,
global warming potential (GWP, expressed as kg CO2-eq/kg of milk)
in lowland intensive farming systems (see Baldini et al., 2017 for a
review). These studies agree in recommending increasing milk
yield and feed energy conversion ratio (MJ in the feedstuffs needed
to produce 1 MJ of milk) to reduce the GWP of dairy farms (e.g.,
Gerber et al., 2011). Mountain - and in particular Alpine - dairy
systems have been less studied (Penati et al., 2013; Guerci et al.,
2014; Salvador et al., 2016, 2017; Berton et al., 2020), but they are
generally at a disadvantage compared with intensive lowland sys-
tems both in terms of GWP per unit of milk and feed energy con-
version ratio because of their lower productivity. However, as GWP
per unit of product is only one facet of the environmental impact of
livestock systems, recent studies have included in their LCAs other
impact categories (Penati et al., 2013; Berton et al., 2020) or func-
tional units Ross et al., 2017. Furthermore, only a few studies have
used LCA to identify the critical phases of Alpine dairy systems and
hence the areas amenable to mitigation, such as using highland
pastures during summer (Guerci et al., 2014) or modifying milk
yields, stocking rates and feed self-sufficiency rates (Penati et al.,
2013). At the same time, improvements in terms of feed energy
conversion ratio in ruminant systems have been obtained by
increasing the proportion of concentrates in animal diets. However,
these improvements worsened ruminant systems’ capacity to
produce a net positive contribution to the human food balance (Ertl
et al., 2015; Wilkinson and Lee, 2018). Moreover, LCA methodology
usually failed to include the complex connections in the food sys-
tem, for instance distinguishing the typology and the quality of the
feedstuffs in terms of potential edibility for men (Van Hal et al.,
2019). Consequently, the risk may be to propose mitigation stra-
tegies appropriate for the specific system but that exacerbate the
environmental burdens at a more global level, posing the necessary
to include potentially human-edible input-output food balance in
the environmental assessment of food production systems (Van
Zanten et al., 2018), especially when dealing with grassland-
based systems such as small-scaled alpine dairy farms. Moreover,
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the integration of different aspects of food sustainability is the
centre of the EU Farm-to-Fork strategy (European Commission,
2020).

The overall environmental impact associated with dairy prod-
ucts is determined as the impact of milk production on the farms
plus the impact of milk processing in the dairy factories. Different
studies have analysed the environmental impacts of various dairy
products, such as pasteurised milk, cheese and butter, using varied
sets of impact categories (Djekic et al., 2014; Finnegan et al., 2018;
Palmieri et al., 2017; Bava et al., 2018). However, to the best of our
knowledge, no studies have yet taken a whole-chain (cradle-to-
dairy gate) approach to analyse the environmental impact of dairy
products produced by mountain supply chains.

This study used a cradle-to-dairy gate LCAmodel to evaluate the
environmental footprint and feed energy conversion ratios of
Alpine dairy chains in the Eastern Alps. We examined a large
sample of farms located in different regions and included the dairy
cooperatives to which they belonged with the aims of assessing the
relative importance of the milk production and processing phases
and identifying the farm management features that could be the
target of mitigation measures in the production phase. To gain a
more comprehensive insight into environmental sustainability, we
considered different categories of impact using unit of milk and
unit of land as the functional units and compared the efficiency of
feed conversion into milk in terms of both total and human-edible
gross energy.

2. Materials and methods

The LCA model, the data collection and editing followed the
ILCD Handbook protocol (European Commission, 2010). The study
was conducted in four different regions of the Eastern Alps (Veneto,
Friuli Venezia Giulia and South Tyrol in Italy, and Carinthia in
Austria). We examined 75 farms (55 in Italy, 20 in Austria)
belonging to 10 dairy cooperatives (9 in Italy, 1 in Austria), which
were typical of the dairy systems operating in the Eastern Alps, as
described in Sturaro et al., 2009 and 2013. The study area is het-
erogeneous in land morphology conditions, with co-presence of
areas with low elevations, gentler slopes and areas with higher
elevation and steeper slopes, which determined great levels of land
fragmentation and low suitability to crop production (Cocca et al.,
2012).

The environmental footprint was assessed for two reference
units (see Fig. 1): the farm (cradle-to-farm gate LCA) and the dairy
(farm plus dairy processing, cradle-to-dairy gate LCA). The meth-
odological information about the farm unit is reported in sections
2.1, whereas that related to the dairy unit in section 2.2.

2.1. Farm unit

2.1.1. Goal and scope definition
The assessment of the farm unit was based on a cradle-to-farm

gate model, with 1 kg of fat- and protein-corrected milk (FPCM,
milk corrected to standard contents of 4.0% fat and 3.3% protein;
Gerber et al., 2010) as functional unit (FU), following ISO (2006)
guidelines, which prescribe that FU has to be related to the func-
tion of the production system. However, as Alpine dairy systems are
mainly characterized by small-scale farms managing local
meadows and pastures (Battaglini et al., 2014), and should be
considered as multi-functional systems rather than single-function
systems (OECD, 2001), as also targeted by the European CAP pol-
icies (European Commission, 2013), we were interested in ana-
lysing the environmental footprint using also a land-based
perspective. For this reason, we used 1 m2 of farmland occupation
as second FU.



Fig. 1. System boundaries for the cradle-to-dairy-gate Life Cycle Assessment of North-eastern Alps dairy systems (off-farm stages with dotted pattern).
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The system boundaries encompassed the processes and phases
related to the production of the milk, which were partly “on-farm”,
i.e., herd and manure management and on-farm production of
feedstuffs, and partly “off-farm”, i.e., purchased inputs, such as
fertilizers, off-farm produced feedstuffs, fuel, electricity and
bedding materials, and related transport. Outputs were milk and
animals (male and surplus female calves, culled cows). Impacts
were allocated to these two co-products using the biophysical
method (IDF, 2015). The impact categories assessed were global
warming (GWP, kg CO2-eq), acidification (AP, g SO2-eq) and
eutrophication (EP, g PO4-eq) potentials, cumulative energy de-
mand (CED, MJ) and land occupation (LO, m2/y). For the farm unit,
two efficiency indicators were also calculated: the feed gross en-
ergy (GE) conversion ratio of the total diet (ECR, MJ feed/MJ milk)
and the feed GE conversion ratio of the fraction of the diet including
potentially human-edible feedstuffs (HeECR, MJ feed/MJ milk),
following Berton et al. (2017).

2.1.2. Life cycle inventory
Data were collected over a period of one year. Each farm was

visited once by the same trained operator in a given region, each of
whom used the same standardised questionnaire and procedure to
minimize any operator-associated bias. The data collected to
3

describe farm structure and management regarded housing (tie vs
loose), manure management (slurry vs solid manure), manure
storage (covered vs uncovered tank), calving management (sea-
sonal vs non-seasonal), feeding (total mixed rations (TMR) vs
traditional, i.e., forages administered ad libitum and concentrate
supplements or part of forages administered in different amounts
to each animal). We also recorded whether or not the farms used
lowland pastures and practiced transhumance (i.e., movement of
livestock to temporary units at high altitudes in summer to graze on
Alpine grasslands), and, where relevant, the length of the grazing
period.

We describe below the general procedure, while details of the
procedures for editing the raw data and making the intermediate
calculations are described in Supplementary Material sections 1.1-
1.4. To measure herd sizes and composition, we referred to the
monthlymilk recordings to obtain the number of cows, the number
of lactations, calving intervals, age at first calving and dry period
length, and adopted the approach used by Berton et al. (2020) to
model herd size on an annual basis. Livestock categories (lactating
cows, dry cows, replacement heifers) were standardised as EU
livestock units (LU; cattle > 2 years ¼ 1 LU, cattle 6 months to 2
years ¼ 0.6 LU, cattle < 6 months ¼ 0.4 LU). To measure farm
output, each farm’s milk production was obtained from the records
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of the dairy cooperative to which it belonged, while the number of
animals sold was obtained from the herd register of each farm.

Data on feeding were collected separately for the winter period
on the permanent farm and the grazing period on the permanent
farm and/or the summer farm (see Supplementary Tables 1a, 1b,
1c). Feed intake was estimated using the procedure described by
Berton et al. (2020) based on the animals’ energy requirements
(NRC, 2001; IPCC, 2006) and the ingredient composition of the
rations, with a distinction made between farms using TMR and
those not. Gross energy and NE contents and the chemical
composition of the feeds and the grass grazed were obtained from
INRA (2007), except for the commercial compounds, where the
values were listed on the labels. Nitrogen (N) and phosphorus (P)
input-output flows were computed for all livestock categories ac-
cording to Ketelaars and Van der Meer (1999). N and P intakes were
computed as dry matter intake x N and P contents (% dry matter,
DM), while their total retentions were computed as the sum of the
retentions formilk (crude protein content derived from dairy data x
0.157), growth and pregnancy (retention coefficients per livestock
category were derived from Ketelaars and Van der Meer (1999)).
Excretion was calculated as intake - retention.

The farms produced part of the feedstuffs fed to their animals
(mostly forages: hay, grass silages and grass at pasture from
grassland, maize silage from cropland) and purchased the rest
(mostly concentrates, but also some forages). The total amounts of
each feedstuff used were measured differently according to
whether they were on- or off-farm sourced. The total amount of
each purchased feedstuff (off-farm) was calculated from records of
the diet ingredients and commercial invoices. As the amounts of
on-farm produced feedstuffs were not directly calculable and were
subject to year-to-year variability, they were estimated on the basis
of the size and agronomic management of the farm agricultural
area (FAA) given over to producing each feedstuff (see SM section
3).

Stocking rate (LU/ha FAA) was calculated excluding the period
spent in summer farms, with the equation used in Sturaro et al.
(2013). The other main inputs, such as electricity and fuel con-
sumption and bedding materials (straw and sawdust), were ob-
tained from farm invoices.

2.1.3. Calculation of impacts and efficiency indicators
The impacts of the farm unit were calculated separately for the

winter in-house period and the grazing periods (on the permanent
farm and/or on the summer farm; see Supplementary Tables 3 and
4). The general framework for emission calculation was taken from
the IPCC (2006). Methane (CH4) due to enteric fermentation was
calculated using the equations suggested by Ramin and Huhtanen
(2013), CH4 and nitrous oxide (N2O) resulting from manure man-
agement and fertilizer spreading using IPCC (2006) equations.
Moreover, we included carbon dioxide (CO2) emission associated
with land-use change (LUC) due to deforestation in tropical areas
which is mainly driven by agricultural expansion for producing
soybean or pasture for animals (Morton et al., 2006; Gerber et al.,
2013). The connection between the farms sampled here and such
deforestation is the import of soybean meal from Brazil, the main
source of soybeanmeal for Europe (FAOSTAT, 2019). For this reason,
LUC emission in this study was associated with soybean meal
included in the animal rations, using the value proposed by Caro
et al. (2018) in a recent analysis.

Acidification potential was calculated on the basis of the emis-
sions of N volatilised as ammonia and of nitrogen oxides during
manure storage and the spreading of fertilizers (organic and
chemical) on the field. The emission factors for manure storage
were obtained from ISPRA (2011) and for fertilizer application from
the IPCC (2006). Assessment of the eutrophication potential
4

included the contributions of the deposition of volatilised N (¼ N
volatilised during manure storage and fertilizer spreading; IPCC
2006), N lost as nitrate through leaching (26% of N input;
Bretscher, 2010), and P loss at the field (Nemecek and K€agi, 2007).
For the impacts related to the background systems (production of
fertilizers, pesticides and seeds for producing on-farm feedstuffs,
and production and use of bedding materials, fuel, electricity), we
used the impact factors (IFs) in the Ecoinvent database (v3.1, cut-off
system model; Ecoinvent Centre, 2014) implemented in Simapro
software v8.0.5, apart for the GWP of the use of 1 kg of fuel (EEA,
2013) and the GWP of the production of 1 kWh of electricity
(ISPRA, 2011).

2.1.4. Life cycle impact assessment (LCIA)
Within each impact category, the single substances emitted (for

GWP, AP and EP) and single contributions (in terms of energy
consumed for CED and of occupied land for LO) were standardised
to the common unit of the related impact category. Characteriza-
tion factors for GWP, AP, EP and LO were derived from the CML-IA
method (Oers, 2016), whereas the Cumulative Energy Demand
method, directly implemented in Simapro software, was used for
CED.

2.2. Dairy unit

The dairy unit included the farm unit and the following dairy
processing, with different dairy products (yogurt, ricotta, butter
and different cheeses) as output. The FU for the dairy unit was 1 kg
of dairy product. As data collection, data editing and impact
computation regarding the milk production phase have been
already described in section 2.1, here the information and meth-
odological aspects strictly related to the dairy processing phase are
reported. The dairy processing phase included the processes that
take place at the dairy, from the arrival of themilk to the shipping of
products to the retail stage, and took into account the milk flows
within the plant for producing the various dairy products and the
inputs other than milk, such as energy sources (electricity, fuel,
methane), water, cleaning agents and packaging materials. The
impact categories assessed were equal to those assessed for the
farm unit. Each dairy factory was visited once. Inputs were recorded
from official registers and invoices and included the amount of milk
supplied by each farm as well as the energy sources (fuel, methane
gas, electricity), cleaning agents and packaging materials (tetrapak,
glass, food wrapping paper, plastic) used. For details of these pro-
duction input data see SM section 1.4 and Supplementary Table 2.
The transport of milk from farm to dairy factory was not included
due to a lack of data. Output was recorded as the types and amounts
of the various dairy products (i.e., cheese, butter, yogurt). The
average yields (kg milk/kg product) of each product were used to
allocate the corresponding amounts of milk. Milk-embedded im-
pacts were computed for each dairy cooperative as the mean of the
impact values of the member farms, weighted by each farm’s share
of the total milk collected. If the milk used to produce butter was
reused to produce cheese, the total milk processed into cheese was
calculated as the butter-residual milk (milk composition after
deducting the solids recovered in the butter) plus the milk needed
to cover the remaining amount allocated to cheese products. The
other production inputs were allocated to each dairy product using
the mass-allocation methodology.

The impacts related to the background systems of the dairy unit
- the production of the inputs used at the dairy unit - were calcu-
lated using IFs from the Ecoinvent database (Ecoinvent Centre,
2014) for energy sources, cleaning agents and packaging mate-
rials, except for the GWP of 1 kWh of electricity (ISPRA, 2011). The
impacts associated with the production of milk were derived from
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the results obtained from the farm unit. The LCIA procedure used in
the dairy processing was equal to that use in the farm unit.
2.3. Interpretation and statistical analysis

We used hotspot analysis (European Commission, 2010) to
assess the contribution of each phase and production process to the
total impact from cradle to dairy gate. Based on the results, further
statistical analyses were conducted only for the farm unit. We used
principal component analysis (PCA; PROC PRINCOMP, SAS 2013) to
identify the associations among a complex set of farm structural
andmanagement variables, impact values and efficiency indicators.
The link between the features identified with PCA and the in-
dicators of impact categories and energy conversion ratios was then
assessed using a step-wise regression model (PROC REG, SAS 2013),
adopting a P value of 0.05 as the threshold to retain a variable in the
model. A preliminary test for the absence of collinearity (variance
inflation factor < 2) between independent variables was carried
out.
3. Results

3.1. Characteristics of farms, impacts and efficiency indicators

The main structural and management features of the farms are
reported in Table 1. The mean total FAA was about 33 ha, located
almost entirely at the permanent farm (86%) and managed as
grassland (95%). Herd size averaged 38 LU, with 28 dairy cows
(lactating or dry). The stocking rate averaged 1.37 LU/ha.
Table 1
Descriptive statistics of structural and management features of the farms sampled
(variables subject to temporal variation are expressed on a per year basis).

Variable Unit Mean SD Min Max

Farmland
FAAa grassland permanent farm ha 26.7 20.1 5.1 100.0
FAA cropland permanent farm ha 1.9 3.7 0.0 16.3
FAA, permanent farm total ha 28.6 21.0 5.1 100.0
Pasture area, summer farm ha 4.5 6.8 0.0 32.5
FAA, total ha 33.1 22.9 5.1 106.8
Altitude, permanent farm m a.s.l. 790 281 280 1375
Cropland share % FAA 5 10 0 48
Herd composition
Dairy cows LUb 28 19 4 99
Replacement LU 10 7 1 36
Total LU 38 25 5 123
Stocking rate LU/ha 1.37 0.80 0.50 4.40
Farm management (0, absence; 1, presence)
Loose stall . 0.56 0.50 0.00 1.00
Total mixed ration . 0.47 0.50 0.00 1.00
Pasture at permanent farm . 0.64 0.48 0.00 1.00
Transhumance to summer farm . 0.59 0.50 0.00 1.00
Energetic input
Fuel kg/LU 162 87 46 478
Electricity kWh/LU 641 391 43 1684
Bedding materials
Wheat straw kg/LU 410 617 0 4732
Sawdust kg/LU 154 387 0 1517
Total bedding kg/LU 504 516 0 1851
Farm production
Milk, per LU kg FPCM 4749 1250 2095 7664
Milk, per dairy cow kg FPCM 6400 1661 2543 10336
Milk, per ha FAA kg FPCM 6628 4339 1249 24278
BWc, per LU kg BW 153 30 75 222
BW, per dairy cow kg BW 210 54 89 356
BW, per ha FAA kg BW 244 148 47 801

a FAA: farm agricultural area.
b LU: livestock unit.
c BW: body weight.

5

Considerable variability was associated with these features, with
coefficients of variation (CV) ranging between 58 and 70%. Loose
stall and TMRwere almost equally more frequent than tie stalls and
traditional feeding. Around 60% of the farms used pasture on the
permanent farm and/or the summer farms.

Farm outputs were the milk and the animals sold to market
(male and surplus female calves, culled cows). Meanmilk yield was
6400 kg FPCM/cow/y (CV: 26%). Milk production intensity was
6630 kg FPCM/ha FAA (CV: 65%), showing a greater variation than
in milk yield because of the inherent variability in the stocking rate.
The animals sold amounted to a body weight of 153 kg per dairy
cow (CV: 19.6%) and 244 kg per ha of FAA (CV: 60.8%).

Consumption of the different feeds and diet characteristics are
reported in Table 2. Total feed consumptionwas nearly 6100 kg DM/
LU per year (CV: 14%). Around 70% of the feedstuffs were produced
on-farm, mostly hay and grazed grass. Off-farm purchased feeds
comprised one-third of concentrates and two-thirds forages (hay,
alfalfa hay and wheat straw) and raw materials for silages (grass
and maize). Overall, hay represented half the diet and grass at
pasture almost a quarter, the rest being silages and concentrates.
There was a huge variation in the farms’ production, purchase and
use of different feeds (SDs always exceeded the mean values). The
average diet contained 5.4 MJ of NE per kg DM, 2.1% DM of N and
0.3% DM of P. Understandably, the CVs were low (1e10%).

The average impact values per unit ofmilk and unit of area aswell
as feed energy conversion ratios for the farm unit are shown in
Table 3. The production of 1 kg FPCM was associated with the
emission of nearly 1.2 kg CO2-eq (þ10% when including CO2 emis-
sions related to land-use change) on average and to the consumption
of nearly 3 MJ of CED and 2 m2/y of LO. Variability was lower for
emissions (CVs: 17e21%) than for resource usage (CVs: 40e46%).
Since producing 1 kg FPCM needed almost 2 m2 of land, the man-
agement of 1 m2 of land showed mean values per impact category
nearly halved with respect to means per 1 kg FPCM. However, the
variation in impact values per unit of land was greater than those
expressed per unit of milk, with CVs of 35e42% for emissions (GWP,
AP and EP) and 55% for CED. Regarding feed energy conversion ra-
tios, the production of 1 MJ in the milk required on average 6.55 MJ
in the feedstuffs (whole diet) fed to the animals (CV: 21%), but only
0.48 MJ in potentially human-edible feedstuffs (CV: 77%).
Table 2
Descriptive statistics of feed intake (kg dry matter/LU/year), diet ingredient
composition and chemical composition of the diets in the farms sampled.

Variable Mean SD Min Max

On-farm feeds intake 4247 1212 1588 7407
Hay 2081 1226 0 5066
Maize silage 294 605 0 2672
Grass silage 600 840 0 3098
Grass at pasture, permanent farm 888 914 0 3308
Grass at pasture, summer farm 384 550 0 2228
Off-farm feeds intake 1855 1443 9 5158
Hay 814 1228 0 4608
Wheat straw 25 97 0 661
Alfalfa hay 211 357 0 1433
Maize silage 130 367 0 1673
Grass silage 9 61 0 513
Maize flour 161 323 0 1753
Soybean 24 111 0 569
Compound feeds 481 602 8 2654
Total Feed intake 6102 835 4111 8225
Chemical composition (on a dry-matter basis)
Gross energy, MJ/kg 17.9 0.1 17.7 18.1
Net energy, MJ/kg 5.4 0.4 4.6 6.3
Nitrogen, % 2.10 0.19 1.68 2.54
Neutral detergent fibre, % 57.4 5.6 43.5 67.5
Phosphorus, % 0.31 0.03 0.26 0.45



Table 3
Descriptive statistics of impact and feed energy conversion values obtained for the dairy farm reference (cradle-to-farm-gate LCA). Functional units (FU) used were 1 kg of fat-
and protein-corrected milk (FPCM) and 1 m2 of farm agricultural area (FAA).

Variable Unit Mean SD Min Max

FU: 1 kg FPCM
Global warming potential kg CO2-eq 1.19 0.20 0.69 1.76
Global warming potential þ land use change kg CO2-eq 1.31 0.27 0.69 2.00
Acidification potential g SO2-eq 17.30 3.15 11.05 25.26
Eutrophication potential g PO4-eq 6.04 1.06 3.83 8.96
Cumulative energy demand MJ 2.70 1.08 0.85 5.26
Land occupation m2/y 2.08 0.96 0.92 5.71
FU: 1 m2 FAA
Global warming potential kg CO2-eq 0.52 0.18 0.21 1.10
Global warming potential þ land use change kg CO2-eq 0.58 0.22 0.21 1.20
Acidification potential g SO2-eq 7.76 3.23 2.64 16.59
Eutrophication potential g PO4-eq 2.67 0.99 1.00 5.44
Cumulative energy demand MJ 1.19 0.65 0.21 3.59
Energy conversion ratios
Gross energy conversion ratio MJ feed/MJ milk 6.55 0.48 4.60 11.28
Potentially human-edible gross energy conversion ratio MJ feed/MJ milk 0.48 0.36 0.00 1.28

Fig. 2. Hotspot analysis (scale of blue: on-farm production stages in farm unit; scale of
orange: off-farm production stages in farm unit; green: dairy processing unit) for the
cradle-to-dairy-gate Life Cycle Assessment of North-eastern Alps dairy systems.
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The results of the environmental assessment for the whole
system (cradle-to-dairy gate model) are given in Table 4. For every
1 kg of product, the different cheeses (categorised as fresh,
medium-ripened, ripened, and “caciotta”) evidenced mean impact
values nearly 8e9 times (GWP, AP, EP and LO) and 13 times (CED)
greater than those related to 1 kg of milk, accordingly to the mean
yields of the different dairy products. The variation in impact values
related to cheeses was quite low, CVs ranging 2e32% accordingly to
the different impact categories. The impact values of ricotta and
yogurt were in the ranges, respectively, of 34e50% and 12e16% of
those of cheeses. The impacts of butter were 1.2e1.8 times greater
than the impacts of cheeses.

3.2. Hotspot analysis and determinants of impacts at the farm unit

The results of the hotspot analysis (Fig. 2) showed that the farm
unit accounted for 97e99% of the GWP, AP, EP and LO variations in
the whole system, and 75% of the CED variation. Within the farm
unit, on-farm stages contributed more than off-farm stages (from
53% for CED to 80% for AP and LO). The main contributors to the
impacts were enteric fermentations on GWP (45%) and feedstuff
production on AP, EP and LO (19e98%).

Due to the dairy processing unit’s marginal contribution to the
total impacts, further analyses were focused on the farm unit. The
PCA of management indicators and impact values identified two
components explaining almost 50% of the variability (Fig. 3).
Adopting a threshold of 0.4, the first component correlated posi-
tively with stocking rate, milk yield, the proportion of concentrates
in the diet, all the impact categories expressed per unit of land and
HeECR, and negatively with feed self-sufficiency rate, grazed grass
proportion in the diet, LO per unit of milk and ECR. The second
Table 4
Descriptive statistics of impact values of dairy products taken into account for the whole s

Dairies (N) Global warming
potential, kg
CO2-eq/kg

Acidification
potential, g SO
eq/kg

mean SD mean

Fresh cheese 6 10.1 0.9 138
Mid-ripened cheese 4 10.9 0.9 155
Ripened cheese 4 11.7 0.8 166
Caciotta 3 9.7 1.0 134
Ricotta 5 4.3 0.9 63
Butter 6 15.0 2.1 206
Yogurt 4 1.5 0.1 21
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component correlated positively with the impact values expressed
per unit of milk and ECR, and negatively with milk yield and the
proportions of maize and grass silages in the diet.

Based on these results, we retained as indicators of the intensity
of land and/or herdmanagement those structural andmanagement
variables that met the following criteria: 1) absence of collinearity,
2) possibility to be managed/changed by the farmers. These in-
dicators (stocking rate (SR), milk yield (MY), and proportions of
ystem (cradle-to-dairy-gate LCA). The functional unit used was 1 kg of dairy product.

2-
Eutrophication
potential, g PO4-
eq/kg

Cumulative
energy demand,
MJ/kg

Land occupation,
m2/kg

SD mean SD mean SD mean SD

20 49.9 5.8 32.9 6.2 17.4 5.5
27 55.9 7.3 35.6 7.6 16.3 2.4
31 60.2 8.9 38.4 8.7 18.3 2.9
20 47.4 1.0 28.9 2.4 15.5 2.5
8 21.1 3.2 14.9 3.8 8.2 4.2
18 72.4 8.4 51.6 10.2 25.4 11.3
2 7.5 0.7 4.7 0.4 2.5 0.2



Fig. 3. Principal component analysis of the management features, impacts and efficiencies calculated for the farm unit.
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concentrates (C), grass silage (GS) and maize silage (MS) in the
diet), were used in a step-wise regression model to evaluate their
relationships with impacts and feed ratios (Table 5). Clearly, MY has
an inherent relationship with impact categories expressed per unit
of milk and SR with those expressed per unit of area, but we
7

included them as correction factors with respect to the other
management variables and also to assess the strength of their link
with (i.e., their power as indicators of) impact and efficiency ratios.

The resulting models for the impact categories expressed per
unit of milk and ECR had a lower R2 (0.32e0.61) than themodels for
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the impact categories per unit of land and HeECR (0.80e0.90). Milk
yield, SR and Cwere the variables that best explained the variability
in the impact categories and feed energy conversion ratios, while
GS and MS were retained by few models and made a marginal
contribution to R2. In general, the explained variability was
concentrated on the first and second variables entering the models,
while the third variables had partial R2 values of 0.01e0.06.

As expected, MY and SR had notable relationships to the impact
categories per unit of milk and unit of land, respectively. Regarding
the impacts per unit of milk, GWP was mitigated firstly by an in-
crease in MY (50% of the partial R2) but also increased at an
increasing SR, although with a modest partial R2 (7%). Interestingly,
when the land-use change was also included in the calculation of
GWP, MYand C contributed almost equally to the total R2 (55%), the
former having a mitigating effect, the latter an aggravating effect.
Around one-third of the variability in AP and EP was explained by
the respective models. Acidification potential increased with SR
and decreased with MY, with both variables contributing almost
equally to the model R2. Eutrophication potential decreased with
MY and increased with C, with MY explaining twice the variability
explained by C. Cumulative energy demand was positively related
with C and negatively with MY, but the contribution of C was triple
that of MY. The land occupation was mitigated by both MY and SR,
with MY having a partial R2 (39%) almost twice that of SR (22%).

Regarding the impacts per unit of land, GWP, GWP þ land-use
change, AP and EP were greatly increased by SR, which had
remarkably high partial R2 values (60e76%). For GWP, AP and EP the
second variable included in the models was MY (partial
R2 ¼ 6e11%), with an aggravating effect. For CED, the first retained
variable was instead C, with an aggravating effect and a notable
partial R2 (40%), whereas the second one was SR (partial R2 ¼ 28%).
Regarding the feed energy conversion ratios, ECR improved with an
increase in MY (partial R2 ¼ 46%) and a decrease in C (partial
R2 ¼ 6%), while HeECR improved with a decrease in C (partial
R2 ¼ 76%).
4. Discussion

Life Cycle Assessment is an output-based methodology
(Finnveden et al., 2009), since it assesses the environmental
Table 5
Results of the step-wise regression analysis (intercept, beta coefficient, partial R2 andmod
d), stocking rate (SR, livestock unit/ha), the proportion of concentrate (C, %), grass silage (G
FPCM and 1 m2 of farm agricultural area (FAA)) and feed energy conversion ratios obtain

Explanator

Variable Unit Intercept 1st
variable

Impacts, FU: 1 kg FPCM
Global warming potential kg CO2-eq 1.70 MY
Global warming potential þ land use change kg CO2-eq 1.70 C
Acidification potential g SO2-eq 19.66 MY
Eutrophication potential g PO4-eq 7.52 MY
Cumulative energy demand MJ 3.38 C
Land occupation m2/y 4.77 MY
Impacts, FU: 1 m2 FAA
Global warming potential kg CO2-eq 0.10 SR
Global warming potential þ land use change kg CO2-eq 0.03 SR
Acidification potential g SO2-eq �0.48 SR
Eutrophication potential g PO4-eq 0.10 SR
Cumulative energy demand MJ �0.13 C
Energy efficiency ratios
Gross energy conversion ratio MJ feed/MJ

milk
9.96 MY

Potentially human-edible gross energy conversion
ratio

MJ feed/MJ
milk

0.23 C
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footprint of a production system for one unit of output, in our study
either milk (farm unit) or dairy product (whole system, dairy farm
plus dairy processing unit). We have clearly shown that the in-
dustrial phase of processing milk into cheeses and other dairy
products made a negligible contribution to the impact of the whole
system compared with the agricultural phase of milk production,
with the partial exception of CED. These results are in agreement
with other studies on lowland intensive (Kim et al., 2013; Bava
et al., 2018) and grass-based extensive systems (Gonz�alez-García
et al., 2013; Palmieri et al., 2017), and shows that even in small
mountain dairy chains, where factories often process small or
moderate amounts of milk (see Supplementary Table 2), milk
production is the dominant determinant of the environmental
footprint of dairy products.

We examined a large group of farms with different structural
and management conditions to reflect and represent the wide
variation characteristic of current Alpine dairy systems (Sturaro
et al., 2009, 2013). As a consequence, the impact values per unit
of milk (farm unit) that we observed were also largely variable and
covered the range reported by the few studies that have dealt with
the GWP (1.0e1.7 kg CO2-eq), EP (3.0e7.7 g PO4-eq) and LO
(1.4e3.2 m2/y) per 1 kg FPCM of mountain dairy farms. Conversely,
our AP (21.0e22.9 g SO2-eq/kg FPCM) and CED (5.0e5.1 MJ/kg
FPCM) values were slightly lower than those reported in other
studies (Penati et al., 2013; Guerci et al., 2014; Kiefer et al., 2015;
Salvador et al., 2016, 2017; Berton et al., 2020). More generally, the
variability in the farms sampled in this studymight explainwhy our
mean impact values per unit of milk overlapped only partially with
those reported in recently published studies (Supplementary
Table 5) for GWP (1.0e1.5 kg CO2-eq), AP (12e28 g SO2-eq), EP
(6.0e8.5 g PO4-eq) and CED (2.9e4.1 MJ) per 1 kg FPCM. On the
contrary, the mean value of LO per unit of milk found in our study
(2.1 m2/y per 1 kg FPCM) was greater than those reported in recent
studies (1.2e1.6 m2/y, see Supplementary Table 5), probably due to
the presence in our sample of many extensive, grassland-based
farms with a low stocking rate and low productivity per unit of
land.

Productive land is a limited resource, especially in mountain
areas due to their morphological, pedological and climatic condi-
tions, and dairy farms in mountain context are multi-functional
el R2) testing the relations of milk yield (MY, kg of fat and protein correctedmilk/cow/
S, %) andmaize silage (MS, %) with impact categories (functional units (FU) used: 1 kg
ed for the dairy farm reference unit.

y variables included

Beta Partial
R2

2nd
variable

Beta Partial
R2

3rd
variable

Beta Partial
R2

Model
R2

�0.04 0.50 SR 0.07 0.07 C 0.002 0.02 0.59
0.01 0.28 MY �0.03 0.27 0.55
�0.31 0.16 SR 1.82 0.15 C 0.06 0.04 0.35
�0.14 0.18 C 0.02 0.09 SR 0.26 0.03 0.30
0.06 0.30 MY �0.07 0.09 0.39
�0.11 0.39 SR �0.57 0.22 0.61

0.19 0.76 MY 0.01 0.06 0.82
0.18 0.60 C 0.01 0.17 MY 0.01 0.06 0.83
3.12 0.74 MY 0.21 0.09 C 0.03 0.01 0.84
0.89 0.67 MY 0.07 0.11 C 0.01 0.02 0.80
0.03 0.40 SR 0.40 0.28 MY 0.03 0.03 0.71

�0.17 0.46 C �0.05 0.06 GS �0.03 0.06 0.58

0.03 0.76 MS5 0.02 0.13 MY �0.01 0.01 0.90
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systems that by managing this land may provide different territo-
rial benefits other than milk (Faccioni et al., 2019). Therefore, the
inclusion of an area-based FU adds an important dimension to the
assessment of the impacts of mountain, and more generally
extensive, dairy systems. As stated by Ross et al. (2017), LCA studies
using kg of milk as the sole FU of the dairy farm fail to grasp the
complexity of dairy systems, and to do so requires the inclusion also
of productive land as an FU. For instance, acidifying and eutro-
phying emissions are mostly local phenomena, which cannot be
indexed by the unit of milk (Potting and Hauschild, 2006). Previous
studies on Alpine dairy systems have generally not considered FUs
other than 1 kg milk, with the partial exception of Penati et al.
(2013), who were able to indirectly calculate the impact per unit
of area, and of Berton et al. (2020), who reported the impacts per
1 m2 of FAA, although they did not take into account the grazing
period on the permanent and/or summer farm. Although they used
only mass-based FUs, Salvador et al. (2016) adopted a land-based
approach taking into account the multi-functionality of mountain
dairy farms and attributed the total greenhouse gas emissions not
only to milk and meat but also to the ecosystem services provided.

The hotspot analysis results (Fig. 2) showed that the most
important impact sources of GWP, AP and EP were on-farm, in line
with the findings of Penati et al. (2013), Guerci et al. (2014) and
Salvador et al. (2016), thus highlighting the possibility that the
farmers may be active agents in mitigating the impacts of their
farms. However, most farms sampled in this study would be unable
to achieve this mitigation through the options usually recom-
mended, i.e., increasing the proportion of concentrates in the diet
and shifting to more specialised breeds (Herrero et al., 2016).
Indeed, the medium-small sized farms in the north-eastern Alps
are often unable to access financially-onerous investments, while
the constraints of climate and land morphology preclude the
agricultural productivity gains achievable in lowland areas, which
are necessary for exploiting the economies of scale underlying
intensification processes (Weersink and Tauer, 1991). Furthermore,
our results indicate that increasing the concentrate proportion
might actually increase the GWP if the land-use change is consid-
ered. In any case, profound changes in structures and management
are not an assurance of improvement in environmental perfor-
mance (Lorenz et al., 2019). In the short to medium term, feasible
mountain-specific impact mitigation strategies could be developed
on the basis of some existing good practices (Gerber et al., 2013). In
this respect, we identified potential indicators through a PCA of a
complex set of farm structural and management features and
impact categories, and the subsequent step-wise regression anal-
ysis identified MY, SR and C as the variables most closely linked
with impacts (see Table 5). Milk yield and SR were identified as
valuable indicators also by Penati et al. (2013), together with feed
self-sufficiency. Although PCA highlighted feed self-sufficiency as a
variable associated with impact categories, we retained only SR
because of the multi-collinearity criteria, it is easier to calculate and
is a parameter well known to farmers.

Beyond the partly-expected indications that increasing MY
could mitigate GWP (LUC excluded), AP, EP and LO per unit of milk
and improve ECR, and that decreasing SR would mitigate GWP, AP,
EP and CED per unit of land, our results showed the consequent
mitigations to be also dependent on other variables, such as C and
SR, which, in the case of the impacts per unit of milk, also had an
opposite effect to MY. Particularly interesting, in our opinion, was
the dominant effect of C in increasing GWP per unit of milk when
LUC was included, which indicates that there might be a trade-off
between global and local mitigation strategies (Schmitz et al.,
2012). The role of C as an indicator is remarkable also for its
dominant role in increasing CED, whether expressed as per unit of
milk or unit of land, and in addressing the feed energy conversion
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ratios. In this respect, our results indicate that obtaining high yields
with diets rich in concentrates improves the total feed gross energy
ratio, although this was achieved with greater use of potentially
human-edible feeds.

The complex relationship between MY, SR and C that emerged
from the results of this study evidences that mitigation strategies
aiming to decrease the environmental footprint referred to milk
and managed area in the same time should include MY, SR and C
jointly, looking to the best combination of these indicators able to
minimize the impact values of the farms. In this regards, the farms
associatedwith the lowest impact values (per unit of milk and area)
were identified through a non-hierarchical cluster analysis based
on MY, SR and C as cluster criteria (4 clusters; FASTCLUS procedure
in SAS (2013), number of clusters optimized on the basis of the
cubic clustering criterion indicator). The combination of MY, SR and
C values in the farms with the lowest impacts showed averaged or
good values of MYassociated with low values of SR and C (MY value
from 13 to 22 kg FPCM/cow/d, with <2.1 LU/ha of SR and <16% of C,
data not shown). Farms with MY, SR and C values within these
ranges, with respect to farms outside these ranges, showed a
decrease in the environmental footprint up to 32%, according to the
different impact categories. So, efforts aiming to extend these good
practices to all the farms could lead to an important improvement
in the environmental footprint of the alpine dairy system, in line
with the Food and Agricultural Organization recommendations
(FAO, 2013). However, a unique and specific combination of MY, SR
and C values to be proposed as target is probably not useful, since
the farms sampled in this study are connected to different value
chains and agroecosystems. Besides, the level of farm management
features could depend also on the goals and objectives of each
farmer (Karali et al., 2013) as well as the constraints of the territory
where farms are located, such as the presence of protected areas
(Piermattei, 2013). Nevertheless, these results can provide useful
information to farmers, and to each dairy to which farmers are
associated, to plan future management intended to include envi-
ronmental issues, that have been increasingly including in the CAP
policy (Erjavec and Erjavec, 2015).

The farmers’ possibility to intervene in the levels of MY, SR and C
is quite different. If C is under the control of the farmer and MY is
more a response than an input, the modification in terms of SR
depends on both the farmer and land availability. Moreover, SR, as a
measure of the number of animals managed per unit of farmland, is
closely related to how land is managed and the types of relation-
ship holding between livestock systems and their territory. The PCA
results revealed that farms with a lower SR made greater use of
pastures and less use of concentrates than farms with a higher SR.
However, the Alpine dairy systems has shown an opposite pathway,
with the (partial) substitution of grazing with off-farm purchases of
forages and concentrates (Battaglini et al., 2014). Therefore, a
divergence between environmental mitigation outcomes (reduc-
tion of SR) and on-going productive trends may arouse. Managing
grasslands with a low SR can have different positive effects on soil
and water quality (Anzai et al., 2016), by reducing nutrients (N and
P) pressure on land determined by external inputs (fertilizers and
purchased feedstuffs), biodiversity (Humbert et al., 2016) and
conservation of valued landscapes with tourism benefits (Zoderer
et al., 2016). On the other hand, grassland-based rations were
partially associated with a lower MY (Pearson r ¼ �0.32, P < 0.05),
which could make farmers reluctant to adopt this type of man-
agement. However, the alternative, i.e., increasing concentrate
supplementation, did not have a strong association with MY
(r ¼ 0.21, P ¼ 0.08) and had a negative effect on CED, while the
consequent off-farm cropland expansion could worsen LUC-related
CO2 emissions (Tonini et al., 2016) and reduce biodiversity (e.g.,
Newbold et al., 2015). The use of maize silage, although effective in
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sustaining MY (r ¼ 0.48, P < 0.01), was limited to the farms in the
lower valleys. Any on-farm increase in this crop would be restricted
by the scarcity of suitable agricultural land; moreover, transforming
grasslands into arable crops has negative effects on mountain
agroecosystems (Marini et al., 2009).

Besides, as expected, farms with low SR and high feed self-
sufficiency were able to produce their own feedstuffs from grass-
land that has little or no suitability for arable crops and contributed
positively to the potentially human-edible food balance (HeECR<1).
Consequently, they would firmly decouple milk production from
competitive resources and more efficiently recycle nutrients from
non-human-edible resources (Wilkinson, 2011). Feed-food
competition is a key issue for the future sustainability of the live-
stock sector, and in this regard evaluating the ability of ruminants
to convert feed sources or wastes that monogastric livestock and
humans are unable to use into high-value protein and energy plays
a crucial role (Van Zanten et al., 2018). Additionally, in valuable
environments such as the Alpine areas, assessment at a regional
scale, beyond farm-scale, could give important insights on sus-
tainability of the production systems (Loiseau et al., 2012), and
future studies should investigate the effects of low-SR farms on
services provided by the territory (ecosystem services), combining
different sustainability assessment methodologies.

5. Conclusion

This study confirms that for all impact categories, with the
partial exception of cumulative energy demand, the role of the
dairy farm in the environmental footprint of dairy products is
predominant. Therefore, the identification of farm management
features that could be the target of mitigation measures has a
notable importance in the reduction of the environmental footprint
of dairy production. When addressing impact mitigation actions in
Alpine or, more generally, mountain farming systems, it is neces-
sary to take into account their wide diversity in size, structure, milk
yields and animal and farmlandmanagement. This diversity in turn
gives rise to a remarkable variability in terms of impacts (per unit of
milk and land) and feed ratios indicators. This study found thatmilk
yield, stocking rate and proportion of concentrates in the diet are
the farm traits, when jointly considered, that can explain better
impacts and feed ratios variability and that could be a target of
mitigation measures. For this purpose, stocking rate and milk yield
are simple and easily accessible indicators at the farm scale and
could be used as proxies for the impact categories per unit of area in
the former case and unit of milk in the latter. It is recommended to
include both these functional units in LCA studies; this can help to
assess the trade-offs between indicators of production efficiency
and sustainable management of grassland, which is particularly
important for mountain dairy cattle systems strongly linked to local
forages. In this respect, stocking rate was informative of other
variables related to farming sustainability, such as feed self-
sufficiency and the role of farming practices in maintaining grass-
lands and the Alpine landscape in general. Moreover, we found that
when we took into account the proportion of concentrates in the
diet - another simple indicator of farm management intensity - we
were able to better evaluate the global warming potential including
land-use change and to address feed-food competition in terms of
the energy conversion efficiency of grassland-based farms. From
the results obtained in this study, impact minimumwas associated
with a sufficient but not excessive milk yield (13e22 kg FPCM/cow/
d), with a low stocking rate (<2.1 LU/ha) and concentrates pro-
portion in the diet (<16%). These data can be used to formulate
recommendations for mountain dairy production to favour the
reduction of the environmental impact up to one-third. Although
the precise combination of the values of these indicators should be
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assessed taking into account the farm context, this study provides
and quantifies the relationships between milk yield, stocking rate
and concentrates proportion in the diet with the impact indicators
and feed ratios, that could be useful to farmers and dairies to which
farmers are associated to plan their management in a more
environmental-friendly way. Besides, these results could give a
positive contribution in addressing the policymakers’ decisions, to
address future policies intended to sustain the Alpine dairy system
in a more comprehensive perspective that includes productive,
environmental and territorial issues. Future research, moreover,
should consider other issues, such as ecosystem services, to obtain
a more comprehensive evaluation of the sustainability of mountain
dairy systems.
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