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PAPER

Improvements to dairy farms for environmental sustainability in Grana
Padano and Parmigiano Reggiano production systems

Daniela Lovarelli, Luciana Bava , Maddalena Zucali , Giuliana D’Imporzano, Fabrizio Adani,
Alberto Tamburini and Anna Sandrucci

Dipartimento di Scienze Agrarie e Ambientali, Universit�a degli Studi di Milano, Milan, Italy

ABSTRACT
Grana Padano (GP) and Parmigiano Reggiano (PR) are the two most important Italian PDO
cheeses. To improve the environmental sustainability of their production, a Life Cycle
Assessment (LCA) was completed on 84 dairy farms located in the province of Mantova
(Northern Italy). In particular, 33 farms delivered milk for GP production, whereas 51 farms to
dairies for PR production. In GP farms, maize silage represented 33.7% of total farmland and
alfalfa represented 28.1%. While in PR farms, alfalfa represented 63.6% of total farmland. Fat and
Protein Corrected Milk (FPCM) and Dairy Efficiency (DE, calculated as kg of produced FPCM per
kg of DM intake) were different in the two production system: FPCM was 30.2 ±4.32 kg/d in GP
farms and 25.0 ±4.71 kg/d in PR farms; DE was 1.35 ± 0.26 in GP farms, and 1.15 ± 0.22 in PR
farms. Mitigation strategies to improve both environmental and economic sustainability were
suggested focussing on forage crop production, milk production, herd management and off-
farm purchased feed. From the preliminary results, there is evidence that improvements are
needed. Climate Change (kg CO2 eq/kg FPCM) and Land Use (kg Carbon deficit/kg FPCM) were
similar (1.38±0.33 and 19.3 ± 7.08 for GP system; 1.46 ± 0.37 and 21.8±11.4 for PR system). The
most efficient farms in terms of milk production and DE generally showed the best environmen-
tal and economic sustainability, while the others show worse outcomes, mainly due to poor DE,
livestock-management issues, feed purchase and ration composition.

HIGHLIGHTS

� 84 farms producing milk for Grana Padano and Parmigiano Reggiano cheese were studied in
the Province of Mantova.

� Life Cycle Assessment was used to quantify the environmental impacts of farms and statis-
tical analysis was helpful to identify 6 clusters.

� Farm, animal and milk efficiencies were poor and mitigation strategies to improve the sus-
tainability of milk production were suggested.
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Introduction

Grana Padano and Parmigiano Reggiano cheeses are
the two most important dairy products of Protected
Designation of Origin (PDO) in the Italian agri-food
context. Their production has a huge market impact
because they are among the most exported Italian
agri-food products worldwide (Bava et al. 2018). In
2017, 190,353 tons of Grana Padano (GP) and 147,125
tons of Parmigiano Reggiano (PR) were produced in
Italy. Both of them together represent 74.3% of the
total Italian PDO cheese production and show an
annual average revenue from their export equal to
734 e/ton (CLAL 2019). The same trend is confirmed

for 2018, with þ0.11% and þ0.39% tons of GP and PR
produced, respectively. The production chains of GP
and PR are quite complex and involve several stake-
holders and producers that contribute to the environ-
mental and economic sustainability of these cheeses.
Being PDOs, production disciplinary that direct the
production processes are present, and compulsorily
affect production factors and managerial choices of
farmers and producers.

The dairy farming context is quite complex and
characterised by several driving forces; therefore, sev-
eral farms must be investigated to get statistically rele-
vant information about the local milk production
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system (Guerci et al. 2013; O’Brien et al. 2015; Zucali
et al. 2018). This complexity supports the need of
detailed primary data for achieving reliable environ-
mental results (Lovarelli and Bacenetti 2017). In par-
ticular, agricultural and livestock processes highlight
the biggest difficulties in data collection mainly
because of the sector’s intrinsic variability: seasonality,
dependence on natural systems and local pedo-cli-
matic features (Lovarelli et al. 2018; van der Werf et al.
2014) as well as complexity of the herd composition
and management, feed self-production and purchase,
ratio equilibrium and animal health (Bava et al. 2014;
Conte et al. 2018).

In this context, efficiency improvements for dairy
farms, animal management and animal feeding are
key aspects for the mitigation of the environmental
impacts associated with dairy farming (de Boer et al.
2011; Mostert et al. 2018), other animal productions
(Berton et al. 2018; Vellinga et al. 2011) and crops pro-
duction for feed purposes (Tuomisto et al. 2012; Zucali
et al. 2018). In a literature review by Baldini et al.
(2017), authors investigated recent studies on Life
Cycle Assessment of milk production showing that
there is still need of consistency in the assumptions
and in the investigated inventory data in order to
bring to comparability among studies. Additionally,
the complexity behind agricultural activities makes dif-
ficult to identify straightforwardly improvable aspects
(Vellinga et al. 2011). Among these, for example, the
environmental benefits must be associated with eco-
nomic ones in order to identify effective viable
improvements (O’Brien et al. 2015).

In this study, the aim is to evaluate the perform-
ance of dairy farms producing milk to be transformed
in GP and PR cheeses focussing on the environmental
point of view. The dairy farms are analysed in the
province of Mantova (Northern Italy), which represents
about 10% of the area of Lombardy region. Dairy
farms in Lombardy in 2018 delivered over 5,215,000
tons of milk, corresponding to 43.2% of the Italian
milk production. Of this amount, Mantova province
contributed with a share of 18.9%, representing the
third province in Lombardy as delivered milk (CLAL
2019). The studied dairy farms were investigated
adopting the Life Cycle Assessment (LCA) method to
quantify the environmental impact of every farm and
promote mitigation strategies for a more sustainable
milk production pathway. Additionally, a statistical
analysis was performed to identify the production
models with a sustainable behaviour on the environ-
mental and livestock management issues.

Materials and methods

Collected data on 84 farms were used to perform an
LCA study and, subsequently, statistical analysis was
performed to identify a relationship among dairy
farms’ issues and their environmental behaviours.

Life cycle assessment method

In the following sections, the specific steps of the LCA
study are described in agreement with ISO 14040 ser-
ies (2006).

Goal

LCA is applied to quantify the environmental impact
of milk production on the analysed farms and to
investigate the possible improvements for making this
system more environmentally efficient, still respecting
the Production Disciplinary for GP and PR cheeses.

Functional unit and system boundary

The selected Functional Unit (FU) for the analysed
farms is 1 kg of Fat and Protein Corrected Milk (FPCM)
(4% fat and 3.3% protein) produced by milking cows.
This is a key choice for gathering effective and com-
parable results (Danieli and Ronchi 2018), and agrees
with several studies about milk production (Bacenetti
et al. 2016; Dalla Riva et al. 2017; Gollnow et al. 2014)
as well as with the recommendation by IDF (2015)
which is also internationally adopted for standard
decision-making on milk issues.

This assessment has a ‘cradle to farm gate’
approach. In the system boundary are included all
inputs (e.g. machinery, fuel, lubricant, organic and
mineral fertilisers, pesticides, water, off farm feed
and bedding) and outputs (emissions to air, soil and
water) for the production of milk and meat, as
reported in Figure 1.

Description of the system and inventory
data collection

During 2017, 84 dairy cattle farms, representative of
GP and PR sector, were investigated through ques-
tionnaires to farmers exploring data about year 2016.
All farms are located in the Province of Mantova,
where a temperate climate is present, with an aver-
age yearly temperature equal to 13.0 �C (ranging
from 1.9 �C in January and 23.6 �C in July); rainfall is
797mm and is quite homogeneously distributed dur-
ing the year (on average, higher rainfall is observed
in autumn) (ARPA, 2016).
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The analysed farms sell milk to eight dairies, of
which four produce Grana Padano (GP) and four
produce Parmigiano Reggiano (PR). In particular, 33
of the 84 farms sell milk to dairies for GP produc-
tion, whereas 51 farms sell milk to dairies for PR pro-
duction. This involves that the farms respond to
two different cheese production disciplinary charac-
terised by different production choices that affect,
mainly, farm organisation for field cultivation and
milk production.

All data were collected during surveys on farms
carried out by experts by asking farmers for informa-
tion about

� field production (e.g. cultivated crops, area and
yields, cultivation practices, inputs such as fertil-
isers, water, machinery);

� herd management (e.g. number of animals, types
of animals, purchasing/selling of animals);

� milk production (e.g. milk yield, milk quality, pro-
tein and fat content);

� feeding (e.g. type and quality of feed, cultivated
and purchased feed);

� manure and slurry management (e.g. availability of
manure and/or slurry, storing system, distribution
system on field, time and technology adopted for
the distribution);

� infrastructure of the dairy farm (e.g. cattle housing,
milking parlour, slurry and manure storage).

Information collected through questionnaires was
analysed and inventory data were introduced in the
SimaProVR software (PR�e Consultants 2016). Considering
the cultivated crops on farm, the whole cropping sys-
tem inclusive of all field operations (with the specific
inputs and outputs for field cultivation) was analysed.
In addition, all purchased feed and bedding was intro-
duced considering transport distances on every farm,
as well as the quantified emissions related to field culti-
vation, animal ruminal activity and manure and slurry
storage and distribution. Electricity, methane, liquefied
petroleum gas (LPG) and diesel fuel were also consid-
ered in accordance with the declarations from ques-
tionnaires about the energy use on farm.

More in details, emissions from the application of
Nitrogen (N) and Phosphorus (P) fertilisers, the IPCC

Figure 1. System boundary that describes the farm system was analysed and inputs and outputs were taken into account in LCA.
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method (IPCC 2006a, 2006b) was adopted. Following
this method, ammonia (NH3), nitrous oxide (N2O) and
nitric oxide (NO) were quantified per farm by consider-
ing the cultivated area, the amounts of mineral fertil-
isers and slurry and/or manure spread on fields.
Similarly, phosphate (PO4) emissions were quantified
following Nemecek and K€agi (2007). With regard to
organic fertilisers, also the storage emissions were
assessed by considering the number and type of ani-
mals present on farm, the type of fertiliser (slurry and/
or manure) and specific emission factors for methane
(CH4), NH3 and NO. Finally, animals’ emissions were
quantified (CH4 and N2O) considering the number and
type of animals as well as the chemical composition
and nutritive value of the feed rations analysed with
CPM DairyVR , following Moraes et al. (2014). According
to this method, dry matter intake (DMI; kg DMI) is the
main driver of CH4 emissions from ruminal fermenta-
tion (Pirlo and Car�e 2013).

Background data for the production of seeds, diesel
fuel, methane and LPG, fertilisers and pesticides, and
for the production, maintenance and disposal of cap-
ital goods such as tractors and machines were
obtained from the Ecoinvent v.3 database (Weidema
et al. 2013). Farm structures and milking parlour con-
struction, maintenance and disposal were excluded
from the analysis, also in accordance with IDF (2015)
and the application rules defined with the recent
Product Environmental Footprint Category Rules
(PEFCR) for dairy products (EDA 2018).

Field production system. Table 1 reports information
about the total cultivated area and the percentage of
cultivated crop on the total area. In particular, farms
that produce milk for GP cheese production, having
the possibility to feed animals with silage crops, are

characterised by 33.7% of the total cultivated area
dedicated to maize for silage, followed by alfalfa hay
(28.1% cultivated area) and wheat mainly harvested as
hay (9.5% cultivated area). Differently, farms that pro-
duce milk for PR cheese production are subject to the
production disciplinary that forces them to feed cows
without crop silages, thus the most cultivated crop is
alfalfa hay (63.6% area). This, in fact, allows farmers to
produce hay with a good protein content and to
reduce the need of purchasing protein-rich feed. The
other cultivated crops are wheat (11.1% of area, com-
monly harvested as hay) and maize for silage (7.2% of
area) that, however, is commonly sold.

In general, farms producing milk for PR cheese are
characterised, on average, by higher cultivated area
per farm respect to those producing milk for GP. This
is mostly due to the need of achieving a good level of
feed self-sufficiency considering that crop silages are
forbidden on PR farms. On GP farms, instead, farmers
can select a double cropping system (about 35.5% of
cultivated area) by cultivating both winter and sum-
mer crops maximising the feed self-sufficiency even
with a reduced cultivated area.

Herd composition, milk production and feeding
ration. In Table 2, is reported the average herd com-
position and milk production of farms, and data are
grouped per cheese production system. In particular,
all data show higher values in farms for GP cheese
production respect to those for PR cheese production,
except for the individual daily DMI that is related to
the composition of the feed ration of dairy cows.
Given the feed ration, individual milk production is
higher for cows in the farms producing for GP respect
to those for PR (30.2 and 25.0 kg FPCM/d per cow in
GP and PR farms, respectively), and a similar trend
occurs with Dairy Efficiency (DE, kg FPCM/kg DMI).

Table 1. Main inventory data about the on-farm field cultiva-
tion area. The sum of the land area dedicated to each crop is
given as absolute value (ha) and as percentage of the total
area of farms analysed in the study.

Crop

Farms for GP Farms for PR

Area (ha) Area (%) Area (ha) Area (%)

Maize for silage 491 33.7 158 7.2
Alfalfa 410 28.1 1385 63.6
Wheat 138 9.5 241 11.1
Cereals mix 95.2 6.5 71.8 3.3
Maize for ear silage 82.8 5.7 0.0 0.0
Italian ryegrass 79.9 5.5 107 4.9
Grass 44.2 3.0 78.3 3.6
Soybean and pea 44.2 3.0 34.0 1.6
Maize for grain 32.7 2.2 36.8 1.7
Other cereals (�) 38.0 2.6 66.1 3.0
Total 1455 100 2177 100

Note: (�) barley, triticale, common millet, foxtail millet, sorghum, oat and
other minor cereals.
GP: Grana Padano; PR: Parmigiano Reggiano.

Table 2. Main inventory data about herds and
milk production.

Variable Unit

Farms for GP Farms for PR

Mean SD Mean SD

Total number of cows n. 161.3 108.0 96.3 80.1
Lactating cows n. 138.6 93.4 81.9 67.9
Delivered milk t/year 1609 1163 841 802
Milk per cow kg/d 29.8 6.11 25.6 5.37
FPCM per cow kg FPCM/d 30.2 4.32 25.0 4.71
Fat % 3.89 0.14 3.74 0.16
Protein % 3.38 0.08 3.34 0.10
Dairy Efficiency kg FPCM/kg DMI 1.35 0.26 1.15 0.22
Dry Matter Intake kg DMI/d 22.1 1.61 22.3 2.35
IOFC e/d per cow 12.85 3.84 11.43 3.63

GP: Grana Padano; PR: Parmigiano Reggiano.
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Manure and slurry management. The availability and
the management of manure and slurry are among the
most critical issues. Commonly, in major part, manure
and slurry were spread on field in spring and autumn,
whereas only a low number of farms was character-
ised by the absence of manure (5%). Nevertheless, all
farms purchase cows’ bedding, using straw (89%), saw-
dust (14%) and maize straw (5%) depending on the
specific farm management and livestock organisation.
In particular, solid floor was registered on more than
80% of dairy cows’ structures, while grilled floor was
found in less than 10%. The most adopted solutions
for manure and slurry management in solid floor for
lactating cows were bunks (71%) and permanent litter
(10%), whereas for dry cows it was 45% and 41%,
respectively. Transport distances of the purchased
bedding are included within the range of 5–50 km. On
two farms, a ferti-irrigation system was available.

Allocation

Allocation was calculated for every farm in accordance
with IDF (2015) as shown in the following equation:

Allocated milk ¼ 1 – 6:04 � ðMT=MLÞ=100 (1)

where MT is the mass of live weight (kg); ML is the
mass of fat and protein corrected milk (kg).

The average allocation value for milk in the studied
farms was 81.2% (±7.3%) for those producing milk
to GP and 83.3% (±10.3%) for those producing milk
to PR.

Impact assessment

The following environmental impact categories were
considered by using the ILCD characterisation method
(ILCD Handbook 2011): Climate Change (CC, kg CO2

eq), Photochemical Oxidant Formation (POF, kg
NMVOC eq), Acidification (TA, molc Hþ eq), Freshwater
Eutrophication (FE, kg P eq), Marine Eutrophication
(ME, kg N eq), Terrestrial Eutrophication (TE, molc N

eq), Land Use (LU, kg carbon deficit), and Mineral,
Fossil and Renewable resources Depletion (MFRD, kg
Sb eq).

Farm nutrients balances

For the evaluations about farms’ efficiency in using N
and P nutrients, the following features were consid-
ered with the aim of assessing the farm balance of N
and P as difference between incoming and outgoing
N and P sources.

To quantify farm N balance, the purchased inputs
(kg/ha) were feed, N fertilisers, bedding, animals, and
N deposition and fixation on field; the outputs consid-
ered the sold amounts (kg/ha) of: feed/crops, slurry/
manure, animals and delivered milk. Except for depos-
ition and fixation, the same inputs and outputs were
adopted for farm P balance. Both farm balances were
quantified considering the related N and P compos-
ition of all inputs and outputs.

Economic indicator

On every farm, the Income Over Feed Cost (IOFC)
expressed as e/d per milking cow was calculated. This
indicator gives information about the farm income
due to the selling of FPCM net of the costs related to
the ration. In more details, IOFC is calculated as differ-
ence between the income from the selling of milk
(e/d per milking cow) and the cost from the daily
ration (e/d per milking cow).

Methods for the statistical analysis

Statistical analysis was performed using SAS 9.4 (SAS
2012, SAS Inc., Cary, NC).

Principal components analysis (PCA) was carried out
to show the multiple relations between the new com-
ponents. Then, with the most relevant variables

Table 3. Average environmental impact of 1 kg FPCM produced by the farms that sell milk to each of the four dairies for GP
cheese production.

Impact category Unit

Dairy 1 GP Dairy 2 GP Dairy 3 GP Dairy 4 GP GP

Mean Mean Mean Mean Mean SD

CC kg CO2 eq 1.33 1.604 1.381 1.31 1.379 0.325
POF kg NMVOC eq�10�2 0.16 0.212 0.159 0.162 0.17 0.057
TA molc Hþ eq 0.023 0.025 0.022 0.024 0.023 0.005
FE kg P eq�10�4 0.729 0.945 0.74 0.738 0.773 0.297
ME kg N eq�10�2 0.732 0.855 0.713 0.781 0.768 0.184
TE molc N eq�10�1 0.997 1.096 0.955 1.04 1.024 0.205
LU kg carbon deficit 18.96 22.23 19.18 18.18 19.32 7.083
MFRD kg Sb eq�10�5 0.622 0.804 0.609 0.637 0.658 0.267

GP: Grana Padano; CC: climate change (kg CO2 eq); POF: photochemical oxidant formation (kg NMVOC eq); TA: terrestrial acidification (molc Hþ eq); FE:
freshwater eutrophication (kg P eq); ME: Marine eutrophication (kg N eq); TE: terrestrial eutrophication (molc N eq); LU: land use (kg carbon deficit);
MFRD: mineral, fossil and renewable resources depletion (kg Sb eq).
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identified through Factor Analysis and PCA, a cluster
analysis was performed with the ‘average’ method,
considering Climate Change (CC) from LCA the only
impact category included.

To analyse the fixed effect of cluster class a General
Linear Model analysis (proc GLM) was performed on
impact categories by a model with cheese production
system (n¼ 2), dairy (n¼ 8) and cluster group (n¼ 6)
as fixed effects.

Results

Results of the environmental assessment

LCA results were quantified for every farm and were
then grouped per dairy (4 to GP and 4 to PR) and,
finally, per cheese typology (GP and PR).

Table 3 shows the average environmental impact of
milk production of the 33 farms producing milk fur-
ther sold to the four dairies for GP cheese production
and their average. Instead, Table 4 shows these values
for the four dairies that transform milk in PR cheese.
From these results, it can be highlighted that there
are noticeable differences among dairies, although not

significantly. In particular, focussing on CC the highest
values are gathered in GP2, PR2 and PR4. For them,
the reason is mostly due to the fact that in these dai-
ries the average (i) number of lactating cows (67, 65
and 79, respectively, for GP2, PR2 and PR4), (ii) milk
production per cow (23.7, 24.2 and 24.4 kg FPCM/d,
respectively), and (iii) land area (25, 43 and 36 ha,
respectively) are very low compared to the other dai-
ries. This means that farms selling milk to these three
dairies are, on average, quite small, have inefficient
milk production and need purchasing considerable
amounts of feed that deeply worsen the environmen-
tal outcomes.

The most sustainable dairies, instead, are GP1 and
GP4 that are characterised by

� the best DE which is 1.34 and 1.47 in GP1 and GP4,
respectively,

� the highest FPCM production per cow (28.5 and
31.7 kg FPCM/d per cow in GP1 and GP4,
respectively),

� the highest production self-sufficiency (on average
82% and 65%, respectively),

Table 5. Results of the factor analysis. In bold are reported the loading values with the main relevance on the factors (>0.6 as
absolute value).

Factor pattern

Factor 1 Factor 2 Factor 3

Climate change and efficiency Livestock units Farm dimension and animal intake

Climate change (kg CO2 eq) 0.82 �0.03 0.39
Field emissions (kg/ha) 0.64 �0.49 0.29
Animal emissions (kg/ha) 0.77 �0.35 0.21
Manure/slurry storage emissions (kg/ha) 0.39 �0.30 0.19
Feed purchased (t/y) 0.67 0.44 0.25
Dry matter intake (kg DMI/d) �0.26 0.01 0.64
Dairy efficiency (kg FPCM/kg DMI) �0.84 0.21 �0.15
Total cows (n) �0.59 0.26 0.61
Land area (ha) �0.63 �0.15 0.65
Stocking rate (LU/ha) 0.23 0.83 �0.04
Daily milk per lactating cow (kg/cow) �0.87 0.22 0.17
Production self-sufficiency (%) �0.15 �0.63 0.07
Nitrogen balance (kg/ha) 0.34 0.83 0.11
Phosphorous balance (kg/ha) 0.37 0.80 0.10

Table 4. Average environmental impact of 1 kg FPCM produced by the farms that sell milk to each of the four dairies for PR
cheese production.

Impact category Unit

Dairy 1 PR Dairy 2 PR Dairy 3 PR Dairy 4 PR PR

Mean Mean Mean Mean Mean SD

CC kg CO2 eq 1.376 1.579 1.388 1.513 1.455 0.374
POF kg NMVOC eq�10�2 0.166 0.176 0.162 0.17 0.169 0.047
TA molc Hþ eq 0.026 0.03 0.026 0.024 0.027 0.007
FE kg P eq�10�4 0.811 0.69 0.819 0.762 0.772 0.246
ME kg N eq�10�2 0.804 0.886 0.767 0.828 0.82 0.229
TE molc N eq�10�1 1.135 1.297 1.156 1.033 1.177 0.321
LU kg carbon deficit 24.78 20.84 20.66 19.41 21.78 11.43
MFRD kg Sb eq�10�5 0.524 0.611 0.558 0.588 0.567 0.188

PR: Parmigiano Reggiano; CC: climate change (kg CO2 eq); POF: photochemical oxidant formation (kg NMVOC eq); TA: terrestrial acidification (molc Hþ
eq); FE: freshwater eutrophication (kg P eq); ME: Marine eutrophication (kg N eq); TE: terrestrial eutrophication (molc N eq); LU: land use (kg carbon def-
icit); MFRD: mineral, fossil and renewable resources depletion (kg Sb eq).
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� number of lactating cows and cultivated area
within the average for GP dairies.

Additionally, these farms also show the highest IOFC
(on average 12.8 and 15.3 e/d per cow, respectively).

Results from the statistical analysis

Factor analysis identified three factors (eigenvalues
>1) that explained 70% of the variation in the results.
Separately per factor, the correlations were used to
label the factors with a farming strategy. Factors 1, 2
and 3 (Table 5) were labelled ‘Climate Change and
efficiency’, ‘Livestock Units’ and ‘Farm size and ani-
mal intake’.

All variables in the factor analysis with a loading
value >0.6 were found in only one factor, except for
the land area in which both factors 1 and 3 contrib-
uted �0.63 and 0.65, respectively.

The first factor, named ‘Climate Change and effi-
ciency’ was characterised by highly positive loading
values in terms of CC and animal emissions from
rumen fermentation, and it was also characterised by
highly negative ones in terms of DE (kg FPCM/kg DMI)
and of the delivered milk per lactating cow (kg/d).
This means that increasing animal emissions involves
increasing importantly the CC, whereas increasing DE
and milk production involves important reductions in
CC. Regarding factor 2, named ‘Livestock Units’, the
main positive loading values consist in the stocking
rate defined by the livestock units (LU/ha) and in N
and P farm balances. Factor 3, named ‘Farm dimension
and animal intake’, instead, was characterised by posi-
tive loading values related to DMI (kg DMI/d), number
of cows (n) and land area (ha).

Figure 2 shows PCA. As expected and already gath-
ered from factor analysis, components 1 and 2 high-
light that CC is closely related to animal and field
emissions and that number of cows, milk production,
DMI and DE are closely related. For the components 1
and 3, the relation is close among emissions from
field, animals and storage, CC, N and P farm balances
and the purchased feed. In addition, also the number
of cows and the field area are closely related (Figure 2
– middle).

For the components 2 and 3, the relation is close
among emissions from field, animals and storage and
self-sufficiency, while CC is closely related with the
field area and the DMI (Figure 2 – bottom).

From the cluster analysis, six main clusters were
defined and consisted of farms with similar characteris-
tics. The variables adopted for building clusters are
reported in Table 6, where are also shown mean and
standard deviations values per cluster of these variables.

The worst DE is gathered from clusters 1 and 4.
Cluster 1 is characterised by the lowest number of cows
and production self-sufficiency with cultivated crops;
moreover, it has quite high stocking rate meaning that
the farm area is restrained. Cluster 4, instead, is charac-
terised by a reduced stocking rate and a very high pro-
duction self-sufficiency. This means that these farms in
cluster 1 and 4 need an important improvement for DE.
Cluster 1 has 21.4% of farms from GP cheese system,
while Cluster 4 has 62.5% from GP cheese system.

Clusters 5 and 6 have the highest DE values, the
biggest dimensions (high number of cows and stock-
ing rate) and an average self-sufficiency (57–63%).

Figure 2. Results of the PCA analysis with three components.
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These are the most efficient and well-organised farms.
The remaining clusters 2 and 3 include mean perform-
ing farms, where improvements can also bring to
beneficial effects.

Table 7 shows least square means for the studied
variables following the groups derived from cluster
analysis. The number of observations present in each
cluster informs about the number of farms included in
each cluster. Except for N and P farm balances, the
derived model shows statistical significance. Contrasts
were also calculated reporting: (i) contrast of clusters
1, 2, 3 respect to 4 (thus excluding the two best clus-
ters), (ii) contrast of clusters 5 and 6 respect to 4 (thus
considering the two best ones respect to the worst)
and (iii) contrast of all clusters respect to number 4.
Almost all contrasts are statistically significant.

Table 8 shows least square means for the environ-
mental impact categories considered and following
the division in the six clusters. The model shows statis-
tical significance for 5 of the 8 impact categories.

Also from these values, it results that cluster 4
shows the worst behaviour for most of the variables.
In particular, it has the worst least square mean values
for all the 8 studied environmental impact categories,
the lowest values in terms of IOFC, FPCM per cow,
and FPCM per ha. Moreover, it has the highest per-
centage of forage in the ration (>62%) and the lowest
N and P balances. This cluster is composed of the
smallest and least efficient farms; 62.5% of the eight
farms of this cluster produce milk to GP cheese pro-
duction. These outcomes are also in line with the find-
ings described in Section 3.1.

Table 6. Means and standard deviations for the main variables that define the six clusters.

Variables

Cluster

1 2 3 4 5 6

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Dairy efficiencya 1.06 0.21 1.29 0.20 1.28 0.19 1.10 0.25 1.35 0.17 1.32 0.15
Cows (n) 44.3 11.9 95.3 13.7 151.6 19.8 53.6 21.0 203.5 17.2 310.4 45.2
Stocking rate (LU/ha) 3.59 1.97 3.57 1.93 3.34 1.35 1.64 0.92 4.20 1.95 3.55 0.94
Production self-sufficiency (%) 56.9 15.2 60.8 15.6 67.1 19.4 98.2 11.4 57.6 13.4 63.1 18.9
Farms to GP (%) 21.4 37.5 60 62.5 40 50
Farms to PR (%) 78.6 62.5 40 37.5 60 50
aDE¼ kg FPCM/kg DMI.

Table 7. Results of GLM with LSMEANS values per farm characteristics.

Variables

LSMEAN of clusters

SD error P model

Contrast1 2 3 4 5 6

n¼ 28 n¼ 16 n¼ 10 n¼ 8 n¼ 10 n¼ 8 1 2 3 versus 4 5 e 6 versus 4 All versus 4

Forage in rations (% DM) 59.0 53.2 53.1 62.1 50.6 50.6 2.32 0.0021 0.02060 0.00071 0.00311
N balance (kg/ha) 458 382 386 232 468 387 108 0.7387 – – –
P balance (kg/ha) 71.89 43.75 44.77 15.30 71.15 52.51 25.39 0.6251 – – –
Land area (ha) 16.56 43.02 68.76 46.07 78.97 124 6.74 0.0000 0.7033 0.0000 0.0187
IOFC (e/d per cow) 7.04 8.77 9.32 6.32 9.53 10.01 0.67 0.0006 0.0184 0.0004 0.0024
Daily FPCM (kg/ha) 21.57 24.19 24.89 10.35 31.52 26.91 3.39 0.0065 0.0032 0.0002 0.0005
Daily FPCM (kg/cow) 24.93 29.59 30.66 22.74 30.32 31.48 1.25 0.0000 0.0007 0.0000 0.0001

FPCM: fat and protein corrected milk.

Table 8. Results of GLM with LSMEANS values per impact category.

Variables

LSMEAN of clusters

SD error P model

Contrast1 2 3 4 5 6

n¼ 28 n¼ 16 n¼ 10 n¼ 8 n¼ 10 n¼ 8 1 2 3 versus 4 5 e 6 versus 4 All versus 4

CC 1.423 1.371 1.439 1.914 1.260 1.301 0.099 0.002 0.00018 0.00002 0.00003
POF 0.0017 0.0016 0.0017 0.002 0.0014 0.0016 0.000 0.001 0.00003 0.00002 0.00001
TA 0.025 0.026 0.025 0.027 0.022 0.022 0.002 0.407 – – –
FE 0.00008 0.00007 0.00007 0.00011 0.00006 0.00007 0.000001 0.008 0.00174 0.00032 0.00040
ME 0.008 0.008 0.008 0.010 0.007 0.007 0.001 0.100 0.01848 0.00346 0.00566
TE 0.111 0.113 0.111 0.119 0.097 0.096 0.008 0.417 – – –
LU 22.27 19.24 19.41 26.60 17.69 17.72 3.289 0.456 – – –
MFRD 0.000006 0.000005 0.000006 0.000009 0.000005 0.000006 0.0000002 0.003 0.00031 0.00038 0.00014

GLM: general linear model; CC: climate change (kg CO2 eq); POF: photochemical oxidant formation (kg NMVOC eq); TA: terrestrial acidification (molc Hþ
eq); FE, freshwater eutrophication (kg P eq); ME: Marine eutrophication (kg N eq); TE: terrestrial eutrophication (molc N eq); LU: land use (kg carbon def-
icit); MFRD: mineral, fossil and renewable resources depletion (kg Sb eq).
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In cluster 5, instead, are included 10 among the
best farms for six of the eight environmental impact
categories (CC, POF, FE, ME, LU and MFRD). Also for
FPCM per ha, it has the best outcomes. However, clus-
ter 5 is quite similar and close to cluster 6, which
includes as well good performing farms in terms of
land area, IOFC and FPCM per cow. Therefore, in these
two clusters are present the most efficient and sus-
tainable dairy farms (i.e. 18 farms in total), half of
which produce milk to GP and half to PR cheeses.

Together with cluster 4, cluster 1 is one of the groups
in which considerable improvements should be
achieved. In particular, cluster 1 is the most numerous
(28 observations). Among them, 21.4% are farms pro-
ducing milk for GP cheese, while the remaining 78.6%
produce milk for PR. This cluster is characterised by
mean values of farms with the worst DE (1.06 kg FPCM/
kg DMI) and second worst IOFC (7.04 e/d per cow), the
lowest number of cows (44.3 cows) and land area
(16.5 ha). Moreover, the worst least square mean values
for N and P balances and average production self-suffi-
ciency are present. In this case, double cropping is 3.9%
of the land area, which is supported by the fact that
most farms belong to PR production (i.e. most land area
dedicated to alfalfa and pluri-annual hay crops).

From these analyses, it emerges that clusters to
which paying the highest attention are cluster 1 and 4,
followed by clusters 2 and 3. For cluster 1, the most

important steps regard introducing productive improve-
ments (i.e. balanced feed ration) that bring
to environmental mitigation strategies for most farms
producing milk for PR cheese production, which is also
widely recognised as a production system with an
inescapable lower efficiency respect to other systems
(mainly because of the production disciplinary). The
attention to the feed ration for cows should bring
improvements to DE and FPCM production, although
an unavoidable drawback is linked intrinsically to the
reduced farm dimensions. For cluster 4, instead, farms
producing milk for both GP and PR are present, which
means that also a group of farms for GP cheese pro-
duction is inefficient and should be improved consider-
ably, at least in terms of DE and FPCM as well as of all
environmental impact categories. Moreover, cluster 2
and partially cluster 3 behave better than 1 and 4, but
their results are also affected by the low farm dimen-
sion (with a reduced number of cows and land area).

Finally, from the LCA study were identified the hot-
spot processes of dairy farms. By grouping the farms
in accordance with the results of cluster analysis,
Figures 3–6 report the environmental hotspots per
cluster for 4 of the assessed impact categories (CC, FE,
LU and MFRD).

The main hotspots represent the processes to
which paying the highest attention for achieving
improvements in the environmental sustainability. In

Figure 3. Hotspot processes of every cluster to CC impact category. All processes included in the study are reported in
the legend.
CC: climate change.
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particular, the contribution of every process to the
environmental impact of each category and cluster dif-
fers, but the highest attention should be paid to (i)
emissions deriving from field practices, animal rumen

fermentation and manure and slurry storage, (ii) feed
rations and (iii) alfalfa cultivation.

In particular, on CC, animal emissions (mostly due
to the CH4 produced during ruminal activity) and feed

Figure 5. Hotspot processes of every cluster to LU impact category. All processes included in the study are reported in
the legend.
LU: land use (kg carbon deficit).

Figure 4. Hotspot processes of every cluster to FE impact category. All processes included in the study are reported in
the legend.
FE: freshwater eutrophication (kg P eq).
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purchase (due to the use of inputs such as diesel fuel,
machinery, fertilisers and pesticides and to the feed
transport) are the most important hotspot processes
contributing to the environmental impact of 1 kg
FPCM. Animal emissions contributed from 43% to 49%
to CC, respectively, for clusters 5 and 1. Feed pur-
chase, instead, contributed to CC between 19% and
33%, respectively, for clusters 4 and 3.

On FE (and also on ME even if not shown graphic-
ally), field emissions (FE: 18–36%, respectively, in clus-
ters 6 and 4) and the feed purchase (FE: 20–50%,
respectively, in clusters 4 and 1) are prominent due to
the released nutrients during the cultivation. Instead,
on TE and TA the storage emissions together with
field and animal emissions are the main responsible of
the environmental impact.

On LU and MFRD, the main contributors are the
feed purchase (LU: 29–62%, respectively, for clusters 4
and 5; MFRD: 24–59%, respectively, for clusters 4 and 1)
followed by alfalfa cultivation (between 12% and 28%
for both categories, with the lower values for clusters 5
and 6 and the higher values for cluster 4). In this case,
soybean produced in Latin America has a deep role on
land use and the use of resources. Similarly, the feed
purchase was the most important hotspot also on POF
(not shown graphically) (26–52% of the impact, respect-
ively for clusters 4 and 1) followed by animal emissions
(<15% for all clusters). Diesel fuel for the diet feeder,

electricity, transport of feed and bedding as well as
other crops cultivated on field (ryegrass, winter cereals,
legumes and fodder crops) never represent hotspot
processes (with contributions <10%). The bedding pur-
chase is never hotspot but its contribution is not negli-
gible (5–12%) on LU. A similar condition occurs for
maize cultivation (<19%) on the category MFRD.

Among the analysed clusters, the most evident dif-
ferences can be gathered from cluster 4 that shows
different trends mainly for CC, FE, LU and MFRD (and
even if not reported graphically also for ME and POF).
These differences are connected with the low efficien-
cies of the dairy farming systems and with the small
farm dimensions, according to which a small change
in the processing can make bigger differences in the
contribution analysis.

Discussion

The environmental outcomes of the 84 analysed farms
showed mean values consistent with literature find-
ings and with the relation between environmental sus-
tainability and dairy farm efficiency (Pirlo 2012; Guerci
et al. 2013; Zucali et al. 2016). Average lower values
for CC (1.11 ± 0.22 kg CO2 eq/kg FPCM) were found in
Gollnow et al. (2014) for Australian dairy milk produc-
tion but different methodological choices may have
affected this result. On average, farms producing milk

Figure 6. Hotspot processes of every cluster to MFRD impact category. All processes included in the study are reported in
the legend.
MFRD: mineral, fossil and renewable resources depletion (kg Sb eq).
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for PR production have a higher environmental impact
respect to those producing milk for GP production (for
CC, 1.455 ± 0.374 kg CO2 eq/kg FPCM respect to
1.379 ± 0.325 kg CO2 eq/kg FPCM of GP farms). In few
small farms, the environmental outcomes were unex-
pectedly high, but the reason is related to the uncom-
mon allocation values (>90% of the impact attributed
to FPCM) and low farm efficiencies that resulted in
low milk production (<23 kg FPCM/d).

The common characteristics of farms were identified
through the grouping in the cluster analysis. This
allowed identifying that worse performing farms have
inefficient dairy farming (low milk production, unbal-
anced rations, reduced land area). Cluster 4 (defined as
the worst performing cluster) includes farms with the
worst farm efficiency among which both PR and GP
farms are included. Therefore, the production disciplin-
ary is not the main cause of cows’ inefficiency. Instead,
the complete dairy farm organisation can make the dif-
ference. In particular, from this analysis the economy of
scale resulted being one of the main drivers affecting
dairy and farming efficiencies, as well as the environ-
mental and economic sustainability. From the results,
this is gathered by Factor analysis and PCA from which
emerged that improving DE allowed reducing CC while
the increase in emissions and purchased feed nega-
tively affected CC. Stocking rate and N and P farm bal-
ances, instead, are closely related, and at their increase
also emissions and CC increase. However, at higher
stocking rate, higher DE is achieved, showing more
intensity in farming and, consequently, also the possi-
bility to improve farm sustainability. Similar findings
were found in O’Brien et al. (2015) in regard of milk
productivity and purchased feed, in Bava et al. (2014)
in regard of stocking rate and intensive farming, and in
Vellinga et al. (2011). This last also reported some gen-
eral mitigation strategies suggesting that they are com-
monly farm-specific and that farmers usually adopt
mitigation solutions that are simple, cost effective or
with relatively small additional costs. However, they
also reported that 25–30% of CC impact reduction is an
achievable result.

Pirlo and Car�e (2013) specifically developed a tool for
estimating the carbon footprint of milk production
immediately proposing mitigation strategies to improve
milk sustainability. Again similar to this study, animal
and storage emissions and feed purchase played the
major role on CC impact category, as observed also in
Gerber et al. (2013) and Zucali et al. (2016). Additionally,
also decreasing the unproductive period (i.e. heifers
calving period) could help in reducing the environmen-
tal and economic costs allocated to milk production, as

well as lameness (Mostert et al. 2018). With regard to
crops cultivation, crop management is very important,
but pest control and irrigation resulted among the least
practised operations on the studied farms, both of
which should be practised for better yield (Bacenetti
et al. 2018). Moreover, although being important to
analyse the whole cheese production chain, in this
study the focus was on milk production (farm gate)
because of its prominent role respect to the transform-
ation; this is in accordance with other studies such as
Dalla Riva et al. (2018) on Asiago PDO and Bava et al.
(2018) on Grana Padano PDO. Although in this study
the differences between production disciplinary of GP
and PR emerged in regard of the farm choices, they did
not represent the main driver for environmental sustain-
ability. Instead, farm efficiency and managerial choices
are the most affecting, as also reported in de Boer et al.
(2011) and Gaudino et al. (2014).

Several are the mitigation strategies to be introduced
for improving the environmental sustainability of milk
production. In fact, the results of both LCA and statis-
tical analysis are straightforward in highlighting that
emissions from enteric fermentation, spreading of fertil-
isers on field and storage of slurry and manure,
together with feed purchase deeply affect all environ-
mental impact categories. In regard to cattle manage-
ment, the most important variables to be improved are
milk production, feed self-sufficiency, feed composition
and ration balance. Their increase permits to achieve
good FPCM and DE partially using home-grown crops
and possible alternative purchased feed with a higher
environmental sustainability (for example, reducing the
use of imported soybean – characterised by a strong
impact due to cultivation, land use change and trans-
port – and increasing other oil/protein crops such as
sunflower cultivated locally). These strategies permit
reducing the impact on climate change, acidification,
eutrophication, land use and energy and resources
use as well as increasing the IOFC (e/d per cow).
Additionally, even if not much attention was paid on
this issue in this study, improved techniques for storing
and spreading on field slurry and manure should be
considered. This permits to reduce NH3 emissions to air
(Provolo et al. 2018) as well as NO3 and PO4 leaching
and runoff, which affect particulate matter formation,
acidification and eutrophication impact categories.
Positive effects on the same categories can be achieved
improving crops production, especially that of alfalfa,
which is widely cultivated (i.e. 28.1% and 63.6% in GP
and PR farms, respectively).

Although these strategies can be quite common,
they allow achieving good results on both the
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environmental and the economic sides and this is sup-
ported by the cluster analysis from which clear distinc-
tions emerged between efficient and inefficient
farming systems.

Conclusions

In this study, a representative sample of farms of the
Province of Mantova (Italy) was analysed permitting to
make evaluations on the cultivation and livestock sys-
tems, as well as on the main contributors to the envir-
onmental impact of milk production of this important
area for dairy farming. With this picture, extensively
valid mitigation strategies can be suggested and
potentially accomplished on a wide scale.

From the results, it emerges that there is a close
relation between efficient farms and environmental
sustainability, pointing out that efficient farms have
the best environmental performances and income.
Small farms with few cows, reduced land area and low
production resulted negative options on the environ-
mental and economic (IOFC) point of view, but
improvements can be achieved by mitigating the
effect of feed ration and composition.

With the identification of the relations among dairy
farm variables and environmental impact, the results
of this study permit to understand the direction
towards which improving the efficiency of resource
use, balanced feed intake and feed self-sufficiency,
and finally increasing milk productivity and environ-
mental and economic benefits. Moreover, they can
help highlighting the importance of circular economy
and of environmental assessment studies as tools that
help make valid decisions. It is essential to go towards
the direction of farming efficiency and dissemination
of innovations to farmers, who represent the main
drivers towards effective efficient changes on farms.
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