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farming: Insights from a study of the knowledge transfer chain
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A B S T R A C T


Low innovation adoption rates in agriculture have spurred intense research on farmers’ attitudes and motiva-
tions. Little attention has been paid to attitudes of other important actors in the knowledge transfer chain.
Evidence indeed suggests that adoption rarely happens at the farm level, but requires the right inputs from
science and extension services. Divergent attitudes among actors in the knowledge transfer chain may hence
contribute to low adoption rates by transferring insufficient, outdated, irrelevant and/or incorrect information.
This study is an investigation on attitudes towards climate change mitigation and adaptation of three classes of
actors: sheep farmers, researchers involved in fields related to sheep farming and extension officers from private
companies and public agencies. The investigation is based on data collected through self-administered ques-
tionnaires submitted to 165 participants to agricultural field days in Sardinia (Italy). The sample consists of
sheep farmers (37,5%), researchers (16,4%), extension officers (32,1%) and other agricultural workers or stu-
dents (14 %). In order to assess differences in attitude and identify the sources of attitudinal divergence, the
study adopts Kolmogorov – Smirnov (KS) equality-of-distribution tests and Partial-least square structural
equation modelling (PLS-SEM). Comparing and contrasting attitudes towards several topics related to GHG
emission mitigation and adaptation to climate change reveal that researchers and extension officers have dif-
ferent attitudes towards innovation for mitigating GHG, that in turn depend on different information and beliefs
on the causes and effects of climate change. This context is less than optimal to promote adoption of climate
change mitigation or adaptation strategies. Climate change science and policy design need to recognise the
complexity of knowledge transmission and the multiplicity of attitudes and beliefs that inform and affect the
process. To mitigate the impact of diverging attitudes and beliefs among researchers and extension officers
tailored communication strategies should avoid controversial issues and focus on benefits of innovation on farm
efficiency. In turn, this would build trust and cooperation among all the actors in the knowledge transfer chain.
Only when cooperation is assured, one could be confident that the information delivered to farmers is scienti-
fically sound, relevant, value-neutral and useful in changing farmers' behaviour.


1. Introduction


Agriculture is the second largest anthropogenic contributor to cli-
mate change accounting for 24 % of total net greenhouse gas (GHG)
emissions (Pachauri et al., 2014, p.46). The livestock sector contributes
around half of agriculture emissions (Havlík et al., 2014). Agriculture is
also highly vulnerable to climate change as extreme temperature,
drying trends and erratic precipitation are likely to affect water avail-
ability, crop and livestock productivity, food security and income
(Pachauri et al., 2014). Despite substantial public subsidies and private
incentives, in Europe as in the rest of the world, climate change miti-
gation and adaptation in agriculture is still limited (Ampaire et al.,


2017; Findlater et al., 2019; Fleming and Vanclay, 2010; Ridier et al.,
2013; Stevenson et al., 2019).


Research has identified several causes for low adoption rates in
agriculture that can be organised around three major themes:


a policy-related barriers, such as lack of political commitment, poor
horizontal and/or vertical cooperation and inadequate interface
between science and policy making. For instance, Ampaire et al.
(2017);, Matewos (2019) and Wright et al. (2014) identify govern-
ance gaps, unstructured and weak coordination among policy ac-
tors, low integration of research evidence, lack of monitoring and
evaluation programs and insufficient funding in designing and
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implementing climate change related policies in the farming sector.
Their case studies show that barriers in policy-making and im-
plementation can arise at the political, administrative and scientific/
technical stages, and often they appear at several levels at once. Clar
et al. (2013) and van Buuren et al. (2018) find similar barriers to
effective adaptation policies in flood risk management, but they are
common in many other fields (IPCC, 2001).


b barriers related to farmers’ perceptions, attitudes and beliefs about a
innovation or conservation practice (Pannell et al., 2006). This is a
broad and growing research field, indicating that perceptions and
beliefs are major drivers of mitigation and adaptation (see Dang
et al., 2014; de Matos Carlos et al., 2019; Mase et al., 2017; Rejesus
et al., 2013; Schaak and Mußhoff, 2018). As pointed also in The
World Development Report 2015 cognitive obstacles often prevent
action on climate change (World Bank, 2015).


c technical and economic barriers that restrict the rate of adoption of
conservation practices. These include the effects of innovations on
farms’ economic performance, technology complexity, skilled labour
and capital requirements, market access and structure, incentives
and subsidies (see, for instance, Biagini et al., 2014; Kuhl, 2019;
Sathaye et al., 2001)


There is also a growing literature on the role that knowledge gen-
eration and technology transfer play in engaging farmers in programs to
adopt better management practices (Willson and Roderick, 2018).
Knowledge transfer is the sharing or disseminating of knowledge and
provision of inputs to problem solving. The knowledge transfer chain is
the set of agents generating, sharing and disseminating knowledge to
stimulate desirable agricultural development (Anderson and Feder,
2007). It includes policy makers, scientists and extension officers, as
well as farmers. Knowledge transfer in agriculture is not just a matter of
provision and comprehension of sufficient information (Potter and
Oster, 2008), but farmers’ engagement requires designing strategies to
improve how climate change science is framed and delivered (Richards
and Carruthers Den Hoed, 2018). This is crucially important in social
contexts where the public and experts may be increasingly diverging in
their assessment about climate change (Capstick et al., 2015). Hence, as
adoption in agriculture does not take place at the farm level but within
the entire technology transfer chain (Capstick et al., 2015), barriers to
adoption can appear at every stage of the process: science framing and
delivering, policy making and in the fields.


Scientists’ values and attitudes affects the production and use of
knowledge, the framing of information and the policy-science arena
(Crouzat et al., 2018). Extension officers rarely generate new knowl-
edge but they can affect the flow of information to and from the farm as
they act as intermediaries in the knowledge transfer chain between
scientists and farmers. They have the power to frame, package and
deliver information according to their beliefs and attitudes (Prokopy
et al., 2014). (Achora et al., 2018), for instance, show that some chal-
lenges to adoption of conservation agriculture arise from the chosen
knowledge transfer approach. However, the role of agricultural re-
search and extension services is usually investigated to assess their
performance in improving farm management and productivity
(Anderson and Feder, 2007). While extensive scholarship has explored
the role of policy actors and scientists in climate change adaptation
(see, for instance, Biesbroek et al., 2013; Garvin, 2001; Oulahen et al.,
2018; Urwin and Jordan, 2008) very little is known about beliefs,
perceptions and attitudes of agricultural scientists and extension offi-
cers. A few studies have recently acknowledged this gap in the litera-
ture and assessed agricultural advisors’ appraisal of climate change risk
(Carlton et al., 2016; Church et al., 2018; Mase et al., 2015). Other
studies have focused on the interactions of scientists, policy makers,
extension officers, farmers and their knowledge systems, values and


cultural roles (Carr and Wilkinson, 2005; Prober et al., 2017; Richards
and Carruthers Den Hoed, 2018). These studies highlight that attitu-
dinal barriers to adoption may be found among actors other than
farmers and that improving natural resource management at the farm
level requires convergence of those actors’ attitudes and knowledge.


In this paper we assess the support to and disposition towards cli-
mate change adaptation and mitigation of three classes of actors: sheep
farmers, extension officers and researchers. We follow the approach
adopted by Prokopy et al. (2014) who compared climate change beliefs
by surveying scientists, agricultural advisors, extension educators, and
farmers in the United States. We also explore the role of additional
factors such as trust and experience in shaping attitudes. The objectives
are: a) evaluate whether actors have converging or diverging attitudes;
b) identify the causes of divergent or convergent dispositions; c) assess
the potential impact of these attitudes on agricultural adoption and on
the functioning of the knowledge transfer chain. While diversity of
assessments is intrinsic to the knowledge transfer process, there may be
instances when it could not be smoothed out by a mere provision of
scientific information. Decreased trust in climate scientists, for ex-
ample, is associated to increased scepticism about climate change
(Leiserowitz et al., 2013). Climate sceptic actors in the knowledge
transfer change could create conflicting messages, amplify or attenuate
risk perceptions and hinder the application of scientific research and
knowledge to agricultural practices. As far as we know, ours is one of
the few studies to contrast and compare perceptions, beliefs and atti-
tudes of the three major actors in the agricultural knowledge transfer
chain. It is also one of the first attempts at identifying the sources of
diverging attitudes and assess their likely impact on climate change
science transfer. This paper is also peculiar as the attitudes and beliefs
assessment will inform the design of climate change policies meant to
promote innovations to abate GHG emissions in sheep farming in Sar-
dinia (Italy). It is an exploratory investigation whose results may help to
develop more effective strategies for sustainable farming.


Sardinia is one of the largest sheep milk producers in Europe: with
about 3.2 million ewes, 14,000 dairy sheep farmers and 330,000 t
year−1 of milk, it represents about 25 % of total EU-27 production
(Vagnoni and Franca, 2017). Adoption of alternative management
strategies is a crucial issue in sheep farming in Sardinia. As in most of
the Mediterranean region, local sheep farming systems are pre-
dominantly extensive or low input (Ripoll-Bosch et al., 2013). This is
due to agronomic and economic reasons, as well as cultural and historic
factors (Nguyen et al., 2016). As GHG abatement at the farm level
would require innovation and new agronomic practices, it is important
to assess the potential barriers to adoption at every level of the
knowledge transfer chain.


The paper is organised in four sections. Section 2 illustrates the
conceptual model adopted to explore attitudes and beliefs of farmers,
extension officers and researchers working on fields related to sheep
farming. This section includes a description of the research method and
the questionnaire developed on the basis of the model, as well as a brief
summary of the sample. An outline of the instruments adopted for data
analysis is in Section 3. Section 4 contains a description of the results,
while discussion and conclusions are in the final Section 5.


2. Model and method


2.1. Conceptual model


There is extensive evidence of the attitude-behaviour relationship in
any field of human endeavour. The 2015 World Development Report,
for instance, highlights the contribution of attitudes, habits, skills and
abilities, along with automatic thinking, cognitive illusions, mental
models and social norms, in shaping human behaviour (World Bank,
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2015). On the issue of innovation adoption in agriculture, (Vanni et al.,
2013) and (Hou and Hou, 2019) show that farmers’ decision to adopt
mitigation and adaptation strategies are affected by their attitudes,
among other things. Two of the most influential approaches to explain
this evidence are the theory of planned behaviour (TPB) (Ajzen, 1991),
and the value-beliefs-norm model (Stern, 2000). Central to these
models is the idea that beliefs about the world shape attitudes towards
actions and objects, and these attitudes in turn affect behavioural in-
tentions. The value-benefit-norm model stresses the role that values and
moral norms have in shaping beliefs, while the TPB suggest that self
interest and rational choice drive deliberation (Kaiser et al., 2005).
Fishbein and Ajzen (2010) define attitudes as function of individual
beliefs on a specific object and of the individual’s evaluation of that
object. Under this perspective, attitudes are an” evaluative disposition
through which individuals behave positively or negatively toward an
object” (Wan et al., 2015). Attitudes tend to produce a corresponding
behavioural intention and both attitudes and intentions are found to be
reliable predictors of subsequent actions once context and individual
factors are taken into account (Ajzen, 2004).


An investigation of attitudes could help predict farmers’ actual
adoption of GHG mitigation and climate change adaptation strategies.
One would expect that a negative disposition towards GHG mitigation,
for instance, is correlated with low adoption rates. It could also help to
predict the quality of the extension officers’ knowledge transfer as ne-
gative attitudes towards climate change-related innovations are likely
to be associated with low quality information sharing. Moreover, an
investigation of attitudes would highlight instances of shared attitudes
among these actors. Shared or converging dispositions may create a
reference group through which information is sought to match and
reinforce prior convictions (Boudet et al., 2014; Kahan et al., 2011;
Leiserowitz, 2006). Shared climate scepticism among farmers and ex-
tension officers, for example, may create a reinforcing group that hin-
ders adoption of climate change-related innovations.


Ajzen, 2004, 1991; Ajzen and Cote, 2008; Fishbein and Ajzen, 2010
posit that beliefs (i.e. a person’s subjective perception of an object),
information (i.e. probabilities and outcomes) and values (i.e. desir-
ability of outcomes) are the major determinants of attitudes. In this
paper, the assessment of attitudes towards GHG emission mitigation
and adaptation to climate change in sheep farming is based on the
following hypothesis:


H1. for both mitigation and adaptation, attitudes are affected by the
trust respondents have in the mainstream narrative on causes and
effects of climate change (Arbuckle et al., 2015, 2013; Mase et al.,
2015);


H2. experience, knowledge, and information on causes and effects of
climate change are also assumed to affect perceptions and beliefs and
hence attitudes towards mitigation and adaptation (Rejesus et al.,
2013);


H3. the relevance of climate change on farmers day-to-day
management is also expected to influence stakeholders disposition
towards adoption (Carlton et al., 2016);


H4. attitudes towards innovation are deemed interesting to gauge
farmers disposition towards management changes (Bohnet et al., 2011);


H5. stakeholders disposition towards conservation or a sense of
environmental stewardship (unrelated to climate change) affects their
attitude towards adoption (Vanni et al., 2013).


The model is described in Fig. 1. It contains 5 explanatory constructs
or latent variables (trust, knowledge, relevance, attitudes towards innova-
tion and attitudes towards environmental conservation) and 2 explained
constructs (attitudes towards mitigation and attitudes towards adaptation).


Both the explanatory and explained constructs are measured with a
series of indicators (D1 to D20 in Fig. 1) that capture the composite
nature of the variables, but the latter are also assumed to be influenced
by the former.


2.2. Survey


In order to understand stakeholders attitudes towards mitigation
and adaptation in sheep farming, we developed a questionnaire on the
basis of the current literature, related behavioural theories, consulta-
tions with experts and two rounds of pre-testing. Having consulted with
12 scientists from universities and public research bodies, as well as
agricultural advisors from the Sardinian public extension service, the
first drafts of the questionnaire were administered on a non-random
sample of 10 farmers to test for language, comprehension and re-
levance. The final version of the questionnaire contains 20 attitudinal
questions, each corresponding to an indicator variable in the model (D1
to D20 in Fig. 1), and they are framed as “Do you agree with the fol-
lowing statement?” followed by a 5-point Likert scale (not at all, only a
little, don’t know, somewhat, absolutely). An example of the question is
shown in Fig. 2 and the full questionnaire is included in Appendix A.
The statements were non-neutral, as they propose a one-sided argument
or a controversial declaration. The goal of attitudinal questions is in-
deed to force respondents to take sides. For each topic, but only if ap-
propriate, the questionnaire contains at least a general statement, a
statement related to the farmer experience or business, and a statement
on the participant information or knowledge. For instance, on the topic
of adaptation, the statements are1 :


• Investing to adapt to climate change means saving money in the
future


• It is not important for my business/sheep farmers to adapt to climate
change


• I do not know solutions to adapt my business/sheep farming to
climate change


Answers are coded in such a way that higher scores indicated a
favourable disposition towards the composite latent variables. For in-
stance, consider the following two statements: ”Every year climate
change causes financial losses to sheep farmers” and” There is very little one
can do about climate change”. Agreeing with the first statement and
disagreeing with the second both receive high scores, as the underlying
beliefs are expected to be correlated with positive attitudes towards
adaption and mitigation.


The questions broke down the issue of climate change into 7 cate-
gories:


a Trust on the mainstream narrative on climate change;
b Knowledge and experience of the effects of climate change;
c Relevance of climate change for farmers;
d Innovation;
e Environmental protection;
f Mitigation;
g Adaptation.


It is desirable to research each topic in depth with as many questions
as possible. However, this aspiration has to be balanced against the
demands that a long and complex questionnaire poses on the re-
spondents. An in-depth but taxing questionnaire is not a guarantee for
quality of the answers. After consultations with experts and extension
officers, it was agreed that the questionnaire should:


1 To make the questionnaire relevant for farmers, researchers and extension
officers, the statements include the expression “my business/sheep farming” or
similar.
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a be self-administered; participants would fill in the questionnaire by
themselves in their own time, avoiding the pressure of an interview,
the warm-glow effect and “yes-saying” (Krosnick, 1991; Podsakoff
et al., 2012; Revilla, 2015);


b not take more than 10−15min to complete; a longer questionnaire
will have high rejection rate and poor answers, because “farmers are
time-constrained and will avoid any task that is too long or cogni-
tively taxing” (A. Atzori, pers. comm.);


c have a limited number of factual questions (e.g. farm size, location,
etc.) as many farmers “have privacy concerns no matter how many
guarantees your questionnaire provides” (A. Atzori, pers. comm.)
and would avoid them and reject the whole questionnaire.


2.3. Sample


The questionnaire was administered on a sample of 62 Sardinian
sheep farmers, 27 agricultural scientists, 53 public and private exten-
sion officers, and 23 respondents from heterogeneous backgrounds
(students, crop farmers, farm labourers). The sample is representative
neither of the farming sector nor of the research and extension services.
Questionnaires were distributed and collected during a series of farm
field days to promote innovation in sheep farming for efficiency and
nutrition improvement. Field trials are important moments of knowl-
edge transfer and hence they are a good setting to evaluate if there are
diverging assessments of innovation. However, participants to field
days are self-selected, and usually includes farmers who are more open
and geared towards innovation (more educated, larger enterprises). We
expect that our biased sample would highlight more converging rather
than diverging evaluation. 80 % of the respondents are male and over
45 years old. As expected, many farmers did not provide answers to
factual questions, but fully completed the attitudinal survey.


3. Data analysis


Kolmogorov – Smirnov (KS) equality-of-distribution tests and
Partial-least square structural equation modelling (PLS-SEM) are
adopted to assess model and attitudes. The Kolmogorov-Smirnov test
(KS test) is a non-parametric test of the equality of continuous prob-
ability distributions that can be used to compare two samples. The KS
statistic quantifies the distance between the empirical distribution
functions of two samples. It is calculated under the assumptions that the
samples are drawn from a population with the same distribution. The
KS tests tell us if the frequencies of values computed from the Likert
scale scores for each latent variable have the same distribution function
between samples (Gregoire and Driver, 1987). In other words, sig-
nificant differences between distributions of the samples indicate a
difference in disposition or attitude towards a construct.


To understand the source of divergent or different attitudes in the
sample, we assess the model in Fig. 1 and test the hypotheses with the
use of the PLS-SEM. PLS-SEM is an exploratory method that searches for
relationships between composite (multi-items) unobserved variables
that can be measured indirectly via indicators variables. Each indicator
variable captures a single aspect of an abstract construct or concept.
What differentiates PLS-SEM from other structural equation modelling
approaches is that PLS-SEM relies on explaining the variance of the
independent variables rather than estimating the covariance matrix of
the dataset (Hair et al., 2014). Venturini and Mehmetoglu, 2017 suggest
using PLS-SEM when the model relating explanatory and explained
constructs (the structural model) is complex and the sample size is
small. The application of PLS-SEM has increased of late due to its ap-
plicability to challenging models and its ability to assess data with non-
normal features or with small sample sizes (Hair et al., 2014). Its use is
already consolidated in several fields, among which environmental
studies (Carlet, 2015), because of its capability of assessing both causal
relationships between indicators and causal relationships between la-
tent constructs (Gudergan et al., 2008). Furthermore PLS-SEM helps for
exploratory and confirmatory research in the assessment of complex
relationships where many indicators and constructs are present (Chin
et al., 2003).


The PLS-SEM develops upon two sets of linear equations: the
structural model and the measurement model. The structural model
postulates the relationships between unobserved or latent constructs,
whereas the measurement model specifies the relationships between a
latent construct and its observed or manifest items. The data analysis


Fig. 1. Explanatory and explained constructs in the model.


Fig. 2. Sample of survey question.
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follows a two-step approach: the first step assesses the measurement
model to ensure reliability and validity of the constructs; the second
step tests the causal paths between the constructs that comprise the
theoretical model and evaluates the structural model. In the first step,
item reliability, internal consistency and discriminant validity were
used to test the reliability and validity of the model2 .


As shown in Fig. 1, PLS-SEM assesses the relationships between the
explanatory (exogenous) constructs Trust, Knowledge, Relevance, In-
novation and Environmental protection with the explained (en-
dogenous) constructs Mitigation e Adaptation, each of which captures
the attitude of respondents on the topic. PLS-SEM also allows com-
parisons of the estimated relationships across the classes of respondents
in the sample.


4. Results


Figs. 3 and 4 show the probability density functions of the scores of
the two latent attitudinal variables MITIG and ADAPT for each class of
actors in the sample3 . The probability functions are estimated via
kernel density estimation (KDE) that makes use of the Epanechnikov
function4 . A visual inspection suggests some differences in the dis-
tribution functions. For both MITIG and ADAPT, farmers show a ne-
gative disposition more frequently than the other classes. Researchers,
on the contrary, show a positive attitude on both topics more frequently
than the other actors. On the topic of mitigation, extension officers
seem to have an attitude that is less positive than researchers’ dis-
position, while on adaptation their attitude scores follow a similar


pattern. The results of a Kolmogorov-Smirnov (KS) equality-of-dis-
tributions test are shown in Tables 1 and 2. For the latent variable
MITIG the test indicates that farmers, extension officers and the Others
sub-sample have similar attitudes, and that they all differ from re-
searchers (at 95 % confidence level).


For the ADAPT latent variable, the KS test indicates that researchers
and extension officers have similar attitudes and that they both differ
from farmers (at 95 % confidence level). The Others sub-sample does
not show any difference in attitude from the other classes of actors.


PLS-SEM gives an insight on the factors explaining divergent atti-
tudes on mitigation and adaptation. As shown in Table 3, the latent
variables TRUST and KNOW have significant impacts on both MITIG
and ADAPT constructs, while INN and ENV are significant only for
ADAPT. The construct RELEV has significant impact neither on MITIG
nor on ADAPT.


In Appendix B we report the quality criteria for the PLS-SEM model
estimation. The model performance is not entirely satisfactory: some
indicator variables are excluded from estimation as did not have sig-
nificant impact on constructs5 . A possible explanation is that the survey
focus is sheep farming and hence farmers attitudes and opinions are
related to what farmers themselves should or should not do. For re-
searchers, extension officers and the rest of the sample, what is mea-
sured is actually their attitudes towards what sheep farmers should or
should not do. Still the model provides evidence on factors affecting
mitigation and adaptation attitudes that is in line with the findings in
the literature. Comparing the structural model parameter estimates
indicates that the impact of latent variables on MITIG and ADAPT
constructs do no differ substantially across stakeholders. Leaving aside
the heterogeneous class of” Others”, only for farmers and researchers
the latent variable Trust has significantly different weights on their
attitudes towards mitigation (see Table 4).


A visual inspection of the probability density functions and the KS
tests identify the sources of different attitudes. Farmers trust the main
narrative on causes and effects of climate change less than researchers
and extension officers (see Fig. 5 below and Table C1 in Appendix C).
There is also a significant difference between the level of trust of re-
searchers and extension officers while not significant differences are
reported between farmers and the” Others” sub sample. Similar pattern
is found for the KNOW construct (Fig. 6): farmers differ in the level of
knowledge from researchers and extension officers, and those two


Fig. 3. Kernel density of MITIG variable. Fig. 4. Kernel density of ADAPT variable.


2 Item reliability was examined through factor loadings that indicate the
degree to which each indicator is correlated with its relevant latent variable.
Internal consistency was tested using Cronbach alpha and the rho. The struc-
tural model was tested based upon the significance of the path coefficients,
representing the strength of causal relationships between constructs, by ob-
serving the R2 values of the dependent variables, and observing the Average
Variance Extracted (AVE) which measures the amount of variance of a latent
variable that is explained by its indicators in relation to the amount of variance
due to measurement error. Among the model selection criteria, the Akaike
Information Criterion (AIC), also unbiased and corrected, the Bayesian
Information Criterion (BIC) and the Hannan Quinn Criterion (HQ), also cor-
rected, are employed.


3 Score for MITIG is the sum of the scores obtained from responses to ques-
tions D7, D12 and D15. Score for ADAPT is the sum of scores from questions
D11, D16 and D18. Scores are normalised to range from -3 to 2.


4 Kernel density estimation (KDE) is a technique for the non-parametric es-
timation of the probability density function of a random variable. It can use a
range of kernel functions (uniform, triangular, biweight, triweight,
Epanechnikov, normal, and others). The Epanechnikov kernel is the most effi-
cient when compared to the optimal kernel (Wand, M.P; Jones, M.C., 1995.
Kernel Smoothing. London: Chapman & Hall/CRC).


5 To asses the relationship between latent constructs and indicator variables,
PLS-SEM makes use of outer loadings. Outer loadings are coefficients estimated
through single regressions (one for each indicator variable) of each indicator
variable on its corresponding construct. Indicator variables with standardised
loadings less than 0.4 are dropped from estimation while indicators with
loadings between 0.4 and 0.7 are retained if they exclusion does not improve
model performance (Hair et al., 2014, p.103).


G.B. Concu, et al. Environmental Science and Policy 107 (2020) 99–113


103







classes differ as well. Prokopy et al. (2014) report similar results on a
sample of US agricultural stakeholders.


On the topic of relevance of climate change, there are not statisti-
cally different opinions even if from a visual inspection of Fig. 7, re-
searchers appear to judge the impact of climate change in sheep
farming less relevant than any other stakeholder. Innovation is a topic
where the only significant difference is between farmers and re-
searchers: farmers tend to be less favourable towards innovation
(Fig. 8). Furthermore, farmers have a less favourable disposition toward
environmental protection than researchers and extension officers. No
significant difference is found between the other classes (Fig. 9).


5. Discussion and conclusions


The results of our survey on sheep farming stakeholders indicate
that farmers and extension officers share similar attitudes regarding
GHG emission mitigation, and their attitude is less favourable to miti-
gation strategies compared to that expressed by scientists. Different
levels of knowledge on causes and consequences of climate change and
different levels of trust in the mainstream narrative regarding climate
change are the sources of these diverging attitudes. For adaptation
strategies, results show that researchers and extension officers have
similar attitudes while farmers are less supportive of climate change
adaptation than the other two groups. Again, the sources of these dif-
ferences are knowledge of climate change causes and impacts and belief
in climate science.


Differences in attitudes and opinions between farmers and other
actors in the knowledge transfer chain are expected. As changes in the
production system entail some degree of risk and uncertainty to their
livelihood and lifestyle, farmers may be more cautious and conservative
in embracing new ideas and information than other professionals whose
livelihood is not at stake. As shown by Pannell et al. (2006), farmers
need to be persuaded of the relative advantage of an innovation before
abandoning the old ways. This is the very reason for establishing a
knowledge transfer network.


It is however less than optimal for researchers and extension officers
to have different attitudes towards innovation for mitigating GHG, that
in turn depend on different levels of trust and knowledge. These gaps in


Table 1
Results of the K-S equality of distribution test for the MITIG latent variable.


RESEARCHERS EXT OFF OTHERS


FARMERS Smaller group Distance P-value Exact Smaller group Distance P-value Exact Smaller group Distance P-value Exact
1 0.470 0.000 1 0.209 0.082 1 0.218 0.203
2 0.000 1.000 3 −0.0027 1 4 −0.044 0.939
Combined K–S: 0.470 0.001 0.000** Combined K–S: 0.2091 0.164 0.136 Combined K–S: 0.2181 0.402 0.344


RESEARCHERS Smaller group Distance P-value Exact Smaller group Distance P-value Exact
2 0.000 1.000 2 0.000 1.000
3 −0.345 0.014 4 −0.367 0.035
Combined K–S: 0.3452 0.028 0.021** Combined K–S: 0.367 0.070 0.051*


EXT OFF Smaller group Distance P-value Exact
3 0.0632 0.88
4 −0.1025 0.714
Combined K–S: 0.1025 0.996 0.986


** significant at 5%.
Significant at 10 %.


Table 2
Results of the K-S equality of distribution test for the ADAPT latent variable.


RESEARCHERS EXT OFF OTHERS


FARMERS Smaller group Distance P-value Exact Smaller group Distance P-value Exact Smaller group Distance P-value Exact
1 0.400 0.002 1 0.284 0.010 1 0.280 0.072
2 −0.037 0.950 3 −0.0271 0.959 4 −0.029 0.973
Combined K–S: 0.400 0.005 0.003** Combined K-S : 0.2842 0.02 0.015** Combined K-S : 0.2798 0.145 0.116


RESEARCHERS Smaller group Distance P-value Exact Smaller group Distance P-value Exact
2 0.037 0.952 2 0.040 0.961
3 −0.178 0.324 4 −0.200 0.371
Combined K-S : 0.1775 0.626 0.551 Combined K-S : 0.200 0.705 0.618


EXT OFF Smaller group Distance P-value Exact
3 0.1444 0.512
4 −0.0837 0.799
Combined K-S : 0.1444 0.892 0.835


** significant at 5%.
Significant at.10 %.


Table 3
Results of the structural model estimation.


Standardised path coefficients (Bootstrap)


Variable MITIG P Values ADAPT P Values


Trust 0.382** 0.000 0.184** 0.017
Know 0.234** 0.018 0.207** 0.007
Relev 0.098 0.485 0.018 0.816
Inn 0.002 0.986 0.170** 0.014
Env 0.128 0.151 0.376** 0.000
R-squared adjusted 0.413 0.342


**significant at 5%.
*significant at.10 %.
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information and trust in scientific explanations of climate change are
evidence of a bottleneck in the process of transferring scientific in-
formation from the research laboratories to the farm. Agricultural ex-
tension officers are intermediaries in the information chain between
scientists and farmers. They have the power to affect the flow of in-
formation to and from the the farm by framing, packaging and deli-
vering information according to their beliefs and attitudes. It appears
that extension officers and farmers share the same attitude towards


mitigation strategies and that it is based on a decreased trust in and
knowledge of climate science and facts. This shared world view may
produce climate scepticism that reinforces itself in the extension offi-
cers/farmers community by disseminating information that matches
prior convictions (Boudet et al., 2014; Kahan et al., 2011; Leiserowitz,
2006). This context is less than appropriate to promote adoption of
climate change mitigation or adaptation strategies: scientific evidence
could not be communicated or transmitted through the knowledge


Table 4
P-values for comparing PLS-SEM parameter estimates.


P-values


Model Variable Farmers vs Researchers Farmers vs Ext Off Farmers vs Others Researchers vs Ext Off Researchers vs Others Ext Off vs Others


ADAPT Trust 0.866 0.894 0.016** 0.949 0.126 0,036**
Know 0.976 0.374 0.708 0.594 0.804 0.373
Relev 0.590 0.435 0.497 0.294 0.387 0.930
Inn 0.903 0.401 0.083* 0.586 0.113 0.015**
Env 0.504 0.520 0.805 0.861 0.571 0.540


MITIG Trust 0.052* 0.187 0.650 0.340 0.323 0.666
Know 0.332 0.101 0.245 0.974 0.198 0.028*
Relev 0.940 0.914 0.267 0.991 0.250 0.208
Inn 0.974 0.949 0.403 0.982 0.432 0.376
Env 0.756 0.340 0.167 0.343 0.416 0.098*


**significant at 5%.
*significant at.10 %.


Fig. 5. Kernel density of TRUST.


Fig. 6. Kernel density of KNOW.


Fig. 7. Kernel density of RELEV.


Fig. 8. Kernel density of INN.
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transfer chain in ways that can effectively change farmers’ behaviour.
The implications of these findings are twofold. First, our investiga-


tion highlights the importance of recognizing the complexity of
knowledge transmission and the multiplicity of attitudes and beliefs
that inform and affect the process before a policy is designed and im-
plemented. An ex ante analysis of attitudes and beliefs could shed some
lights on how they cut across stakeholders’ groups creating drivers or
barriers to adoption of climate change mitigation strategies. Second,
science and policy design for climate change mitigation and adaptation
in sheep farming in Sardinia need to address the causes of different
level of trust and knowledge among researchers and extension officers.
On the one hand scientists could: a) start promoting innovation that
both reduce GHG emission and address directly farmers needs. GHG
mitigation at the farm level has comparatively smaller private benefits
than adaptation, and hence is less likely to be voluntarily adopted.
Science should provide solutions that increase the private benefits, such
as promoting curbing emission through efficiency improvement or
through strategies that shield business from adverse climate change
impacts. For instance, they could promote diet and nutrition innovation
in order to improve animal health and hence productivity. A better
animal diet has also the side benefit of reducing emissions from enteric
fermentation (Molle et al., 2008). Scientists should stress the efficiency
improvement in order to avoid the controversial topic of GHG mitiga-
tion and climate change. In turn, this could also improve trust and
cooperation between scientists and extension officers. More coopera-
tion and trust means that researchers, extension officers and farmers
could find solutions meaningful and coherent with their goals and


needs; b) use communication expertise to promote tailored messages to
avoid challenging extension officers’ beliefs and world views, as well as
making assumptions that could block receptiveness to learning about
innovation and climate change (Prokopy et al., 2014). On the other
hand, policy makers needs to provide resources for communication,
training and education along with the general framework to adopt in-
novation. Incentives may be also necessary as appealing to farmers’
sense of environmental stewardship and attitude towards innovation do
not appear to be sufficient to promote adoption.


Based on prior understanding of the sources of differing attitudes,
communication, training and education could help finding novel ways
to overcome entrenched beliefs and communicate climate change sci-
ence. This in turn would improve cooperation from all actors in the
knowledge transfer chain. Only when this cooperation is assured, one
could be confident that the information delivered to farmers is scien-
tifically sound, relevant and value-neutral.


Traditionally, policies to promote innovation adoption in agri-
culture have targeted farmers. Given the low adoption rates, there is a
clear need for more ex ante research to investigate potential bottlenecks
in knowledge transfer so as to inform policy making and implementa-
tion.
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Appendix A


Questionnaire
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Appendix B


Quality Criteria for PLS-SEM estimation
Table B1–B3


Table B1
R Square.


R Square R Square Adjusted


ADAPT 0.430483 0.412574
MITIG 0.362418 0.342368
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Discriminant validity
Table B4–B6


Table B2
f Square.


ADAPT ENV INN__ KNOW MITIG RELEV TRUST


ADAPT
ENV 0.208681 0.021674
INN__ 0.046362 0.000004
KNOW 0.057588 0.065893
MITIG
RELEV 0.000573 0.014812
TRUST 0.044810 0.172443


Table B3
Construct reliability and validity.


Cronbach's
Alpha


rho_A Composite
Reliability


Average Variance
Extracted (AVE)


ADAPT 0.491074 0.653536 0.778805 0.644559
ENV 1.000000 1.000000 1.000000 1.000000
INN 0.169279 0.172829 0.704554 0.545503
KNOW 1.000000
MITIG 0.455895 0.644622 0.650490 0.414321
RELEV 1.000000
TRUST 1.000000


Table B4
Fornell-Larcker Criterion.


ADAPT ENV INN__ KNOW MITIG RELEV TRUST


ADAPT 0.802845
ENV 0.538425 1.000000
INN__ 0.324205 0.200185 0.738582
KNOW 0.441278 0.332975 0.161104
MITIG 0.565733 0.331122 0.152432 0.449930 0.643678
RELEV 0.029437 0.030777 −0.098124 0.058879 0.124267
TRUST 0.437689 0.317416 0.253434 0.436016 0.528141 0.022718


Table B5
Cross loadings.


ADAPT ENV INN KNOW MITIG RELEV TRUST


D1 0.252511 0.089992 0.795991 0.086453 0.142320 0.103219 0.115818
D10 0.538425 1.000000 0.200185 0.332975 0.331122 0.030777 0.317416
D12 0.250194 0.025030 0.141953 0.110232 0.434525 0.231977 0.125697
D15 0.548531 0.365555 0.140655 0.454663 0.921923 0.008960 0.555125
D16 0.928235 0.535732 0.280683 0.457864 0.572459 0.024971 0.480276
D18 0.653834 0.278925 0.253176 0.190373 0.273635 0.024035 0.135663
D19 0.071859 0.103755 −0.097027 0.100876 0.096515 0.865112 0.078868
D20 0.340064 0.200902 0.161936 0.361101 0.368985 0.203604 0.730531
D3 0.335728 0.282992 0.224627 0.315136 0.440860 −0.143319 0.807178
D5 −0.026509 −0.059218 −0.068461 −0.005863 0.115715 0.833849 −0.046222
D6 0.222189 0.064121 0.105092 0.668884 0.372522 0.214835 0.254234
D7 0.154299 0.049345 −0.005903 0.143574 0.451894 0.261503 0.095039
D8 0.226023 0.219786 0.676317 0.159806 0.077556 −0.287019 0.275951
D9 0.410005 0.394075 0.130075 0.793847 0.298626 −0.096790 0.376733


Table B6
Heterotrait-Monotrait ratio (HTMT).


ADAPT ENV INN MITIG


ADAPT
ENV 0.714011
INN 1.132210 0.509366
MITIG 0.916570 0.313846 0.552611
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Collinearity statistics (VIF)
Table B7 and B8


Model fit
Table B9–B11


Table B7
Outer VIF Values.


VIF


D1 1.008624
D10 1.000000
D12 1.179029
D15 1.027773
D16 1.118462
D18 1.118462
D19 1.246239
D20 1.036059
D3 1.036059
D5 1.246239
D6 1.006270
D7 1.184645
D8 1.008624
D9 1.006270


Table B8
Inner VIF Values.


ADAPT ENV INN KNOW MITIG RELEV TRUST


ADAPT
ENV 1.191189 1.191189
INN 1.102253 1.102253
KNOW 1.307343 1.307343
MITIG
RELEV 1.016708 1.016708
TRUST 1.331321 1.331321


Table B9
Fit Summary.


Saturated Model Estimated Model


SRMR 0.116712 0.119130
d_ULS 1.430272 1.490158
d_G 0.296587 0.329785
Chi-Square 292.686676 312.648260
NFI 0.425776 0.386613


Table B10
Rms Theta.


rms Theta 0.291438


Table B11
Model Selection Criteria.


AIC (Akaike's
Information Criterion)


AICu (Unbiased Akaike’s
Information Criterion)


AICc (Corrected Akaike’s
Information Criterion)


BIC (Bayesian
Information Criteria)


HQ (Hannan Quinn
Criterion)


HQc (Corrected Hannan-
Quinn Criterion)


ADAPT −81.892557 −75.780747 85.820819 −63.256884 −74.327689 −73.330753
MITIG −63.264870 −57.153060 104.448506 −44.629197 −55.700002 −54.703066
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Appendix C


Two-sample Kolmogorov-Smirnov test for equality of distribution functions


TRUST RESEARCHERS EXT OFF OTHERS
FARMERS Smaller group Distance P-value Exact Smaller group Distance P-value Exact Smaller group Distance P-value Exact


1 0.522 0.000 1 0.300 0.006 1 0.208 0.236
2 0.000 1.000 3 −0.011 0.994 4 0.000 1.000
Combined K-S : 0.522 0.000 0.000 Combined K-S : 0.300 0.012 0.009 Combined K-S : 0.208 0.465 0.401


RESEARCHERS Smaller group Distance P-value Exact Smaller group Distance P-value Exact
2 0.000 1.000 2 0.000 1.000
3 −0.291 0.048 4 −0.387 0.024
Combined K-S : 0.291 0.096 0.072 Combined K-S : 0.387 0.049 0.035


EXT OFF Smaller group Distance P-value Exact
3 0.049 0.925
4 −0.214 0.230
Combined K-S : 0.214 0.454 0.390


KNOW RESEARCHERS EXT OFF OTHERS
FARMERS Smaller group Distance P-value Exact Smaller group Distance P-value Exact Smaller group Distance P-value Exact


1 0.383 0.004 1 0.258 0.022 1 0.180 0.339
2 0.000 1.000 3 −0.006 0.998 4 −0.082 0.798
Combined K-S : 0.383 0.008 0.005 Combined K-S : 0.258 0.045 0.035 Combined K-S : 0.180 0.652 0.581


RESEARCHERS Smaller group Distance P-value Exact Smaller group Distance P-value Exact
2 0.035 0.957 2 0.000 1.000
3 −0.328 0.021 4 −0.269 0.166
Combined K-S : 0.328 0.042 0.030 Combined K-S : 0.269 0.330 0.270


EXT OFF Smaller group Distance P-value Exact
3 0.084 0.799
4 −0.191 0.310
Combined K-S : 0.191 0.601 0.524


RELEV RESEARCHERS EXT OFF OTHERS
FARMERS Smaller group Distance P-value Exact Smaller group Distance P-value Exact Smaller group Distance P-value Exact


1 0.000 1.000 1 0.000 1.000 1 0.163 0.408
2 −0.270 0.064 3 −0.244 0.033 4 −0.133 0.555
Combined K-S : 0.270 0.129 0.104 Combined K-S : 0.244 0.066 0.052 Combined K-S : 0.163 0.762 0.693


RESEARCHERS Smaller group Distance P-value Exact Smaller group Distance P-value Exact
2 0.233 0.142 2 0.375 0.030
3 −0.074 0.822 4 −0.074 0.873
Combined K-S : 0.233 0.284 0.236 Combined K-S : 0.375 0.061 0.043


EXT OFF Smaller group Distance P-value Exact
3 0.299 0.056
4 0.000 1.000
Combined K-S : 0.299 0.113 0.089


INN RESEARCHERS EXT OFF OTHERS
FARMERS Smaller group Distance P-value Exact Smaller group Distance P-value Exact Smaller group Distance P-value Exact


1 0.365 0.007 1 0.209 0.083 1 0.270 0.087
2 0.000 1.000 3 0.000 1.000 4 −0.016 0.991
Combined K-S : 0.365 0.013 0.009 Combined K-S : 0.209 0.167 0.140 Combined K-S : 0.270 0.173 0.140


RESEARCHERS Smaller group Distance P-value Exact Smaller group Distance P-value Exact
2 0.038 0.949 2 0.008 0.998
3 −0.157 0.416 4 −0.174 0.472
Combined K-S : 0.157 0.773 0.704 Combined K-S : 0.174 0.847 0.770


EXT OFF Smaller group Distance P-value Exact
3 0.085 0.795
4 −0.080 0.816
Combined K-S : 0.085 1.000 1.000


ENV RESEARCHERS EXT OFF OTHERS
FARMERS Smaller group Distance P-value Exact Smaller group Distance P-value Exact Smaller group Distance P-value Exact


1 0.304 0.031 1 0.244 0.033 1 0.234 0.159
2 −0.026 0.975 3 −0.027 0.959 4 0.000 1.000
Combined K-S : 0.304 0.063 0.048 Combined K-S : 0.244 0.066 0.053 Combined K-S : 0.234 0.316 0.266


RESEARCHERS Smaller group Distance P-value Exact Smaller group Distance P-value Exact
2 0.027 0.974 2 0.074 0.873
3 −0.096 0.720 4 −0.143 0.600
Combined K-S : 0.096 0.997 0.989 Combined K-S : 0.143 0.961 0.915


EXT OFF Smaller group Distance P-value Exact
3 0.076 0.833
4 −0.048 0.930
Combined K-S : 0.076 1.000 1.000


Appendix D. Supplementary data


Supplementary material related to this article can be found, in the online version, at doi:https://doi.org/10.1016/j.envsci.2020.02.014.
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Abstract. SheepToShip LIFE is an EU project launched in 2016 to develop an intervention model for the 
eco-innovation of the Sardinian sheep-dairy supply chain, able to reduce greenhouse gas (GHG) emissions 
by 20% over the next 10 years through improved efficiency of production systems. This work shows the 
preliminary results of the Life Cycle Assessment (LCA) conducted in four case study farms, characterized 
by different production and management systems. The environmental performances of each farm are 
expressed in terms of Carbon Footprint (CF) per unit of product (fat and protein corrected milk, FPCM) and 
unit of area (ha of utilized agricultural area, UAA), with the additional goal of identifying the main processes 
that contributed to the total CF (hotspots). Farms were surveyed to gather primary data for a “from cradle to 
farm gate” LCA study. The average CF (CO2-eq kg FPCM-1) of the four farms was equal to about 3.4 kg 
CO2-eq, ranging from 2.6 to 4.2. Cropland-based farms with a higher Dairy Efficiency (DE – expressed as 
kg FPCM kg DMI-1) showed lower values of CF, as compared with pastureland-based farms. Contrasting 
results were obtained when one ha of UAA was used as functional unit. Enteric CH4 emission contributed 
on average about 57% of total CF, representing the main environmental hotspot. 


Keywords. Carbon Footprint – Dairy efficiency – Sheep system – Environmental hotspot 


 


I – Introduction 
Agriculture largely contributes to global warming and ruminants are major responsible to 
greenhouse gas (GHG) emissions in this sector (Gerber et al., 2013). Small ruminants in the 
world are about 56% of global ruminant domestic population (FAOa, 2016). Sheep production 
systems contribute to global GHG emissions with around 254 Mt CO2-eq (Opio et al., 2013), 
with 67.1 Mt CO2-eq attributed to the sheep milk production (Hristov et al., 2013). However, 
most of Carbon Footprint (CF) studies were carried out on dairy cattle, whereas few studies 
were based on dairy sheep (Opio et al., 2013; Marino et al., 2016, Vagnoni et al., 2018). 
Italy is one of the first world sheep milk producers and sheep cheese exporters. In particular, 
about 25% of total EU-27 sheep milk is produced in Sardinia (Italy) (Rural Development 
Programme of Sardinia, 2014-2020). In this region, characterized by typical Mediterranean 
climate, the variable farming systems determine different forage systems (Porqueddu et al., 
2017), depending on the pedo-climatic context. Usually, farms with extensive management 
have forage systems based on natural pastures, while annual forage crops characterize the 
farms with more intensive management (Vagnoni et al., 2015). 
SheepToShip LIFE is an EU project launched in 2016 to develop an intervention model for the 
eco-innovation of the Sardinian sheep-dairy supply chain, able to reduce GHG emissions by 







20% over the next 10 years through improved efficiency of production systems. Twenty farms 
located in contrasting pedo-climatic zones were selected to conduct a Life Cycle Assessment 
(LCA) study. This work shows the preliminary results of the LCA performed in four case study 
farms, characterized by different production and management systems. The environmental 
performances of each farm are expressed in terms of CF per unit of product (CO2-eq per kg of 
fat and protein corrected milk, FPCM) and per unit of area (ha of utilized agricultural area, UAA) 
with the additional goal of identifying the main processes that contributed to the total GHG 
emissions (hotspots). 


II – Materials and methods 
The study was carried out from October 2016 to September 2017 on four dairy sheep farms 
located in different area of Sardinia. Farms were surveyed to gather primary data for a “from 
cradle to farm gate” LCA study. Main information on the geographical location, crop system, 
milk production, herd size and sheep diet of each farms are reported in Table 1. Using a model 
based on IPCC (2006) Tier 2 with updated values for CH4 and N2O characterization factors, 
farm data were analyzed to estimate CF values. One kg of fat and protein correct milk (FPCM) 
and one ha of utilized agricultural area (UAA) were adopted as function units (FUs). The main 
processes that contributed to the total CF were also analyzed. 
Table 1. Main characteristics of the four different dairy sheep farms. 
    Farm 1 Farm 2 Farm 3 Farm 4 


Altitude m a.s.l. 540 464 50 121 


Geographical areas Latitude, pedologic 
substrate 


Centre, 
granitic 


North, 
alluvial 


North, 
alluvial 


South, 
alluvial 


Utilized Agricultural Area (UAA) ha 79.3 51.8 71.7 182.3 


Natural pasture area % UAA 66.7 49.8 23.7 0.0 


Annual forage crops % UAA 33.3 50.2 76.3 100.0 


Heads (number of mature ewes) N 240 248 375 1312 


Stocking rate head ha-1 3.0 4.8 5.2 7.2 


Milk total annual production kg FPCM 29,692 38,017 72,649 277,577 


Fat and Protein Corrected Milk 
(FPCM) kg ewe-1 year−1 123.7 153.3 193.7 211.6 


Concentrate Intake % Total DMI 25 21 29 34 


Dairy Efficiency (DE) kg FPCM kg DMI-1 0.27 0.28 0.36 0.46 


III – Results 
CF (CO2-eq kg FPCM-1) was equal to 4.2, 3.7, 3.1 and 2.6 in Farm 1, Farm 2, Farm 3 and Farm 
4, respectively (Figure 1a). The total GHG emissions of 1 ha of UAA were 1,581, 2,710, 3,090 
and 3,983 kg of CO2-eq in the same farms, respectively (Figure 1b). The contribution analysis 
underlined that enteric CH4 emissions determined on average about 57.5% ± 1.1 (± standard 
error) of total CF. Emissions relative to on-farm and off-farm feed production, on-farm manure 
production and energy use (diesel and electric energy) contributed for about 19.7% ± 0.9, 
13.8% ± 0.4 and 9.0% ± 1.4, respectively. 







Title of edition 3 


Figure 1. Carbon Footprint (CF) of the milk produced in the four case study farms, using 1 kg of Fat 
Protein Corrected Milk (FPCM) (1a) and 1 ha of Utilized Agricultural Area (UAA) (1b) as functional 
units. 


IV – Discussion 
Different environmental conditions influenced and characterized both structure and 
management system in the four case study farms. The increase of natural pastures as forage 
resource was proportionally associated to a reduction of Dairy Efficiency (DE), which, in turn, 
was the main cause of the CF increase per kg FPCM. CF values appeared strictly linked to 
animal requirements and production levels. Similar results were observed by other recent 
studies carried out under Mediterranean conditions, where CF per kg FPCM was lower in 
intensive farms than extensive ones (Batalla et al., 2015; Vagnoni et al., 2018). 


However, when GHG emissions were estimated per ha of UAA, farms showed an opposite 
trend. This result may be explained by a lower milk production per ha of UAA for farms with 
lower DE. This outcome confirmed that is preferable to adopt both mass and area-based FUs 
for CF estimation of livestock products (Salou et al., 2017). On the other hand, for a 
comprehensive assessment of the environmental implications of dairy sheep farming systems is 
strongly recommended to use other impact categories than CF, such as eutrophication, 
acidification, land use, etc. (PEFCR, 2018). Moreover, an effective estimate of the 
environmental implications of dairy sheep productions might consider the ecosystem services 
provided by the sheep farm, soil carbon sequestration from pasture and crops, in primis (Batalla 
et al., 2015; FAOb, 2016). 


Enteric CH4 emission was by far the main environmental hotspot, as observed in other studies 
carried out on dairy sector (FAOa, 2016; González-García et al., 2013; Marino et al., 2016; 
Vagnoni et al., 2015). Mitigation strategies based on diet modification seem to be an effective 
way to improve environmental performances (Rossi et al., 2017). However, diet modification in 
dairy sheep could be different from other ruminant (van Gastelen et al., 2019) and specific 
studies are needed. 







IV – Conclusions 
Preliminary results indicated that CF in the four dairy sheep farms studied was, as expected, 
affected by the management and structure of farming system. Cropland-based farms with a 
higher DE showed lower values of estimated CF per kg FPCM than pastureland-based farm. 
When GHG emissions were estimated per ha of UAA, CF values showed an opposite trend that 
can be explained by the lower milk production per ha of UAA observed in farms with lower DE. 
Enteric CH4 emissions resulted the main environmental hotspot in all farms, contributing for 
about 57% to total GHG emissions. 
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too low to cover the shearing costs. Unsold wool also has to


be disposed expensively as a special waste. FAO proclaimed


2009 as International Year of Natural Fibres. On the wave of


this renovated interest, in 2010, the Murgia Viva Consortium,


established in 2008 by 9 breeders, aiming to improve the


value for farmers in sheep production, gathered 30 local farm-


ers to conjointly collect and sell wool in block, at a better


price than usual. In 2012, a 3-years project (PartnerSheep)


financed by the Alta Murgia National Park allowed to extend


the initiative to 108 farmers, for a total of 55.000 kg of greasy


wool. In the same year, the Apulia Region financed a project


(Pecore Attive) for the valorization of the wool from local


Apulian sheep breeds through hand-made felting that later on


evolved into a concept design startup for wool-based products.


In 2016, a 2-years project (PLAUTO) has been financed by


the Apulia Region to extend the campaign of wool collection


to the whole region, in order to create two interprovincial


centres for collection, pre-selection, grading and market distri-


bution of the wool, to agree on procedural guidelines for wool


production, and to test possible applications of wool to the


textile, construction and horticultural sectors. After only six


years, self-sustainability of the above initiatives is yet far


from being a reality; notwithstanding, they had a major role


in promoting networking and integration among stakeholders,


which alone can be already considered a great achievement


for a sector generally poorly aggregation-prone.
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This work showed the values of GHG emissions baseline esti-


mated for the Sardinian dairy sheep sector. The estimation


was carried out to target future strategies of effective mitiga-


tion within a specific project of LIFEþ Program 2014-2020 for


Climate Action. Sheep farming plays a large socio-economic


role in some specific economies. However, sheep significantly


contributes to livestock greenhouses gas emissions (GHG)


worldwide. In fact, emission intensities of sheep products


(kg of CO2 eq/kg of milk or meat) usually reach much higher


values than cow and goat products both for their lower pro-


duction levels and higher milk solid content. Within the


Mediterranean area, Sardinia (Italy) is one of the first pro-


ducers of sheep milk and the top sheep cheese exporter in


the world. Despite the small surface, Sardinia shows high


number of farms (about 12.000), a broad variety of production


systems and stocking rates, with dairy local breeds.


Considering these features Sardinia was targeted as the best


context for demonstrative actions of GHG mitigation for dairy


sheep supply chain by the project SheepToShip LIFE. It aimed


to: (i) implement the most viable and feasible strategies of


GHG mitigation at farm and processing plant level; (ii) plan


future policy regulation of the regional government to get


emission reduction in the next 10 years. Data reported by


Atzori et al. (2014; LAR, 4(1):2–5) from Italian inventories


and FAO estimates described in Table 1 of the same work,


were considered for the baseline calculation referred to the


year 2015. Sardinian sheep sector, estimated as average of 10


years, accounted for 3.3 million sheep heads and 3.15 million


liters of produced milk. Emissions were equal to 3.2 (kg of


CO2 eq/kg of milk) from animal and manure emissions of


methane and N2O. Other emissions to farm gate (feed,


energy and secondary emissions) reached 26.9% of total


emissions following FAO estimates. Processing and post farm


emissions were considered equal to 10% of total emissions


based on Sardinian site-specific studies. The cumulative


emissions from the whole dairy sheep supply chain in


Sardinia in the reference year resulted equal to 1565 ktons of


CO2 equivalent that might be attributed for a 80% to milk


and 20% to meat. This value is intended to cover emissions


from “cradle to dairy plant gate”.
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Abstract 


The aim of this work was to evaluate the role of soil carbon sequestration on the Global Warming 
Potential of the main Italian sheep cheese supply chain.  A LCA study was performed in a 
medium-large scale dairy plant of ‘Pecorino Romano PDO-Protected Designation of Origin’  and 
highlighted that when soil carbon sequestration was accounting for, the environmental 
performances of the Pecorino cheese quite improved.  Considering the large dominant 
contribution of the milk production phase, the extensive and grassland-based farming systems 
can effectively contribute to reduce the environmental impact of the dairy sheep supply chain. 


 
Keywords: Dairy supply chain; Sheep cheese; Grassland based farms; Carbon Footprint; Carbon 
sequestration. 
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Abstract. Sardinia (Italy) plays a relevant role on EU sheep milk production. As well as in others Medite rra nean
regions, contrasting dairy sheep farming systems coexist in Sardinia and an effective renovation process is
needed in order to contrast the deep structural crisis. Eco-innovation of production processes and the valori-
sation of pasture-based livestock systems can be a key strategy to improve the farms competitiveness and
to promote the typical Mediterranean dairy sheep products in a green way. For this purpose, research stud-
ies are needed in order to assess the environmental implications of Mediterranean sheep systems with a
holistic and site-specific approach. The main objective of this study was to compare the environmental perform-
ances of two contrasting sheep milk production systems, by using a Life Cycle Assessment (LCA) approach. The
LCA was carried out in a farm where, along ten years, a conversion from arable and irrigated crops to native
and artificial pastures and a reduction of total mineral fertilizers supply occurred. The effects of the conver-
sion on the environmental impacts were analyzed both using 1 kg of Fat and Protein Corrected Milk (FPCM)
and 1 ha of surface as functional units. The LCA study highlighted that the change from a semi-intensive to
a semi-extensive production system had a different effect on the environmental impacts depending on the uti-
lized functional unit.


Keywords. Dairy sheep – Environmental impacts – Life Cycle Assessment – Functional unit.


Implications environnementales de différents systèmes de production dans une ferme de moutons laitiers
de Sardaigne


Résumé. La Sardaigne (Italie) joue un rôle important dans la production de lait de brebis de l'UE. Ainsi que dans
d'autres régions méditerranéennes, des systèmes agricoles contrastés de brebis laitières coexistent en Sardaigne
et un processus de rénovation efficace est nécessaire pour contrecarrer la crise structurelle profonde. L'éco-in-
novation des processus de production et la valorisation des systèmes d'élevage à base de pâturage peut être
une stratégie clé pour améliorer la compétitivité des exploitations agricoles et pour promouvoir les produits de
brebis laitières typiques de la Méditerranée. A cet effet, des recherches sont nécessaires afin d'évaluer les consé-
quences environnementales des systèmes méditerranéens de brebis laitières avec une approche holistique et
spécifique par site. L'objectif principal de cette étude était de comparer les performances environnementales de
deux systèmes contrastés de production de lait de brebis, en utilisant une approche d'évaluation du cycle de vie
(ACV). L'ACV a été réalisée dans une ferme où, au cours de dix années, ont eu lieu une conversion pour pas-
ser des cultures arables et irriguées aux pâturages naturels et artificiels et une réduction de l'apport total d'en-
grais minéraux. Les effets de la conversion sur les impacts environnementaux ont été analysés en utilisant 1 kg
de lait corrigé pour la matière grasse et les protéines (FPCM) et 1 ha de surface en unités fonctionnelles. L'étude
ACV a mis en évidence que le passage d'un système de production semi-intensif à un système semi-extensif a
eu un effet différent sur les impacts environnementaux en fonction de l'unité fonctionnelle utilisée.


Mots-clés. Brebis laitieres – Impacts environnementaux – Analyse du cycle de vie – Unité fonctionnelle.







I – Introduction


Dairy sheep farms play a key-role in marginal rural areas of Europe, where extensive farming sys-
tems often represent the only tool for supporting local micro-economies (Porqueddu et al., 2017). Sar-
dinia (Italy) is one of the leading regions for the sheep milk production: 3.2 million ewes provide a
per capita annual production of about 200 kg of sheep milk per inhabitants. Geographical location
of farms, specific market conditions and others external factors such as public incentive policies fa-
cilitated the development of contrasting dairy sheep farming systems, with differences in input uti-
lization, land use and intensification level. Intensive production systems occurred especially in low-
lands, where irrigated crops like maize (for silage), lucerne and hybrid forage sorghum are spread,
in order to increase forage productivity. More recently, many farmers tried to reduce production’s costs,
through the extensification of the production system, reducing the use of concentrates, agrochemi-
cals, agricultural machines, etc. (Porqueddu, 2008). There is not clear scientific evidence showing
that extensive systems, at least at farm scale, are really preferable to more intensive one from an
environmental point of view. This work is intended to serve to fill this knowledge gap, investigating
with a Life Cycle Assessment (LCA) approach if and how the adoption of a low input production sys-
tem may result in an effective variation of environmental impacts at farm level. In particular, the main
scope of this study was to compare the environmental impacts of two contrasting sheep milk pro-
duction systems carried out in the same farm in different years, considering whether 1 kg of Fat and
Protein Corrected Milk (FPCM) and 1 ha of Utilized Agricultural Area (UAA) as functional units.


II – Material and methods


1. Characteristics of the two production systems


The case study was a dairy sheep farm located in Osilo (40°45’11” N and 8°38’43” E, elevation 364
m a.s.l ) (Province of Sassari), North-western Sardinia. In the period 2001-2011, the farm changed
its forage production system that can be assumed as “semi-intensive” and “semi-extensive” in 2001
and 2011, respectively. In 2001, the farm was characterized by a foraging system based on cereal
crops (wheat and barley grain), annual forage crops (ryegrass/oat mixture, mainly) and irrigated
maize for silage, and milk production was entirely sold to the dairy industry. From 2008 to 2011,
the farm management changed the production strategy, destining the whole farm milk production
to the on-farm manufacturing of “Pecorino di Osilo” cheese and, moreover, largely utilizing natu-
ral and artificial pastures as feed resources, valorising the role of native legumes-grasses mixtures
and adopting low-input farming practices (minimum tillage, reduced use of fertilizers, etc.). Table
1 describes the characteristics of the two production systems.


2. LCA methodological issues


The LCA study was conducted adopting a “from cradle to gate” approach and using 1 kg of FPCM
and 1 ha of UAA as functional units. The system boundaries included all inputs and outputs related
to sheep milk production, and their impact allocation was performed on economic value basis. All data
were organized into a Life Cycle Inventory (LCI), the process that quantifies energy and raw mate-
rial requirements, atmospheric and waterborne emissions, solid wastes and other releases for the
entire life cycle of a product. In summary, the LCA analysis included the amount of fodder crops and
pastures consumed by flocks, after crosschecking forage production and nutritional needs based on
gender, age, weight, physiological stage and production level of animals (Vagnoni et al., 2015). In
addition, enteric methane emissions were quantified using a detailed approach (IPCC Tier 2/3) based
on Vermorel et al. (2008) and considering the total metabolizable energy ingested with the specific
animal category diet. In order to consider a wide range of impact categories, IPCC (IPCC, 2013) eval-
uation method was utilized for the Carbon Footprint (CF) estimates, expressed in kg of CO2-equiv-
alents. LCA calculation was made using LCA software SimaPro 8.1.1 (PRé Consultants, 2016).
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III – Results and discussion


The CF of 1 kg of FPCM was quite similar in 2001 and 2011 production systems, with values equal
to 2.99 and 3.25 kg CO2-eq, respectively (Figure 1a and 1b). This result seems to agree with some
findings reported in literature (Gerber et al., 2013), where more intensive systems had a lower en-
vironmental impact per kg of product than extensive one. When the environmental impact as-
sessment was performed using as functional unit 1 ha of UAA, the CF of the two productive sys-
tems showed relevant differences, confirming the strict positive relationship between the
environmental impact of farms and the intensity level in the inputs. The 2001 productive system
had the largest value of CF (5,500 kg of CO2-eq for 1 ha of UAA). On 2011, extensification led to
a reduction of around 30% of the CF, relative to 1 ha of UAA (Figures 1c and 1d). The analysis con-
ducted using 1 ha of UAA as functional unit showed that the extensive dairy farm, with a high sur-
face area for natural pasture, has much lower environmental impacts than the more intensive pro-
duction system. In this case, it appears more evident that there is a link between intensive farming,
with a consequent greater consumption of inputs, and a greater environmental impact. The con-
tribution analysis illustrates the main processes that contributed to total CF of each production sys-
tem. For both functional units, “enteric methane emissions” was the most relevant process, rep-
resenting 50 and 57% of the total GHG emissions, respectively for 2001 and 2011. Summarizing
the percentage contributions to total CF of each feed production process, we obtained the same
value for the two production systems (around 26%), with a predominant influence of purchased feed
(soybean meal, protein pea and cereals grain) with respect to on-farm feed production. This sug-
gested that the increase of the locally produced feed supply may represent a step ahead towards
a more eco-sustainable sheep farming system. The percentage contributions of the other processes
reflected, in general, the contrasting technological context and farm management strategy, which
characterized the two farming systems, such as power source (diesel generator in 2001 and pub-
lic electricity in 2011), fertiliser use and agricultural machineries supply.
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Table 1. Main characteristics of the two different production systems adopted to the same farm in 2001
and 2011


2001 2011


Heads (number) 340 320
Stocking rate (ewes ha−1) 4.6 4.6
Milk total annual production (kg) 104,234 82,214
Milk pro-capite annual production (kg ewe−1 year−1) 307 257
Feed Unit for Lactation, UFL (UFL ewe−1 year−1) 478 387
Pastures – grazing area (ha) 3 52
Arable land – cereals and annual forage crops (ha) 70 18
Total utilized agricultural area (ha) 73 70
Concentrate feed annual consumption (t) 105 98
Mineral N-fertilizing (kg ha−1) 72 8
Mineral P2O5-fertilizing (kg ha−1) 110 29
Irrigated maize (ha) 7 0
Irrigated lucerne (ha) 0 2.7
Milk destination Cheese industry On-farm cheese


manufacture
Power source Diesel generator Electricity
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Fig. 1. Percentage contribution of processes to the total GHG emissions, for the 2001 and 2011 pro-
duction systems using IPCC evaluation method and 1 kg of FCPM (a and b) and 1 Ha UAA (c
and d) as functional units. The process category “Remaining processes” includes all the
processes with a percentage contribution lower than 0.25% for both production systems.







IV – Conclusions


In this work, LCA approach was used for comparing dairy sheep production systems and for iden-
tifying the hotspots to improve their environmental performances. The LCA conducted with two dif-
ferent functional units (1 kg of Fat Protein Corrected Milk and 1 ha of Utilized Agricultural Area) led
to a more objective evaluation of the environmental performances of the two productive systems,
taking into account both the economic dimension and the environmental role of dairy farming sys-
tems. As functional unit, 1 Ha of UAA seems to be more descriptive and effective than 1 kg of
FPCM, when LCA analysis is aimed at describing the effect of land use on the environmental per-
formances of extensive dairy systems.
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A B S T R A C T


Sardinia (Italy) plays a relevant role on EU sheep milk production. In Sardinia, as well as in other Mediterranean
regions, there is a range of different dairy sheep farming systems and an effective renovation process is needed to
tackle the deep structural crisis of the sector. The eco-innovation of production processes and the valorisation of
pasture-based livestock systems can be a key strategy to improve the farms competitiveness and to promote the
environmental sustainability of the typical Mediterranean dairy sheep products. For these reasons, research
studies based on holistic and site-specific approaches are needed to assess the environmental implications of
Mediterranean sheep systems. The main objective of this study was to compare the environmental performances
of two contrasting sheep milk production systems through a Life Cycle Assessment (LCA) approach. The LCA was
carried out on a farm where changes in land use (from arable and irrigated crops to native and artificial pastures)
occurred over a 10-year period, in conjunction with a reduction of total supply of mineral fertilizers. The analysis
was performed using IPCC and ReCiPe methodologies, and a functional unit of 1 kg of Fat and Protein Corrected
Milk (FPCM). The LCA analysis showed that the change from semi-intensive to semi-extensive production system
had only a slight effect on the overall environmental performances of 1 kg FPCM, due to the dominant impact of
enteric fermentation in both systems. The Carbon Footprint was on average 3.12 kg CO2-eq per kg FPCM and the
average score of the ReCiPe Endpoint was 461 mPt per kg FPCM. Methane enteric emissions and the use of
imported soybean meal were identified as the main environmental hotspots.


1. Introduction


The dairy products scenario described by the last OECD-FAO (2015)
baseline projection attributes to the sheep sector the most dynamic
trend with an expected production increase of 23% during the period
2014–2024. Europe, with a contribution of about 35%, is the second
continent in the world for sheep milk production, after Asia that con-
tributes for about 44%. Considering the annual production of sheep
milk per inhabitant in the mid-2000s, Europe is by far the world’s
biggest producer: 4.1 kg per inhabitant compared to an average
worldwide production of 1.4 kg per inhabitant (FAOSTAT, 2014). The
European sheep milk production is concentrated in Central and
Southern regions (Czech and Slovak Republics, Hungary, Romania,
Greece, France, Spain and Italy) where the dairy sheep farming plays a
crucial role in cultural, economic and ecological terms, mainly in
marginal rural areas. Structural data indicate that Sardinia (Italy) is
among the leading regions for the sheep milk production: 3.2 million
ewes and 14,000 dairy sheep farms (Anagrafe Nazionale Zootecnica,


2016) provide about 330,000 t year−1 of milk, and 201.2 kg of milk per
capita (ISTAT, 2012). In fact, 25% of total EU-27 sheep milk production
came from Sardinia (Rural Development Programme of Sardinia – RDP,
2014–2020). These numbers explain why the dairy sheep breeding,
driven by the export of Pecorino Romano PDO cheese, represents one of
the main economic sectors of Sardinia. In Sardinia, as well as in other
Mediterranean regions, there is a range of different dairy sheep farming
systems, with differences in land use and input and intensification le-
vels. These differences depend on a number of factors ranging from
geographical location and specific market conditions to public incentive
policies and local or global market trends (Biala et al., 2007). In the 80s,
programs and actions for increasing farm productivity led to the de-
velopment of intensified production systems in Sardinian lowlands,
where the availability of irrigation water contributed to the spread of
highly-yield forage crops like maize (for silage), lucerne and hybrid
forage sorghum (Fois et al., 2001). Later, when the Sardinian dairy
sheep farming sector suffered a deep structural crisis due to the collapse
of Pecorino Romano PDO cheese price in the early 2000s, many
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farmers, looking for new strategies to reduce production costs, decided
to overall extensify their production systems (i.e. low use of concentrate
feeds, agrochemicals, agricultural machines, etc.) (Porqueddu, 2008).
Now, the greening process of agriculture and livestock supply chain,
supported by EU climate change policies and driven by the increasing
demand of environmental-friendly agri-food products, puts additional
emphasis on the importance of the environmental implications of pro-
duction systems into marketing and production farming strategies. In
this scenario, the Sardinian dairy sheep sector and the whole Medi-
terranean livestock supply chain can find new opportunities to improve
their competitiveness through the eco-innovation of production pro-
cesses and the valorisation of typical livestock products. Therefore,
more research is needed in order to i) assess and improve the en-
vironmental performances of dairy sheep systems using a comprehen-
sive approach (Vagnoni et al., 2015), and ii) enhance our understanding
of the relationship between sheep farming and climate change (Marino
et al., 2016; Wiedemann et al., 2015). FAO (2006a) showed several
differences in greenhouse gases (GHG) emissions from small ruminant
sector, according to the geographical regions, the agro-ecological zones
and the grassland/mixed-based production systems. Regarding milk
production, Africa and Asia were identified as the bigger GHG emitters
per kg of milk, thus suggesting that the high productivity of most in-
tensive farming systems adopted in the industrialized countries would
increase the environmental performances (Opio et al., 2013). On the
other hand, there is no clear scientific evidence that extensive systems,
at least at farm scale, are preferable to more intensive ones from an
environmental point of view. Several studies focused on complex pro-
cesses that affect yield, resources consumption and emissions, showing
that extensive farming systems determine lower environmental impacts
than intensive systems, (Bailey et al., 2003; Casey and Holden, 2006;
Haas et al., 2001; Nemecek et al., 2011; Vagnoni et al., 2015). Extensive
agriculture may help in mitigating some negative environmental im-
pacts caused by intensive livestock systems, such as consumption of
fossil energy resources, demand for macroelements, global warming
potential, loss of biodiversity, degradation of soil quality (Biala et al.,
2007). On the other side, some studies showed that the introduction of
various low-input techniques, i.e. manure fertilisation, mechanical
weeding, no-till agriculture and so on, can have the opposite effect
(Basset-Mens and Van Der Werf, 2005; Brentrup et al., 2004; Michael,
2011). This work was conducted with the main aim of contributing to
fill in this knowledge gap. In particular, the specific objective of this
study was to compare the environmental impacts of two contrasting
sheep milk production systems used in the same farm during two dif-
ferent years through a Life Cycle Assessment (LCA) approach (de Boer,
2003; Hayashi et al., 2006).


2. Methods


2.1. Characteristics of the two production systems


The case study was a dairy sheep farm located in Osilo (40°45′11″ N
and 8°38′43″ E, elevation 364m a.s.l; Province of Sassari), North-wes-
tern Sardinia. In terms of flock size and total Utilized Agricultural Area
(UAA) (Table 1), the farm belongs to the most common sheep farming
system in Sardinia. As reported by Idda et al. (2010), about 65% and
47% of Sardinian dairy sheep farms has a number of heads ranging from
100 to 500 and a total UAA in the range 30–100 ha, respectively. The
climate is Mediterranean with an average annual rainfall amount of
550mm, and monthly mean temperatures ranging from 10 to 26 °C.
Data refer to two years, 2001 and 2011, when two different farming
systems were implemented. Primary data, collected using a specific
questionnaire, derived from farm records, several visits in situ and
farmer interviews. In 2001, the farm was characterized by a forage
system based on cereal crops (wheat and barley grain), annual forage
crops (ryegrass/oat mixture, mainly) and irrigated maize for silage.
From 2008–2011, a radical change occurred in the farm management


strategy, to face the very low sheep milk price payed by the Sardinian
cheese industries that seriously threatened the farm profitability.
Therefore, the whole farm milk production was destined to on-farm
cheese manufacturing, instead of cheese industry. In particular, the
farm produced “Pecorino di Osilo” cheese, which is included in the list
of typical Italian agri-food products (18/07/2000 Ministerial Decree of
the Italian Ministry for Agricultural, Food and Forestry). In addition,
with the aim of reducing the production costs, the farm management
moved to an extensification of forage production, with a larger use of
natural and artificial pastures, valorising the role of native legume-grass
mixtures and adopting low-input farming practices (minimum tillage,
reduced use of fertilizers, etc.). Although there were considerable si-
milarities between the two production systems (for example, number of
heads, stocking rate, total UAA and concentrates consumption, see
Table 1), the 2001 production system was mainly characterized by the
irrigation of maize crop (7 ha), a large arable land area (73 ha) and a
large use of mineral fertilizers (182 kg ha−1). The feed efficiency ratio,
calculated dividing the Net Energy Intake (NEI, Mcal ewe−1 year−1) by
the Dry Matter intake (kg DM ewe−1 year−1), resulted in different va-
lues between the two years: 1.58 and 1.47Mcal NEI kg DM−1 in 2001
and 2011, respectively. On the other hand, considering the individual
production of milk corrected for fat and protein content (Fat and Pro-
tein Corrected Milk, FPCM), the dairy efficiency ratio was always
higher in 2001 compared to 2011, when expressed in both Mcal of NEI
and kg of DM ingested units (0.37 kg FPCMMcal−1 of NEI and
0.59 kg FPCM kg−1 of DM vs 0.34 kg FPCMMcal−1 of NEI and
0.50 kg FPCM kg−1 of DM−1, respectively). Moreover, in 2011, 75% of
the total UAA was destined to native and artificial pastures, on-farm
maize production was abandoned and total mineral fertilizers supply
was strongly reduced (about 80% less). At the same time, the farm no
longer carried out the production of selected rams that, until 2001,
represented an additional farm output. Starting from these features and
focusing on farm forage production, the farming systems can be as-
sumed as “semi-intensive” and “semi-extensive” in 2001 and 2011,
respectively.


Table 1
Main characteristics of the two different production systems adopted to the same farm in
2001 and 2011.


2001 2011


Heads (number of mature ewes) 340 320
Stocking rate (Livestock Unit ha−1) 0.46 0.46
Milk total annual production (kg) 104,234 82,214
Milk pro-capite annual production


(kg ewe−1 year−1)
307 257


Milk fat content (g 100ml−1) 6.4 5.3
Milk protein content (g 100ml−1) 5.6 5.2
Fat and Protein Corrected Milk (FPCM), pro-


capite annual production
(kg ewe−1 year−1)


303 227


Net Energy Intake, NEI
(Mcal ewe−1 year−1)


812 657


Dry Matter (DM) intake
(kg DM ewe−1 year−1)


515 448


Pastures — grazing area (ha) 3 52
Arable land — cereals and annual forage


crops (ha)
70 18


Total Utilized Agricultural Area (ha) 73 70
Concentrate feed annual consumption (t) 105 98
Mineral N-fertilizing (kg ha−1) 72 8
Mineral P2O5-fertilizing (kg ha−1) 110 29
Irrigated maize (ha) 7 0
Irrigated lucerne (ha) 0 2.7
Milk destination Cheese


industry
On-farm cheese
manufacture


Power source diesel
generator


electricity
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2.2. LCA methodological issues


The LCA study followed the international standards ISO
14040–14044, adopting a “from cradle to gate” approach and using
1 kg of FPCM as functional unit. FPCM amounts expressed in kg were
calculated using the equation by Pulina and Nudda (2002):


FPCM=RM (0.25+0.085FC+0.035PC)


where RM, FC, and PC indicate raw milk amount (kg), fat content (%),
and protein content (%) of the raw milk, respectively. The system
boundaries included all inputs and outputs related to sheep milk pro-
duction (Fig. 1). Since the dairy sheep farm produced not only milk but
also meat, wool and rams (the latter only in 2001), an impact allocation
of all inputs and outputs was performed by partitioning them between
milk and the other co-products, on the basis of their economic value
(Table 2). The economic allocation procedure was chosen considering
the large economic value differences between milk and the other co-
products. This allocation method applied to sheep milk production
tends to be similar to mass-based methods and to estimate higher en-
vironmental impacts than protein-based and energy-based methods
(Mondello et al., 2016). All data were organized into a Life Cycle In-
ventory (LCI), the phase of LCA that quantifies energy and raw material
requirements, atmospheric and waterborne emissions, solid wastes and


other releases for the entire life cycle of a product (SAIC, 2006). In
summary, the analysis included the amount of fodder crops and pas-
tures consumed by flocks, after cross-checking forage production and
nutritional needs based on gender, age, weight, physiological stage and
production level of animals. In the same way, other processes linked
with the farm structure were analysed, i.e. milking parlor, barns, trac-
tors and other agriculture machineries and devices, water and energy
consumption, and consumable materials were taken into account. All
modes of transportation and distances covered within the system were
also assessed. In addition, enteric methane emissions were quantified
using a detailed approach based on Vermorel et al. (2008) and con-
sidering the total metabolizable energy provided by each specific an-
imal category diet. Emissions related to pesticide and fertilizer use were
estimated with the IPCC method (IPCC, 2006). Since sheep spent their
time almost exclusively in large open spaces, the impacts related to
manure management included only the NO2 emitted through animal
excreta, estimated following again the IPCC (2006) approach. Carbon
sequestration by crops and natural grassland was not taken into account
for the lack of primary data. With the aim of accounting a wider range
of impact categories, two evaluation methods were utilized: IPCC
(2013), for the Carbon Footprint (CF) estimates, expressed in kg of CO2-
equivalents (CO2-eq), and ReCiPe Endpoint (H) V1.12, which considers,
besides the GHG emissions, others 17 categories of environmental im-
pacts (Goedkoop et al., 2009). LCA calculations were performed using
LCA software SimaPro 8.1.1 (Consultants PRé, 2016), which contains
various LCA databases (Ecoinvent, Agri-footprint, etc.).


3. Results and discussion


3.1. LCI analysis


The LCI analysis of the total annual production of FPCM gives a first
picture of the environmental implications and of the main differences
between the two production systems (Table 3). The 2001 production


Fig. 1. Flow chart of sheep milk production (from Vagnoni et al., 2015).


Table 2
Percentages of economic allocation of co-products from 2001 and 2011 dairy farm’s
production systems.


Products 2001 2011


Milk 76% 91%
Lamb meat 10% 7%
Ewe meat 0% 1%
Wool 1% 1%
Rams 13% –
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system showed higher values for all considered impact categories, ex-
cept for “Land transformation from forest”, “Occupation of industrial
area” and “Natural grassland use”. The difference in “Land transfor-
mation from forest” may be explained by the different percentage
contribution attributed to “soybean meal” process: 87% and 57% in
2011 and 2001, respectively (Table 4). In particular, the 2011 animal
diet was characterized by a larger use of soybean-based feed compared
to 2001. Since we do not have specific data related to the environ-
mental impacts of soybean meal production, in our LCI we used a
process taken by Ecoinvent database. Ecoinvent assumed that soybean
meal is composed mostly of soybean produced in Brazil, with a strong


impact on forest transformation into agricultural land (Moreno Ruiz
et al., 2013). Similarly, the diet composition affected both the “Occu-
pation of industrial area” and “Natural grassland use” impact cate-
gories. In the first case, the total impact was principally related to
“cereals grain feed” production. In the second one, the total impact was
influenced by the effect of a high utilization of natural pastures for the
animal grazing. As shown in Table 5, the contribution of the direct
grazing to this impact category is around 50% in 2011, while is only
23% in 2001, when the contribution to “Natural grassland use” was
mainly due to the straw production for animal bedding (77%). On the
other hand, “Water”, “Nitrogen oxides” and “CO2” were the impact
categories that showed relevant differences (about twice) between 2001
and 2011. These results were consistent with the different overall input
consumption of the two contrasting production systems.


3.2. Carbon footprint


The CF of 1 kg of FPCM was quite similar in 2001 and 2011, with
values equal to 2.99 and 3.25 kg CO2-eq, respectively (Fig. 2). This
result seems to agree with some findings (Batalla et al., 2015; Gerber
et al., 2013) indicating that more intensive systems had a lower en-
vironmental impact per kg of product than extensive ones. Fig. 2 shows
a detailed contribution analysis and illustrate the main processes that
contributed to the total CF of each production system. Enteric methane
emissions accounted from 50% to 57% of the total GHG emissions for
the semi-intensive and the semi-extensive system, respectively. This
result was consistent with FAO (2006b) and several others studies
(Berlin, 2002; González-García et al., 2013; Marino et al., 2016;
Vagnoni et al., 2015), which clearly indicated enteric methane emis-
sions as the main environmental hot spot in ruminant livestock sector.
Thus, the reduction of methanogenesis from rumen fermentation re-
presents a key factor for mitigation strategies in ruminants (Marino
et al., 2016). For instance, an effective mitigating solution may be a diet
based on tannin-rich feeds, since tannins are a potent tool to curb en-
teric fermentation in ruminants (Woodward et al., 2001; Carulla et al.,
2005).


On the other hand, the two production systems showed different
performances for the individual annual enteric methane emissions per
kg of FPCM, which varied from 0.058 to 0.035 kg CH4 kg−1 of FPCM in
2001 and 2011, respectively. This difference reflected the two con-
trasting management strategies adopted by the farm, since NEI supply
influenced both milk productivity and ruminal fermentation of sheep.
In 2001, the main scope of the farm was the maximization of pro-
ductivity supported by a strong energetic feed supply, expressed by a
high NEI value (812Mcal ewe−1 year−1). On the other hand, the input
reduction was the farm priority in 2011, as shown by a reduction of NEI
up to 24% compared to 2001 (657Mcal ewe−1 year−1).


The percentage contribution to total CF of overall feed production
processes was equal (26%) for the two production systems. In both
cases, the large influence of purchased feed was clear. In 2001, soybean
meal and protein pea plus cereal grain contributed for 24%, while on-
farm produced wheat grains for 2% (Fig. 2). In 2011, the 26% of total
contribution was obtained considering soybean and protein pea (15%)
and cereal grains (11%), again not self-produced (Fig. 2). In general, the
percentage contributions of the other processes reflected the con-
trasting technological context and farm management strategy which
characterized the two farming systems, such as power source (diesel
generator in 2001 and public electricity in 2011), fertiliser use and
agricultural machinery supply.


The CF of 1 kg of milk produced by several dairy sheep farms with
different intensification level was recently assessed by Atzori et al.
(2013), Batalla et al. (2015) and Vagnoni et al. (2015). Atzori et al.
(2013) studied the differences in CO2-eq emissions among different
simulated scenarios of dairy sheep production systems in Sardinia. They
reported 2.37 kg of CO2-eq kg−1 of raw milk in farms with high pro-
duction level, no pasture and 100% of feed produced on-farm, and


Table 3
Inventory of the impact categories for the total annual production of FPCM for the two
production systems.


Impact category Unit 2001 2011


Water m3 13,409.9 6,595.2
CO2 t 109.5 55.4
CO2 biogenic t 5.2 3.6
Methane kg 236.0 128.9
Methane biogenic t 5.6 4.8
Dinitrogen monoxide kg 101.0 74.9
Phosphorus, in water kg 15.6 14.6
Phosphate kg 91.2 70.2
Sulphur Dioxide kg 367.2 226.7
Isoproturon kg 2.6 2.0
Nitrogen oxides kg 560.3 270.5
Particulates kg 113.9 79.4
Coal t 16.1 9.8
Occupation industrial area m2a 788.2 931.8
Occupation, arable, non-irrigated ha 21.0 10.0
Occupation, arable, irrigated ha 4.6 3.0
Occupation, grassland, natural ha 9.9 28.9
Transformation from forest m2 80.8 126.8


Table 4
Percentage contribution of processes to the total value of “Transformation from forest”
and “Occupation industrial area” impact categories related to Life Cycle Inventory of total
FPCM annual production by 2001 and 2011 production system. The process category
“Remaining processes” includes all the processes with a percentage contribution lower
than 0.3%.


Impact category Transformation from forest Occupation industrial
area


Process/production system 2001 2011 2001 2011


Soybean meal 57 87 3 7
Protein pea 11 0 8 0
Cereals grain (barley, maize,


wheat)
4 3 77 87


Machine operation, diesel 9 0 2 0
Transport (lorry and/or


transoceanic freight ship)
6 4 2 2


Diammonium phosphate 3 0 2 0
Milking parlour 2 1 1 0
Urea 1 0 – –
Tillage, ploughing 1 0 – –
Electricity, medium voltage 0 1 – –
Remaining processes 6 4 5 4


Table 5
Percentage contribution of processes to the total value of Occupation natural grassland
impact category related to Life Cycle Inventory of total FPCM annual production by 2001
and 2011 production systems.


Impact category Occupation natural grassland


Process/production system 2001 2011


Natural grassland (hay and sheep grazing) 23 69
Straw (sheep bedding) 77 31
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3.06 kg of CO2-eq kg−1 of raw milk in farms with low production level,
pasture and 100% of forages produced on-farm, without concentrates
supply. Batalla et al. (2015) estimated the CF of sheep milk from 12
farms in Northern Spain. Considering only farms with Laxta breed,
which are comparable with our study farms in terms of stocking rate
and feed supply management, the CF ranged from 2.87 to 3.19 kg CO2-
eq kg−1 FPCM in three semi-intensive systems, and from 2.76 to
5.17 kg CO2-eq kg−1 FPCM in six semi-extensive systems. It is important
to highlight that the difference in CF between semi-intensive and semi-
extensive production systems was statistically significant only when
carbon sequestration was included in the assessment. Vagnoni et al.
(2015) compared the environmental impacts of sheep milk production
from different dairy farms in Sardinia (Italy). In this case, the CF was
equal to 2.2 CO2-eq kg−1 FPCM and to 2.3 CO2-eq kg−1 FPCM in a semi-
intensive and a semi-extensive system, respectively.


All these studies indicated that the main contributor to the CF was
the methane enteric emissions, although with different average per-
centage contribution: 54% in the present work, 68% in Atzori et al.
(2013), 34% in Batalla et al. (2015), 40% in Vagnoni et al. (2015). Also,
all four studies found that the purchased feed represented the second
average percentage contribution to total CF. In particular, the varia-
bility in methane enteric emissions may be mainly explained by the
attribution of the different emission factors for the enteric methane
emission estimate. Vagnoni et al. (2015) adopted the methane emission
rates for Italian sheep livestock fixed by ISPRA (2011) in
8.0 kg CH4 ewe−1 year−1. This emission factor was based on the Tier 1
IPCC (2006) method, the most simplified approach in the IPCC scale,
which considers three increasing levels of detail. A similar rate, equal to
8.2 kg CH4 ewe−1 year−1, was used by Batalla et al. (2015) according to
values estimated by Merino et al. (2011) for methane emissions from
ruminant livestock in the Basque Country. In this case, a Tier 2 ap-
proach was applied, considering the average gross energy intake (GE)
according to ewes liveweight, and a IPCC (2006) default value for the
conversion factor (proportion of GE in feed converted to CH4). In our
study, an average of 12.02 kg CH4 ewe−1 year−1 was estimated for
lactating sheep with a farm-specific approach, as described in the
Methods section. This emission factor value agrees with the value used
by Atzori et al. (2014) in their study on Italian inventories of small
ruminant emissions, who estimated 13.6 kg CH4 ewe−1 year−1 using a
similar approach.


3.3. ReCiPe Endpoint method


The ReCiPe Endpoint method results confirmed the small differ-
ences found between the environmental performances of the two pro-
duction systems, both in terms of total score (expressed in milli-eco-
point, mPt) and percentage contribution of individual processes to total
environmental impact (Fig. 3). The 2011 semi-extensive production
system resulted the most impacting (479mPt), with a score 7% higher
than the 2001 semi-intensive (444mPt). For both production systems,
the most relevant impact category was represented by “Agricultural
land occupation”, which was responsible of 54% and 59% of the total
estimated impact in 2001 and 2011, respectively. While the semi-in-
tensive production system allocated the whole total UAA to arable
crops, the semi-extensive allocated 75% of the total UAA to extensive
grazed pastureland, characterized by native pastures and low-input
artificial pastures. Therefore, the switching from arable land to ex-
tensive grazed pastureland resulted in the “Agricultural land occupa-
tion”, affecting strongly the ReCiPe Endpoint results. The second impact
category for both production systems was “Climate change — Human
Health”, with an average value of about 17%. Another relevant impact
category was “Climate change − Ecosystems”, which was responsible
in average for about 11% of the overall impact. The remaining impact
categories were responsible for less than 10% of the total score and,
between them, “Fossil depletion” marked the main difference between
the two production systems. In particular, “Fossil depletion” impact
category resulted 48% higher in the 2001 than in the 2011, due to the
highest fuel consumption both for diesel generator and agricultural
machines use. “Fossil depletion” represented the main difference be-
tween the two production systems also in absolute terms, followed by
“Particulate matter formation”, which resulted 40% higher in 2001
than in 2011. Therefore, in our case study the substitution of irrigated
maize and wheat with low input forage crops, such as oat/ryegrass
forage crops and legume-based artificial pastures, determined con-
trasting environmental results. On the one hand, it slightly increased
the overall environmental impact of the farm, due to the high agri-
cultural land occupation whilst, on the other hand, it strongly reduced
the contribution of two important impact categories, “Fossil depletion”
and “Particulate matter formation”. These findings are consistent with
Soteriades et al. (2016), who stated that average eco-efficiency of dairy
farms enhances when the percentage of maize for silage in the total


Fig. 2. Percentage contribution of inputs to GHG emissions for 1 kg of FPCM in 2001 and 2011 production systems. The process category “Remaining processes” includes all the processes
with a percentage contribution lower than 0.4% for both production systems.
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forage area is reduced. Moreover, according to Basset-Mens et al.
(2009) and Rotz et al. (2010), low input grassland management, re-
quiring less fertilization and field operations than arable land, has
lower environmental impacts from eutrophication, acidification,
greenhouse gas emissions and non-renewable energy use on grass-based
farms.


Regarding the percentage contribution of each input to the total
environmental impact of 1 kg of FPCM in 2001, when on-farm forage
production was characterized by a more intensive management, ReCiPe
Endpoint method highlighted the relevant role played by purchased
protein-feed (soybean meal and pea), which represented 30% of the
total impact (Table 6). On the other hand, in 2011, the percentage
contributions were shared in several processes such as soybean meal
(17%), cereal grains (15%), improved pastures (15%) and enteric me-
thane emissions (14%).


The results from the ReCiPe Endpoint method assessment were very
similar to those of Vagnoni et al. (2015). The total scores obtained in
the two studies for each production system were very close. Also, in
Vagnoni et al. (2015) the semi-intensive system was the most eco-ef-
ficient and “Agricultural land occupation” resulted by far the main


impact category. In addition, both studies highlighted the same trend of
values for both “Fossil depletion” and “Particulate matter formation”
impact categories.


4. Conclusions


Our results indicated that the transition from a semi-intensive to a
semi-extensive production system in a Sardinian dairy sheep farm had a
negligible effect on the overall environmental performances of 1 kg
FPCM. The Carbon Footprint was on average 3.12 kg CO2-eq per kg
FPCM and the average score of the ReCiPe Endpoint was 461mPt per kg
FPCM. For both production systems and evaluation methods, the me-
thane enteric emissions and the use of imported soybean meal resulted
the main environmental hot spots. The LCA approach demonstrated
that the reduction of farm input level related to the forage supply
system did not determined an environmental performance improve-
ment because of the predominant effect of enteric fermentation com-
pared to other impact factors. However, this work involved only one
case study and did not account carbon sequestration by crops and
pastures. Therefore, the findings obtained about the environmental
implications of changes from semi-intensive to semi-extensive dairy
sheep farming systems should be considered as preliminary conclusions
and more detailed investigations are needed for improving our
knowledge of the environmental implications of different sheep pro-
duction systems.
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Fig. 3. Mean values obtained using the ReCiPe
Endpoint impact assessment method for the func-
tional unit 1 kg of FPCM for 2001 and 2011 pro-
duction systems. Impact effects are expressed in
milli-ecopoints (mPt). Impact categories with scores
lower than 10mPt are included in the group
“Remaining categories”.


Table 6
Percentage contribution of processes to the total environmental impact of 2001 and 2011
production systems, using ReCiPe Endpoint evaluation method and 1 kg of FPCM as
functional unit. The process category “Remaining processes” includes all the processes
with a percentage contribution lower than 1% for both production systems.


Process/production system 2001 2011


Soybean meal and protein pea (feed purchased) 30 17
Wheat (on-farm production) 13 0
Enteric methane emissions 12 14
Improved pastures 8 15
Straw (sheep bedding) 5 8
Cereals grain (maize, barley and wheat purchased) 9 15
Generator (diesel) 5 0
Maize silage (on-farm production) 4 0
Natural grassland (hay and sheep grazing) 2 17
Diammonium phosphate, production 1 0
Transport (lorry and/or transoceanic freight ship) 2 4
Tractor and agricultural machinery, production 1 3
Electricity, medium voltage 0 2
Remaining processes 8 5


E. Vagnoni, A. Franca Small Ruminant Research 159 (2018) 62–68


67







References


Anagrafe Nazionale Zootecnica, 2016. National Livestock Register Database. . http://
statistiche.izs.it/portal/page?_pageid=73,12918&_dad=portal&_schema=
PORTAL&op=view_rep&p_report=plet_rep_r1_ovi_capr&p_liv=R&p_sigla_liv=200
(Accessed 25 November 2016).


Atzori, A.S., Rassu, S.P.G., Pulina, G., 2013. Partial carbon footprint of dairy sheep farms:
simulated results from four different scenarios. Ital. J. Anim. Sci. 12 (1), 103.


Atzori, A.S., Pulina, G., Cannas, A., 2014. Small ruminant greenhouse gas emissions, with
broaden focus on Italian sheep and goats. Large Anim. Rev. 4 (1), 2–5.


Bailey, A.P., Basford, W.D., Penlington, N., Park, J.R., Keatinge, J.D.H., Rehman, T.,
Tranter, R.B., Yates, C.M., 2003. A comparison of energy use in conventional and
integrated arable farming systems in the UK. Agric. Ecosyst. Environ. 97, 241–253.


Basset-Mens, C., Van Der Werf, H.M.G., 2005. Scenario-based environmental assessment
of farming systems: the case of pig production in France. Agric. Ecosyst. Environ. 105,
127–144.


Basset-Mens, C., Ledgard, S., Boyes, M., 2009. Eco-efficiency of intensification scenarios
for milk production in New Zealand. Ecol. Econ. 68, 1615–1625.


Batalla, I., Knudsen, M.T., Mogensen, L., Hierro, Ó., Del Pinto, M., Hermansen, J.E., 2015.
Carbon footprint of milk from sheep farming systems in Northern Spain including soil
carbon sequestration in grasslands. J. Clean. Prod. 104, 121–129.


Berlin, J., 2002. Environmental life cycle assessment (LCA) of Swedish semi-hard cheese.
Int. Dairy J. 12, 939–953.


Biala, K., Terres, J., Pointereau, P., Paracchini, M.L., 2007. Low Input Farming Systems:
an opportunity to develop sustainable agriculture. In: Proceedings of the JRC
Summer University ‘Low Input Farming Systems: an Opportunity to Develop
Sustainable Agriculture’. 2–5 July, Ranco, Italy.


Brentrup, F., Küsters, J., Lammel, J., Barraclough, P., Kuhlmann, H., 2004. Environmental
impact assessment of agricultural production systems using the life cycle assessment
(LCA) methodology. The application to N fertilizer use in winter wheat production
systems. Eur. J. Agron. 20, 265–279.


Carulla, J.E., Kreuzer, M., Machmüller, A., Hess, H.D., 2005. Supplementation of Acacia
mearnsii tannins decreases methanogenesis and urinary nitrogen in forage-fed sheep.
Aust. J. Agric. Res. 56, 961–970.


Casey, J.W., Holden, N.M., 2006. Greenhouse gas emissions from conventional, agri-en-
vironmental scheme, and organic Irish suckler-beef units. J. Environ. Qual. 35,
231–239.


Consultants PRé, 2016. Software LCA SimaPro 7.3. https://www.pre-sustainability.com/
simapro (Accessed 20 November 2015).


de Boer, I.J.M., 2003. Environmental impact assessment of conventional and organic milk
production. Livest. Prod. Sci. 80, 69–77.


FAO, 2006a. Environmental Performance of Animal Feeds Supply Chains: Guidelines for
Assessment. Livestock Environmental Assessment and Performance Partnership. FAO,
Rome, Italy. http://www.fao.org/partnerships/leap/publications/en/ (Accessed 13
December 2016).


FAO, 2006b. Livestock’s Long Shadow: Environmental Issues and Options. Food and
Agriculture Organization (FAO), Rome, Italy. http://www.fao.org/docrep/010/
a0701e/a0701e00.HTM (Accessed 16 December 2016).


FAOSTAT, 2014. FAOSTAT Statistical Data. http://www.fao.org/faostat/en/#data/QL
(Accessed 02 November 2017).


Fois, N., Piredda, G., Pirisi, A., Scintu, M.F., 2001. Effect of feeding diets on quality
characteristics of milk and cheese produced from Sarda dairy ewes. In: In: Rubino, R.,
Morand-Fehr, P. (Eds.), Production Systems and Product Quality in Sheep and Goats.
Options Méditerranéennes. Séries A Mediterr. Semin, vol. 46. pp. 115–119.


Gerber, P.J., Steinfeld, H., Henderson, B., Mottet, A., Opio, C., Dijkman, J., Falcucci, A.,
Tempio, G., 2013. Tackling Climate Change Through Livestock – A Global Assessment
of Emissions and Mitigation Opportunities. Food and Agriculture Organization of the
United Nations (FAO), Rome.


Goedkoop, M., Heijungs, R., Huijbregts, M., De Schryver, A., Struijs, J., van Zelm, R.,
2009. ReCiPe 2008. A Life Cycle Impact Assessment Method Which Comprises
Harmonised Category Indicators at the Midpoint and the Endpoint Level. First
Edition, Report I: Characterisation. . http://www.leidenuniv.nl/cml/ssp/
publications/recipe_characterisation.pdf (Accessed 24 September 2015).


González-García, S., Hospido, A., Moreira, M.T., Feijoo, G., Arroja, L., 2013.
Environmental life cycle assessment of a galician cheese: San Simon da Costa. J.
Clean. Prod. 52, 253–262.


Haas, G., Wetterich, F., Köpke, U., 2001. Comparing intensive, extensified and organic
grassland farming in southern Germany by process life cycle assessment. Agric.
Ecosyst. Environ. 83, 43–53.


Hayashi, K., Gaillard, G., Nemecek, T., 2006. Life cycle assessment of agricultural pro-
duction systems: current issues and future perspectives. In: Proceedings of the
International Seminar on Technology Development for Good Agriculture Practice in
Asia and Oceania. 25–26 October, Taipei, Taiwan. pp. 98–109.


Idda, L., Furesi, R., Pulina, P., 2010. Economia dell'allevamento ovino da latte. In: Angeli,


Franco (Ed.), Milano.
IPCC, 2006. IPCC Guidelines for National Greenhouse Gas Inventories: Volume 4:


Agriculture, Forestry and Other Land Use. Intergovernmental Panel on Climate
Change, Paris (France).


IPCC, 2013. Climate Change 2013. The Physical Science Basis. Working Group I
Contribution to the Fifth Assessment Report of IPCC. . http://www.
climatechange2013.org/ (Accessed 24 November 2015).


ISPRA, 2011. National Greenhouse Gas Inventory System in Italy. Year 2011. Istituto
Superiore per la Protezione e la Ricerca Ambientale (ISPRA), Roma (Italy).


ISTAT, 2012. Italian National Institute of Statistics Database. http://dati.istat.it/Index.
aspx?DataSetCode=DCSP_ALLEV&Lang=# (Accessed 12 December 2016).


Marino, R., Atzori, A.S., D’Andrea, M., Iovane, G., Trabalza-Marinucci, M., Rinaldi, L.,
2016. Climate change: production performance, health issues, greenhouse gas
emissions and mitigation strategies in sheep and goat farming. Small Rumin. Res.
135, 50–59.


Merino, P., Ramirez-Fanlo, E., Arriaga, H., del Hierro, O., Artetxe, A., Viguria, M., 2011.
Regional inventory of methane and nitrous oxide emission from ruminant livestock in
the Basque Country. Anim. Feed Sci. Technol. 166–167, 628–640.


Michael, D., 2011. Carbon Reduction Benchmarks and Strategies: New Animal Products.
Australian Government, rural industries research and development corporation.
Rural Industries Research and Development Corporation (RIRDC) Publication No.
11/063, RIRDC Project No. PRJ-003369.


Mondello, G., Salomone, R., Neri, E., Patrizi, N., Lanuzza, F., 2016. Comparazione di
differenti metodi di allocazione nella LCA applicata nel settore dell’allevamento
ovino. In: Dominici Loprieno, A., Scalbi, S., Righi, S. (Eds.), Proceedings of the 10th
Conference of ‘Associazione Rete Italiana LCA -Life Cycle Thinking, Sostenibilità Ed
Economia Circolare’. Ravenna, Italy, 23–24 June. pp. 221–229.


Moreno Ruiz, E., Weidema, B.P., Bauer, C., Nemecek, T., Vadenbo, C.O., Treyer, K.,
Wernet, G., 2013. Documentation of Changes Implemented in Ecoinvent Data 3.0.
Ecoinvent Report 5 (v4). The ecoinvent Centre, St. Gallen. https://www.ecoinvent.
org/files/report_of_changes_ecoinvent_2.2_to_3.0_20130904.pdf (Accessed 16
December 2016).


Nemecek, T., Huguenin-Elie, O., Dubois, D., Gaillard, G., Schaller, B., Chervet, A., 2011.
Life cycle assessment of Swiss farming systems: II. Extensive and intensive produc-
tion. Agric. Syst. 104, 233–245.


OECD/Food and Agriculture Organization of the United Nations, 2015. OECD-FAO
Agricultural Outlook 2015. OECD Publishing Paris, France.


Opio, C., Gerber, P., Mottet, A., Falcucci, A., Tempio, G., MacLeod, M., Vellinga, T.,
Henderson, B., Steinfeld, H., 2013. Greenhouse Gas Emissions from Ruminant Supply
Chains–A Global Life Cycle Assessment. Food and Agriculture Organization of the
United Nations (FAO), Rome.


Porqueddu, C., 2008. Low-input farming systems in Southern Europe: the role of grass-
lands for sustainable livestock production. In: Biala, K., Terres, J., Pointereau, P.,
Paracchini, M.L. (Eds.), Proceedings of the JRC Summer University ‘Low Input
Farming Systems: an Opportunity to Develop Sustainable Agriculture’. 2–5 July,
Ranco, Italy. pp. 52–58.


Pulina, G., Nudda, A., 2002. Milk production. In: Pulina, G. (Ed.), Dairy Sheep Fedding
and Nutrition. Edizioni Avenue media, Bologna, Italy, pp. 11–13.


Rotz, C.A., Montes, F., Chianese, D.S., 2010. The carbon footprint of dairy production
systems through partial life cycle assessment. J. Dairy Sci. 93, 1266–1282.


Rural Development Programme of Sardinia, 2014–2020. Available at http://www.
regione.sardegna.it/speciali/programmasvilupporurale/benvenuto-sul-sito-del-psr-
2014-2020 (Accessed 25 January 2017).


SAIC (Scientific Application International Corporation), 2006. Life Cycle Assessment:
Principles and Practice. National risk management Research Laboratory Office of
Research and Development U.S. Environmental Protection Agency (EPA), Cincinnati,
U.S.A.


Soteriades, A.D., Faverdin, P., Moreau, S., Charroin, T., Blanchard, M., Stott, A.W., 2016.
An approach to holistically assess (dairy) farm eco-efficiency by combining Life Cycle
Analysis with Data Envelopment Analysis models and methodologies. Animal 10,
1899–1910.


Vagnoni, E., Franca, A., Breedveld, L., Porqueddu, C., Ferrara, R., Duce, P., 2015.
Environmental performances of Sardinian dairy sheep production systems at different
input levels. Sci. Total Environ. 502, 354–361.


Vermorel, M., Jouany, J.P., Eugène, M., Sauvant, D., Noblet, J., Dourmad, J.Y., 2008.
Evaluation quantitative des émissions de méthane entérique par les animaux
d’élevage en 2007 en France. INRA Prod. Anim. 21, 403–418.


Wiedemann, S.G., Ledgard, S.F., Henry, B.K., Ningtao Mao, M.Y., Russell, S.J., 2015.
Application of life cycle assessment to sheep production systems: investigating co-
production of wool and meat using case studies from major global producers. Int. J.
Life Cycle Assess. 20, 463–476.


Woodward, S.L., Waghorn, G.C., Ulyatt, M.J., Lassey, K.R., 2001. Early indications that
feeding Lotus will reduce methane emissions from ruminants. Proc. N. Z. Soc. Anim.
Prod. 61, 23–26.


E. Vagnoni, A. Franca Small Ruminant Research 159 (2018) 62–68


68



http://statistiche.izs.it/portal/page?_pageid=73,12918%26_dad=portal%26_schema=PORTAL%26op=view_rep%26p_report=plet_rep_r1_ovi_capr%26p_liv=R%26p_sigla_liv=200

http://statistiche.izs.it/portal/page?_pageid=73,12918%26_dad=portal%26_schema=PORTAL%26op=view_rep%26p_report=plet_rep_r1_ovi_capr%26p_liv=R%26p_sigla_liv=200

http://statistiche.izs.it/portal/page?_pageid=73,12918%26_dad=portal%26_schema=PORTAL%26op=view_rep%26p_report=plet_rep_r1_ovi_capr%26p_liv=R%26p_sigla_liv=200

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0010

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0010

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0015

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0015

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0020

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0020

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0020

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0025

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0025

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0025

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0030

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0030

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0035

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0035

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0035

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0040

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0040

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0045

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0045

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0045

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0045

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0050

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0050

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0050

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0050

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0055

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0055

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0055

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0060

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0060

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0060

https://www.pre-sustainability.com/simapro

https://www.pre-sustainability.com/simapro

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0070

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0070

http://www.fao.org/partnerships/leap/publications/en/

http://www.fao.org/docrep/010/a0701e/a0701e00.HTM

http://www.fao.org/docrep/010/a0701e/a0701e00.HTM

http://www.fao.org/faostat/en/#data/QL

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0090

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0090

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0090

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0090

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0095

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0095

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0095

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0095

http://www.leidenuniv.nl/cml/ssp/publications/recipe_characterisation.pdf

http://www.leidenuniv.nl/cml/ssp/publications/recipe_characterisation.pdf

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0105

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0105

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0105

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0110

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0110

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0110

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0115

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0115

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0115

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0115

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0120

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0120

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0125

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0125

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0125

http://www.climatechange2013.org/

http://www.climatechange2013.org/

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0135

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0135

http://dati.istat.it/Index.aspx?DataSetCode=DCSP_ALLEV%26Lang=#

http://dati.istat.it/Index.aspx?DataSetCode=DCSP_ALLEV%26Lang=#

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0145

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0145

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0145

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0145

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0150

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0150

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0150

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0155

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0155

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0155

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0155

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0160

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0160

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0160

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0160

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0160

https://www.ecoinvent.org/files/report_of_changes_ecoinvent_2.2_to_3.0_20130904.pdf

https://www.ecoinvent.org/files/report_of_changes_ecoinvent_2.2_to_3.0_20130904.pdf

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0170

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0170

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0170

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0175

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0175

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0180

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0180

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0180

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0180

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0185

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0185

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0185

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0185

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0185

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0190

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0190

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0195

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0195

http://www.regione.sardegna.it/speciali/programmasvilupporurale/benvenuto-sul-sito-del-psr-2014-2020

http://www.regione.sardegna.it/speciali/programmasvilupporurale/benvenuto-sul-sito-del-psr-2014-2020

http://www.regione.sardegna.it/speciali/programmasvilupporurale/benvenuto-sul-sito-del-psr-2014-2020

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0205

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0205

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0205

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0205

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0210

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0210

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0210

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0210

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0215

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0215

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0215

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0220

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0220

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0220

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0225

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0225

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0225

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0225

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0230

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0230

http://refhub.elsevier.com/S0921-4488(17)30313-9/sbref0230



		Transition among different production systems in a Sardinian dairy sheep farm: Environmental implications

		Introduction

		Methods

		Characteristics of the two production systems

		LCA methodological issues



		Results and discussion

		LCI analysis

		Carbon footprint

		ReCiPe Endpoint method



		Conclusions

		Acknowledgements

		References












159


Book of Abstracts Climate Action in Support of the Paris Agreement 


REFERENCES  
1. Glynn, P., Cadman, T., & Maraseni, T. (2017). Business, organised labour and climate 


policy. forging a role at the negotiating table. Cheltenham: Edward Elgar Publishing 


Limited. doi:10.4337/9781786430120   


2. ILO. (2012). Working towards sustainable development: Opportunities for decent work 


and social inclusion in a green economy. Geneva: International Labour Office.   


3. Worldwatch Institute. (2008). Green jobs: Towards decent work in a sustainable, low-


carbon world. Nairobi: UNEP/ILO/IOE/ITUC.   


 


Eco-sustainable dairy sheep production: 
an LCA approach from Sardinia, Italy 


Vagnoni E.1, Sanna L.1*, Campus E.1, Arca P.1, Atzori A.S.2, Molle G.3, Decandia M.3, 
Franca A.4, Manca A.5, and Duce P.1 


1IBIMET-CNR - Italy, 2UNISS - Italy, 3Agris Sardegna - Italy, 4CNR-ISPAAM - Italy and 5Laore 
Sardegna - Italy 


*Corresponding Author: sanna@ibimet.cnr.it 


 
 


Abstract  


In December 2015 the first universal and legally binding worldwide climate agreement was 
adopted by 195 countries during the COP21 Paris Climate Conference. With this agreement, 
governments set out a comprehensive action plan in the context of sustainable development 
to bring the world back on track to avoid dangerous climate change by limiting the average 
global temperature rise well below 2 oC, as this would significantly mitigate the impacts of 
climate change [1]. Moreover, they recognize the fundamental priority of safeguarding food 
security and its particular vulnerability to the adverse effects of climate change.  
In order to achieve the long-term temperature goal, one of the European Union financial 
instrument supporting climate change mitigation action is the LIFE programme [2]. It 
implements innovative solutions that help the greenhouse gas emissions reduction in different 
economic segments, also in non EU ETS sectors as agri-food production systems [3].  
In this framework, in July 2016 the SheepToShip LIFE project was financed by the EU LIFE 
Programme Climate Action 2014-2020 with the aim to reduce the greenhouse gas emissions 
from the dairy sheep sector in Sardinia, an absolute leader on dairy sheep raising [4]. In 
particular, the main objective of the project is to reduce by 20% in 10 years GHG emissions 
(nitrous oxide, methane and carbon dioxide) from the Sardinian dairy sheep supply chain. The 
immediate goals of the project are to encourage the environmental improvements of 
production systems in the sheep sector and to demonstrate the environmental, economic and 
social benefits deriving from eco-innovation in the dairy industry and sheep farming sector. 
Additionally, its actions promote the implementation of environmental policies and rural 
development, guided by the Life Cycle Thinking approach, and aimed at enhancing the 
environmental quality of local sheep’s milk and cheese supply chains. Furthermore, one of the 
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project scopes is to increase the level of knowledge and awareness of stakeholders and the 
general public regarding the environmental sustainability of products made from sheep’s milk 
and their contribution to the mitigation of climate change.  
With this approach, the project expects to achieve the development of a common 
methodology for analysing the life-cycle of sheep’s milk supply chains. This procedure will be 
used to determine the environmental impact of the sheep’s milk business in Sardinia, 
including the environmental hotspots of the life-cycle of Sardinian Protected Designation of 
Origin (PDO) sheep’s cheese, and will be tested in several cases study (sheep farms and 
sheep dairy businesses) through the introduction of low-input techniques compatible with 
maintaining quality standards of products.  
During the first year, the organizational structure together with the management and 
operational tools were defined by the characterization of dairy sheep production systems in 
Sardinia. This provides an overview of Sardinian dairy sheep sector and the methodology to 
distinguish and discriminate the main dairy sheep production systems in this Island. This 
methodology is also implemented on a wide database to characterize the sheep farms within 
the main production systems and to evaluate the most frequent values of key indicators of 
farm size, intensification level and performance and their variability within each production 
system.  
Through this preparatory phase, the analysis of the environmental implications of the sheep 
milk supply chain was compiled revising the state of the art on the climate impact of the sheep 
sector. LCA studies on sheep farm productions (meat, wool, milk and cheese, ecosystem 
services) and on post-farm emissions were reviewed focusing their methodological approach 
and main outcomes. Studies aiming at the most important biological and technical option for 
the reduction of methane emissions, nitrogen excreta and variation of soil carbon stock were 
also discussed. This effort allowed deducing important information for the planning of 
emission mitigation strategies to be applied in dairy sheep sector at territorial level in the 
European sheep farming systems.  
Moreover, on the basis of this information, the guidelines for LCA application on 
Mediterranean dairy sheep supply chains were delivered. These guidelines are mainly 
addressed to key methodological issues of LCA studies in agri-food sector, which represent 
the main challenge for enabling the reliable environmental assessment of Mediterranean dairy 
sheep supply chains. The methodology illustrated is based on and conform to the European 
standards of the main LCA’s international guidelines. Also a LCA data collection handbook 
containing the practical guidelines and the methodological standards concerning on-field data 
collection for LCA studies carried out within the SheepToShip LIFE project was provided.  


The next steps will be the release of the reports on good practices for sheep farming and 
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the main production systems and to evaluate the most frequent values of key indicators of 
farm size, intensification level and performance and their variability within each production 
system.  
Through this preparatory phase, the analysis of the environmental implications of the sheep 
milk supply chain was compiled revising the state of the art on the climate impact of the sheep 
sector. LCA studies on sheep farm productions (meat, wool, milk and cheese, ecosystem 
services) and on post-farm emissions were reviewed focusing their methodological approach 
and main outcomes. Studies aiming at the most important biological and technical option for 
the reduction of methane emissions, nitrogen excreta and variation of soil carbon stock were 
also discussed. This effort allowed deducing important information for the planning of 
emission mitigation strategies to be applied in dairy sheep sector at territorial level in the 
European sheep farming systems.  
Moreover, on the basis of this information, the guidelines for LCA application on 
Mediterranean dairy sheep supply chains were delivered. These guidelines are mainly 
addressed to key methodological issues of LCA studies in agri-food sector, which represent 
the main challenge for enabling the reliable environmental assessment of Mediterranean dairy 
sheep supply chains. The methodology illustrated is based on and conform to the European 
standards of the main LCA’s international guidelines. Also a LCA data collection handbook 
containing the practical guidelines and the methodological standards concerning on-field data 
collection for LCA studies carried out within the SheepToShip LIFE project was provided.  


The next steps will be the release of the reports on good practices for sheep farming and 


dairy businesses using sheep’s milk for the mitigation of the sector’s environmental impact. 
The optimal management policies needed to reduce environmental impacts will be also 
identified for each type of production system.  
The strategy of the project includes the dissemination of results for exchanging best practices 
and transferring innovative methods and technologies. Besides, an important project aspect 
will be the engagement with stakeholders to drive eco- innovation and environmental 
improvement of sheep farming techniques and industrial cheese-making processes, finalized 
to the elaboration and implementation of an Environmental Action Plan for the Sardinian dairy 
sheep sector.  


Keywords: agricultural method‚ dairy sheep productions‚ emission reduction‚ greenhouse 
gas‚ land use.  
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a b s t r a c t


Despite the significant role of small ruminant sector in the global trends of livestock productions, little
research has been conducted on the environmental implications of dairy sheep production systems.
Dairy sheep systems are relevant for the economy of many areas of the Mediterranean Basin and the
environmental and economic optimization of their productive factors is considered an effective strategy
for promoting the innovation and increasing the competitiveness of Mediterranean dairy sheep systems.
Therefore, scientific studies are needed in order to propose specific greening strategies and to improve
the environmental performances of dairy sheep systems. The main objective of this study was to define a
preliminary characterization of the environmental profile of sheep milk (“Pecorino”) cheese chain in
Sardinia (Italy), using a Life Cycle Assessment (LCA) approach, with the following specific goals: i)
comparing the environmental impacts caused by both the artisanal and the industrial manufacturing
processes of "Pecorino” cheese and ii) identifying the hotspots to reduce the environmental impacts of
the Sardinian dairy sheep sector. The analysis was based on the functional unit of 1 kg of artisanal
“Pecorino di Osilo” cheese, and 1 kg of the industrial manufacturing cheese “Pecorino Romano PDO”
cheese. The LCA highlighted that the GHG emissions of the two cheeses were similar, with an average
value equal to 17 kg CO2-eq, largely due to enteric fermentation. The main differences between the two
environmental profiles were found for human toxicity, ecotoxicity and eutrophication potential impact
categories. Enteric methane emissions, feed supply chain, electricity, equipment and wastewater man-
agement seemed to be the hotspots where the environmental performances can be improved.


© 2017 Elsevier Ltd. All rights reserved.

1. Introduction


The significant role of the animal production in the global
climate change scenario has been clearly assessed by international
organizations and environmental advocacy groups oriented by
several scientific research on greenhouse gas (GHG) emissions of
livestock sector (FAO, 2006; Galloway et al., 2010; Garnett, 2009;
Gerber et al., 2013; O'Mara, 2011). In particular, the main studies
have been concentrated in beef and dairy cattle systems (de Boer,
2003; de Vries et al., 2015; Soteriades et al., 2016) because of
their essential function as protein food source and for their relevant
contribution in global methane and nitrogen dioxide emissions.
Less attention has been dedicated to the analysis of the environ-
mental implications of sheep and goat systems despite their

ni).

increasingly significance in the current and near future environ-
mental and socio-economic dynamics. At global level, the GHG
emissions of small ruminant sector account around 0.5 Gt CO2-eq,
representing 6.5% of overall livestock emissions. In particular, the
enteric methane emissions from the entire world sheep population
represent over 6.5% of the whole livestock sector. Moreover,
correlating the total emission of CO2-eq to the unit of protein
produced, the milk and the meat produced by small ruminants
(with 165 and 112 kg CO2-eq kg�1 protein, respectively) represent
the second and third animal products, respectively, for emission
intensity (amount of GHG emitted per unit of product) (Gerber
et al., 2013; Opio et al., 2013). On the other hand, the world goats
and sheep population is increasing since 2001 and exceeded 2200
million heads in 2014 (þ22% compared to 2000) (FAOSTAT, 2017). In
addition, within the positive trend of livestock productions esti-
mated by OECD-FAO in the Agricultural Outlook 2015-2024 (OECD-
FAO, 2015), the sheep sector occupies a key position with an in-
crease in production larger than 20% compared to the previous
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decade. Europe, with about 147million heads, is the third continent
for sheep and goat number (FAOSTAT, 2017). However, the sheep
and goat farming represents a minor agricultural activity, ac-
counting less than 4% of the total value of animal production in EU-
27. In particular, the sheep sector, which represents close to 89% of
total European sheep and goat population, is characterized by a
decreasing in ewe number (�1% per year in the 1990s and �3% per
year in 2005) but with contrasting trends for meat and milk supply
chains: negative for the meat sector (�33% of meat ewes number
from 2000 to 2009; �47% of meat consumption between 2001 and
2010), and positive for the milk one (þ43% of the milking ewes
number and a steadily increasing of milk production) (AND
International, 2011). Moreover, the sheep farming covers an
important portion of the agricultural land in some European
countries (31% in the UK, about 20% in Ireland, Spain, Romania and
Italy) and plays a crucial role, both in economic and environmental
terms, in many less favoured zones of the Mediterranean region
(Zygoyiannis, 2006). Italy is the third countries in EU-28 for sheep
population, with more than 7 million sheep heads in about 68
thousand farms (IZS, 2016). More than 45% of Italian sheep popu-
lation is found in Sardinia where about 13 thousand farms (ISTAT,
2016), spread all over the island, shares 25% of total EU-27 sheep
milk production (Rural Development Programme of Sardinia - RDP,
2014-2020). Basically, the whole Sardinian sheep milk production
(more than 300,000 t year�1) is destined for cheese production,
manufactured both in semi-artisanal and industrial manner. The
Sardinian sheep milk cheese production is composed by three
Protected Designation of Origin (PDO) cheeses (“Pecorino Romano”,
“Fiore Sardo”, “Pecorino Sardo”) and several minor productions, all
strong linked with the local traditions and natural resources
(Piredda et al., 2006). Among them, the most important is by far the
Pecorino Romano PDO, which represents more than 90% of the total
Sardinian PDO cheese production (Osservatorio Regionale della
filiera ovicaprina, 2012). Pecorino Romano PDO is one of the most
exported Italian cheeses in the world (Pirisi and Pes, 2011), more
than 97% is made in Sardinia and in large part sold in US as grating
cheese type (Consorzio per la tutela del formaggio Pecorino
Romano DOP, 2017). However, the fluctuating dynamics of the
Pecorino Romano PDO international price and the dominant role
played by few industries (the first five cheese-makers transform
45% of total production) represent structural limitations and
serious threats for the whole Sardinian agri-food system (RPD,
2014-2020). It is an established opinion that the Sardinian sheep
milk sector needs a robust innovation process where the integra-
tion and optimization of economic and environmental perspectives
are key factors in order to maximize efficiency and to minimize risk
of jeopardizing sustainability (Atzori et al., 2015). Therefore, it is
essential to valorise the environmental quality of sheep milk pro-
ductions with the purpose of improving the Sardinian dairy sector
competitiveness and keeping the opportunity represented by i) the
continuous expansion of green international markets, and ii) the
increasing effort of EC on support greening Europe's agriculture. As
mentioned above, little research has been conducted on environ-
mental implications of small ruminant systems with a life cycle
perspective, and even less focused on sheep milk cheese (Roma
et al., 2015). Therefore, more specific data are needed in order to
promote effective greening strategies at both territorial and dairy
farm/plant level. The main international scientific literature con-
cerns the identification and quantification of the environmental
effects of sheep milk production in the Mediterranean context
(Atzori et al., 2015; Batalla et al., 2015; Marino et al., 2016; Vagnoni
et al., 2015), assessed with the Life Cycle Assessment (LCA) method
(ISO, 2006a). Only two studies investigated both the production
phases (agriculture and industry): i) Favilli et al. (2008) carried out
a “from cradle to gate” LCA study of Pecorino Toscano PDO cheese.

In this study 7 impact categories (among them Global Warming
Potential, Acidification, Eutrophication and Photochemical ozone
creation potentials) were considered in order to define the eco-
profile of a Pecorino Toscano PDO produced in a family-run farm
located in Larderello (Italy). Pecorino Toscano PDO is a soft or semi-
hard sheep milk cheese typical of Tuscany region; ii) Conte et al.,
2015 used an eco-indicator to analyze the environmental impacts
of 24 packaging systems, in terms of potential food loss of Canes-
trato di Moliterno PDO (an Italian ripened cheese obtained from
sheep milk). In particular, this paper compared different cheese
packaging scenarios, using an LCA approach where shelf life and
food loss probability were included.


Themain scope of this study was to improve our knowledge and
understanding on the environmental implications of small rumi-
nant systems under a life cycle perspective, with a specific focus on
the Sardinian sheep milk cheese supply chain. Specific goals were:
i) comparing the environmental implications of two contrasting
dairy sheep systems and ii) identifying the hotspots to improve the
environmental performances of the Sardinian dairy sheep sector.


2. Materials and methods


2.1. Sheep milk cheeses under study


Two different types of sheep milk cheese were considered: 1) a
“Pecorino Romano” PDO produced at industrial scale and destined
for the international market (mainly grating use); 2) a “Pecorino di
Osilo” manufactured on-farm with a semi-artisanal system and
sold in the local market.


Pecorino Romano PDO is the best known Italian dairy product
obtained from sheep milk. According to the PDO protocol
(Commission Regulation (EC) N. 1030/2009, 2009), Pecorino
Romano is a hard cheese, cooked, made with fresh whole sheep's
milk, derived exclusively from farms located in Sardinia and Lazio
region and in province of Grosseto (Tuscany). It may be inoculated
with indigenous natural cultures of lactic ferments, then coagu-
lated with lamb's rennet in a paste derived exclusively from ani-
mals raised in the same production area. The rounds are cylindrical
with flat top and bottom, the height of the side is between 25 and
40 cm and the diameter of top and bottom between 25 and 35 cm.
The weight of the rounds can vary between 20 and 35 kg. After a
minimum maturation period of 5 or 8 months, Pecorino Romano
PDO can be used as a table or grating cheese, respectively. The taste
is aromatic, lightly spicy and tangy in the table cheese, intensely
spicy in the grated cheese.


Pecorino di Osilo is a typical cheese of a small area of the North-
Western Sardinia. It is a semi-cooked, soft or hard cheese, included
in the list of typical Italian agri-food products (18/07/2000 Minis-
terial Decree of the Italian Ministry for Agricultural, Food and
Forestry). The essential characteristic of the Pecorino di Osilo
cheese-making is the pressing for 5/6 hours after the curd cutting
into small granules. The shape is cylindrical, with a height between
9 and 13 cm, a diameter between 14 and 22 cm and a weight in the
range 1.5e3.0 kg. The cheese taste is sweet, or savoury and slightly
spicy when seasoning exceeds 6 months. It is used mainly as table
cheese but also for grating.


2.2. Case studies


Data were collected during 2013 in two cheese factories repre-
sentative of each production system: “Allevatori di Mores Societ�a
Cooperativa” (“Coop. Mores”) for Pecorino Romano PDO (PR) pro-
duced at industrial scale; “Azienda Agricola Truvunittu” (“Truvu-
nittu”) for Pecorino di Osilo (PO) manufactured on-farm in a semi-
artisanal manner. The two dairy sheep factories are quite
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contrasting in all items (Table 1).
“Coop. Mores” is amedium-large dairy sheep industry located in


Mores, a small town in the Central-North Sardinia placed in a
strategic position to collect the milk from a large part of Sardinia
and well connected with the main ports and airports of the island.
The “Coop. Mores” dairy plant is provided with a system for recy-
cling pressurized hot water from heating production processes. In
this study, we considered the PR export type, called “Duca di
Mores”, weighting 27 kg and with an average fat and protein con-
tent of 32% and 22% per 100 g, respectively.


“Truvunittu” is located in the countryside of Osilo municipality,
a small town in the North-Western Sardinia. “Truvunittu” is a
typical sheep farm operating in Sardinian hilly areas, in terms of
size, productivity and capital good. This farm was selected also by
having a small scale dairy plant annexed. The 2013 “Truvunittu” PO
production was equal to 10,549 kg (around 6,000 rounds) and the
fat and protein content was on average 30% and 28% per 100 g of
cheese, respectively.


2.3. LCA methodology


The study was conducted in agreement with ISO 14040-44
compliant LCA methodology (ISO, 2006a,b). The functional unit
(FU) considered was 1 kg of cheese packaged and distributed to the
first customer (a trader most of times for PO, a retailer in the rest of
the cases), according to other LCA cheese studies (Berlin, 2002;
Gonz�alez-García et al., 2013). Therefore, the LCA followed a “from
cradle to retailer” approach, including all inputs to the dairy plant,
from crop farming to livestock operations, from refrigeratedmilk to
the final disposition of the cheese packaging at the first customer.
The LCA system boundaries were divided into the following main
phases (Fig. 1): a) milk production at the sheep farm (from cradle to
gate), b) milk collection and cheese-making at the dairy plant (from
farm gate to dairy plant gate, taking into account cheese packaging
and cleaning of equipment too), and c) cheese distribution (from
dairy plant to retailer). A previous work we conducted on the
environmental life cycle assessment of Sardinian dairy sheep pro-
duction systems at three different input levels (Vagnoni et al., 2015)
was used as background for milk production at farm gate. For PRwe
considered the milk received at the plant as a combination of the
milk provided by production systems at three different input levels,
with percentages of contribution that reflect the type of farms that
belong to the “Coop. Mores”. In particular, the 188 sheep farms that
delivered the milk to “Coop. Mores” dairy plant in 2013 were
grouped according to the three above-mentioned different farming
systems. The technical information about the milk providing farms
were gathered from the “Coop. Mores” farm's dataset. Finally, 60%
of total processed milk derived from the mid-input farming system,
30% from the high-input system and 10% from low-input system.
For PO, we considered the milk produced by the “Truvunittu” farm,

Table 1
Main characteristics of the two dairy sheep factories.


Coop. Mores


Legal entity Cooperative company with 270 mem
Manpower (number of workers) 38
Dairy plant area (m2) 3,500
Energy consumption, dairy plant (kW year�1) 593,669
Water consumption, dairy plant (m3 year�1) 5,011
Wastewater treatment, dairy plant Municipal wastewater treatment pla
Milk origin Purchased from Sardinian farmers
Milk processed (kg year�1) 5,953,871
Products, total quantity (t/year�1) 498
Products, type Pecorino Romano PDO; 8 semi-cooke
Products destination (% of total quantity) 55% USA; 45% Italy

which is a mid-input farm. In addition, this LCA milk model was
updated with respect to i) enteric methane emissions, that were
quantified using a detailed approach based on Vermorel et al.
(2008) and considering the total metabolizable energy ingested
with the specific animal category diet, and ii) emissions related to
pesticide and fertilizer use that were estimated with the IPCC
method (IPCC, 2006). Similarly to milk production scheme, the
cheese-making phase includes all input linked with the plant
structure (buildings, machinery, cheese-making equipment and
tools, etc.). Energy consumption was referred to farm and dairy
plant phase but without assigning a specific value of consumption
for each single stage or unit operations. Rather, the water con-
sumption was detailed for specific operations, such as cleaning
processes at both the farm and the dairy plant step, crop irrigation,
livestock watering and general use. Regarding wastewater treat-
ment for PR, a municipal wastewater treatment plant process by
Ecoinvent v3.1 (Weidema et al., 2013) was used. In the case of PO,
since the wastewater was directly applied on field (without any
treatment), organic and inorganic compounds emissions in soil
were estimated according to Bonari et al. (2007) emission factors.


The impact partitioning between the production process out-
puts was performed using an economic allocation procedure
(Table 2), according with several LCA investigations on dairy sector
(Baldini et al., 2017; Berlin, 2002; Castanheira et al., 2010; Pirlo
et al., 2014) and given the large price difference between the
“main product” and the other co-products. In particular, the
following co-products were considered: meat and wool for sheep
farm; ricotta cheese for “Coop. Mores” (which has a specific pro-
duction line for PR); ricotta cheese (fresh and smoked) and fresh
cheese for “Truvunittu”.


Primary data were collected through company's register ex-
amination, several visits in situ and employees' interviews. The
survey requested both farm and plant level data regarding pur-
chases (materials and energy), production (milk, cheese and other
products), and emissions (solid and liquid waste streams). Data
collected were checked for validity by ensuring consistency with
theoretical or average values described in sectoral reference for
similar contexts. Secondary data were taken from the three
following database: Ecoinvent v3.1 (more than 60% of secondary
data) (Weidema et al., 2013); Agri-footprint 2.0 (2015) (about 39%
of secondary data); and USLCI (less than 1% of secondary data) (US
LCI, 2015). SimaPro software (PR�e Consultants, 2016) was used to
model the life cycle and for the impact analysis. In order to assess in
a more comprehensive way the environmental performances of
sheep milk cheeses, and with the purpose of considering a wide
range of impact categories, two different evaluation methods were
used: 1) IPCC (IPCC, 2013), for the Carbon Footprint (CF) estimates,
expressed in kg of CO2-eq, and 2) CML-IA version 3.3 (Guin�ee et al.,
2002), which considers, besides the GHG emissions, other 10 cat-
egories of environmental impact, i.e.: Stratospheric Ozone

Truvunittu


bers Family-run company
2
130
18,803
301


nt Application on field
Produced on-farm
92,880
21


d cheese types; Ricotta cheese Pecorino di Osilo, Ricotta cheese, Fresh cheese
100% Local market







Fig. 1. System boundaries of the two Sardinian Pecorino cheese LCA case studies.


Table 2
Percentages of economic allocation of co-products from “Allevatori di Mores Soc.
Coop.” (Coop. Mores) and “Azienda Agricola Truvunittu” (Truvunittu) dairy plants.


Percentage of allocation


Coop. Mores Truvunittu


Sheep farm
Milk 88.9 91.0
Lamb meat 8.8 6.7
Sheep meat 1.7 1.7
Wool 0.6 0.6
Dairy plant
Pecorino Romano PDO 91.4 e


Pecorino di Osilo e 62.7
Ricotta, fresh 8.6 21.0
Ricotta, smoked e 12.7
Fresh cheese e 3.6
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depletion (expressed in kg of Trichlorofluoromethane equivalent,
kg CFC-11-eq); Human toxicity (expressed as kg 1,4-dichlo-
robenzene equivalent, kg 1,4-DB-eq); Fresh-water aquatic eco-
toxicity (kg 1,4-DB-eq); Marine ecotoxicity (kg 1,4-DB-eq); Terres-
trial ecotoxicity (kg 1,4-DB-eq); Photochemical oxidation potential
(POCP, expressed in kg of ethylene equivalent, kg C2H4-eq); Acidi-
fication potential (AP, expressed in kg of sulfur dioxide equivalent,
kg SO2-eq); Eutrophication potential (EP, expressed as kg of phos-
phate equivalent, kg PO4


3--eq); Abiotic depletion (elements, ulti-
mate reserve) (expressed as kg antimony equivalent, kg Sb-eq);
Abiotic depletion (fossil fuel) (expressed in MJ per m3 of fossil fuel,
MJ).

2.4. Statistical analysis on simulation scenarios


Moving from the identification of farm and dairy plant
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environmental hotspots and in order to assess alternative produc-
tion system scenarios, we constructed four simulation scenarios
both at sheep farm and dairy plant stage, based on different diet
and more efficient/green power supply, respectively. In particular,
the farming system scenarios were defined for mid-input farming
system, since it is by far the most important sheep milk source for
both cheeses (PR and PO). In addition, this case study is highly
representative, in terms of size, productivity and capital good, of
sheep farms in Sardinian hilly areas. For each simulation scenario,
we estimated the CF (IPCC, 2013) of 1 kg of normalized milk (Fat
Protein Corrected Milk - FPCM). In the case of dairy plant stage, the
parameter used to evaluate the new scenarios was the CF (IPCC,
2013) of 1 kg of PR (from cradle to retailer). The statistical signifi-
cance of the differences between CF mean values of actual and
simulated scenarios was tested as follows: i) a population of 20
simulated CFs within each scenario was obtained using a Monte
Carlo propagation test (Henriksson et al., 2015), ii) a one-way
analysis of variance (ANOVA) with Tukey test post-hoc testing for
p < 0.05 was performed using the R software (R Core Team, 2015).
In addition, box-and-whisker plot was constructed to provide a
graphical view of the results.

3. Results and discussion


3.1. Carbon Footprint


A small difference in 1 kg of cheese GHG emissions between
dairy systems was found, with the PO CF higher than PR CF by 1.4%
(Fig. 2). As expected, the milk production phase was by far the most
impacting one, reaching about 92% of total GHG emissions in both

Fig. 2. Carbon Footprint (kg CO2-eq) for 1 kg of Pecor

case studies. The second largest contributor to the total CF was the
cheese-making phase, with a percentage contribution of about 7%
and 5% for PR and PO, respectively. The dominant contribution of
milk production and cheese-making phase to the total GHG emis-
sions was in agreement with several studies on global warming
potential of dairy sector (Berlin, 2002; Kim et al., 2013; Gonz�alez-
García et al., 2013; van Middelaar et al., 2011). The CF results of
the PR and PO differed for milk collection, cheese-making and
cheese distribution phases, reflecting the contrasting production
scale and technology level of the two dairy systems. In particular,
the main difference was obtained for cheese distribution phase,
where the PO emissions of CO2-eq per kg of cheese was 5 time
greater than PR. As a consequence, the distribution phase repre-
sented about 3% of the total PO GHG emissions, and contributed
only to about 0.6% in PR CF. This result can be explained by the fact
that, in general, the PO distribution implies small quantities and
higher frequency, leading to a much less efficient transportation
phase. In fact, 10.5 t of PO was distributed using a van car, covering
about 21,700 km. Therefore, the relationship between amount of
product transported and distance covered was equal to about
0.5 kg km�1. On the other hand, the PR distribution concerned the
transportation of about 757 t of cheese for about 11,000 km using
lorry (mostly>32 t gross vehicleweight size class) and transoceanic
freight ship, which corresponds to about 69 kg of cheese per km of
covered distance. GHG emissions of PR manufacturing process was
45% largest than PO that required few production input in addition
to manpower. Similarly, milk collection had a tangible effect only
for PR total GHG emissions (with a contribution of about 0.7%) since
the milk transformed by “Truvunittu” was entirely produced on-
farm.

ino Romano PDO and Pecorino di Osilo life cycle.







Table 3
Percentage contribution of processes to the total GHG emissions of Pecorino Romano
PDO (PR) and Pecorino di Osilo (PO) life cycle, using IPCC evaluation method and
1 kg of cheese as functional unit. The process category “Remaining processes” in-
cludes all the processes with a percentage contribution lower than 0.25% for both
production systems.


Process Percentage contribution
to the total GHG
emissions


PR PO


Methane enteric emissions 53.4 52.6
Soybean meal, feed purchased 12.0 13.8
Cereal grain, feed purchased 7.5 10.2
Electricity, medium voltage 5.5 6.6
Transport, lorry 4.5 6.8
Transport, transoceanic freight ship 1.7 1.5
Dairy plant equipment 3.5 0.1
Tractor and agricultural machinery 3.5 2.9
Field crop operations 1.1 1.0
Dinitrogen oxide enteric emissions 0.8 0.7
Milking parlour, construction 0.4 0.5
Hay, from natural grassland 0.2 0.3
Remaining processes 5.8 3.2
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Table 3 illustrates all individual processes that contributed with
more than 0.25% to the total GHG emissions of each cheese and
indicates that the three first largest processes were the same in
both dairy systems. For instance, enteric methane emissions, soy-
bean and cereal feed purchased summarized about 73% and about
77% of the total PR and PO CF, respectively. This result is consistent
with the above-mentioned studies on the environmental profile of
the dairy sector. On the other hand, the relevant role played by feed
production and enteric fermentation in the global warming sce-
nario was also highlighted by FAO, which estimated in about 85%
the contribution of these emission sources to global emissions from
livestock supply chains (Gerber et al., 2013). The main emissions
from cheese life cycle was enteric methane, with a percentage
contribution equal to 53% in both case studies. The sum of contri-
butions by soybean meal and cereal grains ranged from 20% to 24%
of the total PR and PO CF, respectively. Considering that on-farm
produced feed contribution was less than 2% in both systems, this
result demonstrated the dominant effect of purchased feed with
respect to on-farm production. Dairy plant equipment played a
quite different role in the CF composition of the two dairy supply
chain, highlighting that the semi-artisanal manufacturing of PO
required a smaller equipment stock. Otherwise, the road trans-
portation contribution showed that milk collection and PR distri-
bution was more eco-efficient than PO distribution, due to the
largest work capacity of the large vehicles utilized in PR logistic
management.


In general, the CF results of our investigation were quite similar
to the results obtained by Favilli et al. (2008). The Pecorino Toscano

Table 4
Environmental impact results associated to the production of 1 kg of Pecorino Romano PD
represents the average values between PR and PO.


Impact category Unit


Abiotic depletion (minerals) kg Sb-eq
Abiotic depletion (fossil fuels) MJ
Ozone layer depletion (ODP) kg CFC-11-eq
Human toxicity kg 1,4-DB-eq
Fresh water aquatic ecotoxicity kg 1,4-DB-eq
Marine aquatic ecotoxicity kg 1,4-DB-eq
Terrestrial ecotoxicity kg 1,4-DB-eq
Photochemical oxidation kg C2H4-eq
Acidification kg SO2-eq
Eutrophication kg PO4


3�-eq

PDO analysed by Favilli et al. (2008) was produced i) by a family-run
dairy farm that had a production scale intermediate between PO
(10 time lowest in number of rounds per year) and PR (6 time
largest in cheese mass production) assessed in the present work, ii)
withmilk collected from several farms, and iii) utilizing geothermal
steam during the thermal cheese-making operations. The global
warming potential of 1 kg of Pecorino Toscano PDO analysed “from
cradle to gate” by Favilli et al. (2008) was equal to 15.5 kg CO2-eq,
with the largest contribution of enteric fermentation. Excluding the
distribution phase, the CF of the two Sardinian cheeses was equal to
16.7 kg CO2-eq, on average. Moreover, the contribution analysis of
Pecorino Toscano PDO production phases showed also a similar
trend to the two Sardinian cheeses, namely: milk production 92%,
cheese-making 5%, milking and transportation 3%.

3.2. CML-IA


The CML-IA evaluation method results indicated that PO
showed lower environmental impacts than PR for 7 of the 10
considered impact categories (Table 4). The difference between the
environmental performances of the two dairy systems was more
accentuated (a difference larger than 15%with respect to the lowest
value indicator) for the following 6 impact categories: Human
toxicity, þ160%; Terrestrial ecotoxicity, þ42%; Fresh water aquatic
ecotoxicity, þ39%; Eutrophication, þ36%; Marine aquatic
ecotoxicity, þ22%; Ozone layer depletion, þ16%.


The mineral elements depletion impact was very low in both
dairy systems, with a slightly difference between them. This can be
explained by the fact that the considered farming systems are
pasture-based and quite extensive in feed input utilization
(Gonz�alez-García et al., 2013).


The energy demand of the two dairy systems was quite similar,
with an average value of 73.4 MJ per kg of cheese. For both cheese
supply chains the largest consumption of fossil fuel took place
during the production of milk (76% of total fossil fuel depletion
score, in both cases) and the main difference between diary sys-
tems occurred, as expected considering the above reported CF re-
sults, for cheese distribution phase (Table 5). Therefore, the
transportation was the individual process that determined the
main difference on fossil fuel depletion composition of the two
dairy systems, which presented, in general, a quite similar trend
(Figs. 3 and 4). The energy requirements estimated by Favilli et al.
(2008) for Pecorino Toscano PDO was equal to 21.6 MJ kg
cheese�1, a value significantly lower than the values calculated for
the two Sardinian cheeses. However, taking into account that
PecorinoToscano PDOwas produced using geothermal heat (saving
an important quantity of fossil fuel) and that the Sardinian cheese
LCA included also the distribution phase, this difference seems
reasonable.


In general, the ozone layer depletion impact was very low (10�7

O (PR) and Pecorino di Osilo (PO), using the CML-IA evaluation method. Column AVG


PR AVG PO


5.64 $ 10�5 5.43 $ 10�5 5.24 $ 10�5


73.06 73.39 73.73
8.41 $ 10�7 7.82 $ 10�7 7.22 $ 10�7


10.74 7.44 4.14
3.59 3.08 2.58
5,928 5,402 4,876
0.05 0.04 0.03
0.005 0.005 0.005
0.05 0.045 0.04
0.04 0.042 0.05







Table 5
Percentage contribution of production phases to the environmental impacts of Pecorino Romano PDO (PR) and Pecorino di Osilo (PO) life cycle, using CML-IA evaluation
method and 1 kg of cheese as functional unit. Columns AVG represent the averages values between PR and PO.


Impact category Percentage contribution of production phases to the environmental impacts


milk collectiona milk production cheese-making cheese distribution


PR PR AVG PO PR AVG PO PR AVG PO


Abiotic depletion (fossil fuels) 2 76 76 76 19 17 14 2 6 10
Human toxicity 0 32 55 79 68 38 9 0 6 12
Fresh water aquatic ecotoxicity 0 58 69 80 42 25 8 0 6 12
Marine aquatic ecotoxicity 1 63 71 79 36 24 12 0 5 9
Terrestrial ecotoxicity 0 80 86 92 20 13 5 0 2 3
Photochemical oxidation 0 92 93 95 7 5 3 1 2 2
Acidification 1 83 85 88 13 11 8 3 4 4
Eutrophication 0 95 86 78 5 13 21 0 1 1


a The milk utilized for the PO cheese was directly produced on-farm.
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order of magnitude). However, data on leakage of cooling equip-
ment, which mainly contributes to the depletion of the ozone layer
(Berlin, 2002), were not taken into account because of the level of
uncertainty. For this reason, detailed information and results dis-
cussion about that are omitted.


The human- and eco- (fresh water, marine aquatic and terres-
trial) toxicity profile of the two dairy systems were quite different
and highlighted how the contrasting production scale affected
distinct impact categories (Tables 4 and 5; Figs. 3 and 4). For PO, the
largest toxic emissions were related to milk production, with a very
high contribution for all impact categories. For PR, the cheese-
making phase had also a relevant role, especially for Human
toxicity and Fresh water aquatic ecotoxicity where represented the
largest contributor. Toxic emissions related to dairy infrastructures
and equipment were dominant in the industrial dairy system. Toxic
emissions from transportation characterized the semi-artisanal

Fig. 3. CML-IA evaluation method results (in %) for each impact category and process involv
fossil fuel, HT ¼ Human Toxicity; FWAE ¼ Fresh Water Aquatic Ecotoxicity, MAE ¼ Marin
Potential, AP ¼ Acidification Potential, EP ¼ Eutrophication potential.

system. Regarding the toxic emissions at farm level, fertilizer and
pesticide use on crop cultivation underlined the feed contribution
on the total environmental profile, as founded by others LCA
studies on dairy sector (Berlin, 2002; de Boer, 2003).


The photochemical oxidation potential results were very similar.
The average POCP value for the two dairy systems was equal to
4.69 g C2H4-eq kg-1 cheese. The lowest POCP value was estimated
for PR, with a difference less than 1% with respect to PO. In
agreement with several dairy LCA studies (Berlin, 2002;
Castanheira et al., 2010; Gonz�alez-García et al., 2013; Pirlo et al.,
2014), the POCP was mainly correlated to on-farm emissions
(Table 5). In particular, the largest contributor was enteric
fermentation (Figs. 3 and 4) closely followed by feed purchased.
These processes summarized jointly 71% and 76% of the total POCP
for PR and PO, respectively.


The average POCP value of our study was 1.4 time greater than

ed in the Pecorino Romano PDO life cycle. Impact categories: AD-ff ¼ Abiotic Depletion
e Aquatic Ecotoxicity, TE ¼ Terrestrial Ecotoxicity, PCOP ¼ PhotoChemical Oxidation







Fig. 4. CML-IA evaluation method results (in %) for each impact category and process involved in the Pecorino di Osilo life cycle. Impact categories: AD-ff ¼ Abiotic Depletion fossil
fuel, HT ¼ Human Toxicity; FWAE ¼ Fresh Water Aquatic Ecotoxicity, MAE ¼ Marine Aquatic Ecotoxicity, TE ¼ Terrestrial Ecotoxicity, PCOP ¼ PhotoChemical Oxidation Potential,
AP ¼ Acidification Potential, EP ¼ Eutrophication potential.
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the POCP value obtained by Favilli et al. (2008). However, more data
on Favilli et al. (2008) sheep diet and methane enteric emissions
estimates are needed to better understand the differences between
the Sardinian and Tuscany cheese LCA studies. Despite that, the
consideration about the different LCA system boundaries and po-
wer source remains valid.


Acidification potential (AP) results indicated that PR was slightly
more impacting because of the largest SO2-eq kg-1 cheese emission
compared to PO during the cheese-making phase. For both dairy
systems, the largest contributor was the milk production phase,
with a contribution to the total AP more than 80% (Table 5). NH3,
NOx and SO2 emissions related to a different use of concentrate feed
(purchased) on sheep diet supply - which represented 38% and 51%
of total PR and PO AP, respectively - also represented key factors
(Figs. 3 and 4). The observed dominant role of milk production was
in agreement with other environmental studies on dairy sector
(Berlin, 2002; Gonz�alez-García et al., 2013), including the Pecorino
Toscano PDO LCA study conducted by Favilli et al. (2008). However,
in the latter study, the AP of 1 kg of cheese was strongly lower
(about 390 g SO2-eq versus about 45 g SO2-eq obtained, on average,
for the two Sardinian cheeses in our study). This inconsistency can
be explained by the farmyard manure use and the largest fertilizer
use in Pecorino Toscano PDO production process, where NH3
emissions from fertilizing system represented the largest contrib-
utor to the AP.


Eutrophication potential of 1 kg of cheese was quite lower in PR,
with a margin of about 13 g PO4


3--eq (which represents about 27% of
PO EP value) (Table 4). As occurred in AP impact category, feed was
the largest source of eutrophicationwith a percentage contribution
equal to 81% for PR and equal to 69% for PO (Figs. 3 and 4). However,
the direct wastewater on field application and the large use of
purchased feed by “Truvunittu”, determined that the EP of PO was
higher than PR. The main role of milk production phase was

consistent with other studies (Berlin, 2002; Gonz�alez-García et al.,
2013). Moreover, Favilli et al. (2008) founded an EP value for 1 kg of
Pecorino Toscano PDO equal to 35 g PO43- which was very similar
to this obtained in our study, in particular for PR.


3.3. Remarks on model performance improvement


In order to propose substantial improvements in the environ-
mental performances of each dairy farm/plant, the hotspots iden-
tified through the contribution analysis for the two evaluation
methods were considered.


The environmental improvement of production activities should
be addressed firstly to farm practices, since, as discussed earlier,
milk production represented themost critical phase in determining
the overall environmental performances.


Reduction of the main GHG emissions by ruminant sector has
been the focus of several initiatives (such as LEAP Partnership by
FAO (2017) and LIFE Programme by EU (2017)) and investigations
(Alcocka and Hegartyb, 2011; Kumar et al., 2014; Gerber et al., 2013;
McAllister et al., 2011). Recently, Marino et al. (2016) in their review
on the effect of climate change on small ruminant production and
health, classified the strategies to decrease GHG emissions into the
following categories: 1) options related to flock diet, feed supple-
ments and feed/feeding management (for CH4 only); 2) options for
rumen control andmodifiers; 3) genetics options and intensiveness
of production. In our case studies, strategies to reduce enteric
fermentation emissions and to improve the eco-efficiency of the
feed supply chain seem the key challenges. In particular, the envi-
ronmental performances of the analysed sheep farming systems
could be improved according to the following practical solutions: i)
using forage species that can decrease the methane production in
sheep rumen (Hopkins and Del Prado, 2007; Puchala et al., 2005;
Tavendale et al., 2005), ii) increasing the amount of on-farm







Table 7
Carbon Footprint (CF) mean values of the actual
(T) and four simulated scenarios (FS), based on
different lactating ewe diet and feed supply chain.
The functional unit is 1 kg of Fat Protein Corrected
Milk.


Scenario Mean CF


T 3.27 a
FS1 2.97 b
FS2 2.91 c
FS3 2.88 d
FS4 2.80 e


Means followed by different letters indicate sig-
nificant differences at p < 0.05.


E. Vagnoni et al. / Journal of Cleaner Production 165 (2017) 1078e10891086

produced feed, especially forage legumes (Melis et al., 2016),
instead of soybean and others protein-based feed imported from
distant countries, and iii) increasing low-input and high-quality
pasture acreage and adopting sustainable grazing management
techniques (Beco~na et al., 2014; Picasso et al., 2014; Porqueddu
et al., 2016). Moving from these criteria, four alternative scenarios
based on different diet and feed supply chainwere constructed. The
progressive replacement in lactating ewe diet of soybean-based
feed (soybean meal and concentrate) with high-quality on-farm
produced forage species was applied (Table 6). The feeding rate of
the four simulated scenarios was adjusted in a manner that the
milk productivity resulted always equal to the actual level (1.0 l
ewe�1 day�1). Specifically, we introduced sulla (Hedysarum coro-
narium L.), a native drought tolerant and high quality forage legume
species, recognized as particularly rich in condensed tannins,
which are relevant compounds for reducing rumen fermentation
(Piluzza et al., 2014). Also, we introduced on-farm produced oat
grain, as concentrate feed. Finally, the improved pasture contribu-
tion to diet varied in relationwith the supply of sulla, because it has
a lower FUL (Feed Unit for Lactation) content compared to sulla. All
the rest of feed quality and quantity did not change compared to the
actual diet.


All the simulated scenarios determined a significant reduction
of GHG emissions per 1 kg FPCM compared to the actual one
(Table 7 and Fig. 5). Carbon Footprint ranged from 3.27 kg CO2-eq
kg�1 FPCM in the actual scenario to 2.80 kg CO2-eq kg-1 FPCM
obtained in FS4 scenario (total substitution of soybean meal and
concentrate feed with on-farm produced forage). All the four diet
and feed supply chain scenarios determined a relevant reduction of
the CF values, from a minimum of approximately 9% (FS1) to a
maximum up to 15% (FS4). This is a clear confirmation of the
findings of several authors (for example, Tavendale et al., 2005;
Puchala et al., 2005) suggesting that enteric fermentation can be
greatly reduced using forage species that can decrease themethane
production and/or increasing the amount of on-farm produced
feed, especially forage legumes.


Considering that milk production represented on average about
92% of the total cheese CF, we can consider these solutions viable
and promising towards the environmental profile improvement of
the considered cheese supply chains.


At dairy plant level, the main environmental improvement can
be addressed to energy use. The “Coop. Mores” electricity con-
sumption was equal to 0.71 kWh kg�1 of PR. This performance was
consistent with some dairy systems, as reported by Gonz�alez-
García et al. (2013), where electricity consumption was equal to
0.71 kWh kg�1 of cheese, and ENEA (2007), which calculated an
average consumption for the Central Sardinia dairy sector equal to
0.76 kWh kg�1 of cheese. However, the results we obtained can be
considered quite high when compared with Berlin (2002), where

Table 6
Changes in lactating ewe diet, expressed as daily intake (kg d�1), deriving from the
actual (T) and four simulated farm scenarios (FS). Diet and feed supply chain sce-
narios were constructed to reduce enteric fermentation emissions and to improve
the eco-efficiency of the farming system.


Feed Actual and simulated scenarios


T FS1 FS2 FS3 FS4


Actual
Soybean meal 0.125 0.125 e e e


Concentrate feed 0.100 0.100 0.100 0.100 e


Improved pasture 4 4.5 2.1 0.9 0.9
Introduced
Sulla (Hedysarum coronarium) herbage e e 2.0 3.0 3.0
Oat grain e e e e 0.1

electricity consumption was equal to 0.36 kWh kg�1 of cheese. For
“Truvunittu” dairy farm, characterized by a low cheese production
amount, the electricity use per FU was even higher than “Coop.
Mores” and reached 1.12 kWh kg�1 of PO. Therefore, an effective
power supply strategy based on an accurate energy audit is rec-
ommended, in particular for the semi-artisanal dairy system.
Similarly to farm stage, we constructed four simulation scenarios in
relation to the dairy plant of PR:


� DS1) 10% of the actual consumed electricity derived from a
photovoltaic plant. This percentage is in line with a similar case
study reported by Cambuli et al. (2013) in their study about the
energy management of the Sardinian dairy sector, and aimed to
evaluating the possible technical-economic solutions for
improving energy efficiency;


� DS2) 30% of the actual consumed electricity derived from awind
power plant. Again, this percentage was established according
to Cambuli et al. (2013);


� DS3) 20% reduction of actual consumed electricity (provided by
the Italian power grid), according to a mix of technological im-
provements defined by ENEA (2007);


� DS4) combination of the second and third scenario.


The simulation of new power supply scenarios for PR dairy plant
did not lead to an effective environmental performance improve-
ment compared to the actual scenario (Table 8): DS1 did not show
any difference compared to the actual scenario; DS2 and DS3
determined a little decrease, just 0.1 kg CO2-eq per kg of cheese;
DS4 saved 0.2 kg CO2-eq per kg of cheese. In any case, differences
were not statistically significant (data not shown). These results
reflect the percentage contribution of electric power consumption
(never higher than 5.5%) to the total PR CF (Table 8).


4. Conclusions


This work contributes to improve our knowledge and under-
standing on the environmental implications of small ruminant
systems, with a specific attention to the Sardinian dairy sheep
supply chain. In particular, the present study compared the envi-
ronmental profile of two contrasting sheep milk cheese supply
systems. A semi-artisanal typical cheese (Pecorino di Osilo) pro-
duced by a family-run dairy farm, and a popular industrial
manufacturing cheese (Pecorino Romano PDO)were assessed using
an LCA approach (“from cradle to retailer” and with IPCC and CML-
IA evaluation methods). The CF of 1 kg of each cheese were similar,
with an average value equal to 17 kg CO2-eq. The main difference
between the two dairy system environmental performances were
founded for human- and eco-toxicity, as well as eutrophication
impact categories.


According with several LCA studies on dairy sector, the farm







Fig. 5. Box and whisker plot of the Carbon Footprint values from the actual (T) and four simulated scenarios (FS) based on different lactating ewe diet and feed supply chain. The
horizontal line within the boxes indicates the median, boundaries of the box indicate the 25th- and 75th-percentile, whiskers indicate the lowest datum still within 1.5 interquartile
range (IQR) of the lower quartile, and the highest datum still within 1.5 IQR of the upper quartile, and individual points (small circle) indicate outliers.


E. Vagnoni et al. / Journal of Cleaner Production 165 (2017) 1078e1089 1087







Table 8
Carbon Footprint (CF) values and electricity percentage contribution to the total CF
(E/CF) of 1 kg of Pecorino Romano PDO (PR), for the actual (T) and four simulated
scenarios (DS) at dairy plant level, based on different green and/or more efficient
power supply.


Scenario CF (kg CO2-eq kg�1 PR) E/CF (%)


T 16.9 5.5
DS1 16.9 5.3
DS2 16.8 5.0
DS3 16.8 5.2
DS4 16.7 4.7
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activities played the most relevant role in the overall environ-
mental performances, with the only exception of human toxicity
category for Pecorino Romano PDO. Therefore, looking for the
environmental profile improvement of the Sardinian sheep milk
cheese sector, enteric fermentation reduction and feed supply chain
optimization seem as clear priorities. Moreover, a high efficient
and/or more green-energy based power supply, a proper sizing of
the equipment stock, the use of less pollutants cleaning agents, as
well as the adoption of a more cleaner wastewater management in
small dairy farms, are key improvements at the dairy plant and
represent further important steps towards a more eco-sustainable
dairy system. Scenario simulations based on alternative diet/feed
supply chain and more efficient/green power supply combined
with statistical analysis of scenario results confirmed the potential
for the environmental profile improvement of Sardinian sheepmilk
cheese sector. However, this study involved only two case studies
for one year and the conclusions about the environmental com-
parison between industrial and semi-artisanal dairy systems
should be considered as preliminary. Concluding, future research
studies are needed to better assess the environmental implications
related to i) the relationship between sheep breed, diet composi-
tion and enteric methane emissions, and ii) the externalities
(ecosystem services) produced by the pasture-based farming
systems.
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Abstract 


Despite the significant role of small ruminant sector in the global trends of livestock productions, 
little research has been conducted on the environmental implications of dairy sheep production 
systems. The main objective of this study was to define the environmental profile of a Pecorino 
Romano PDO, using a “from cradle to retailer” LCA approach, with the specific goals of evaluating 
the environmental implications of the cheese supply chain and identifying the hotspots to improve 
its environmental performance. The analysis was based on the functional unit of 1 kg of cheese 
and the IPCC (Carbon Footprint) and CML-IA evaluation methods were applied. The LCA 
highlighted that the farm activities played the most relevant role in the overall environmental 
performances, with the exception of human toxicity category. Enteric methane emissions, feed 
supply chain, electricity and equipment resulted the main environmental hotspots. 


1. Introduction  


Despite the increasingly significance of small ruminant sector in the current and 
near future environmental and socio-economic dynamics, the analysis of the 
environmental implications of sheep and goat systems received little attention 
from LCA scientific community. In Europe, the sheep farming covers an important 
portion of the agricultural land (31% in the UK, about 20% in Ireland, Spain, 
Romania and Italy) and plays a crucial role, both in socio-economic and 
environmental terms (Zygoyiannis, 2006). Italy is the third country in EU-28 for 
sheep population, with more than 7 million sheep heads in about 68 thousand 
farms. More than 45% of Italian sheep population is found in Sardinia where 
about 13,000 farms shares 25% of total EU-27 sheep milk production (RDP, 
2014-2020). Basically, the whole Sardinian sheep milk production (more than 
300,000 t year-1) is destined for cheese production. Among the Sardinian sheep 
milk cheese productions, the most important is by far the ‘Pecorino Romano 
PDO-Protected Designation of Origin’ (PR). PR is one of the most exported Italian 
cheeses in the world and the best known Italian dairy product obtained from 
sheep milk. More than 97% of PR is made in Sardinia and in large part sold in 
US as grating cheese type (CPR, 2017). However, it is an established opinion 
that the Sardinian sheep milk sector needs a robust innovation process where 
the integration and optimization of economic and environmental perspectives are 
key factors in order to maximize efficiency and to minimize risk of jeopardizing 
sustainability (Atzori et al., 2015). The valorisation of the environmental quality of 
sheep milk productions should represent an effective way for improving the 
Sardinian dairy sector competitiveness, keeping the opportunity represented by 
i) the continuous expansion of green international markets, and ii) the EC’s 
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increasing effort to support the “greening” of European agriculture. The main 
scope of this study was to contribute to improving our environmental knowledge 
about the Sardinian sheep milk cheese supply chain, using a life cycle approach 
with the specific goals of evaluating the environmental implications of a PR supply 
chain and identifying the hotspots to improve its environmental performance. 


2. Materials and methods 


2.1. Case study 


According to the PDO protocol (Commission Regulation (EC) N. 1030/2009, 
2009), PR is a hard cheese, cooked, made with fresh whole sheep’s milk, derived 
exclusively from farms located in Sardinia and Lazio regions and in province of 
Grosseto (Tuscany). The rounds are cylindrical with a weight that can vary 
between 20-35 kg. After a minimum maturation period of 5 or 8 months, PR can 
be used as a table or grating cheese, respectively. Data were collected during 
2013 in “Allevatori di Mores Società Cooperativa” (later as Coop. Mores), a dairy 
plant representative of industrial PR production system. Coop. Mores is a 
medium-large dairy sheep industry located in Mores, a small town in the Central-
North Sardinia placed in a strategic position to collect the milk from a large part of 
Sardinia and well connected with the main ports and airports of the island. In this 
study, we considered the PR export type, called “Duca di Mores”, weighting 27 kg 
and with an average fat and protein content of 32% and 22% per 100 g, 
respectively. 


2.2. LCA methodology 


The study was conducted in agreement with ISO 14040-44 compliant LCA 
methodology (ISO, 2006a, b). The functional unit (FU) considered was 1 kg of 
cheese packaged and distributed to retailer (“from cradle to retailer” approach), 
according to other LCA cheese studies (Berlin, 2002; González-García et al., 
2013). The LCA system boundaries were divided into the following main phases: 
a) milk production at the sheep farm, b) milk collection and cheese-making at the 
dairy plant, and c) cheese distribution. A previous work we conducted on the 
environmental life cycle assessment of Sardinian dairy sheep production systems 
at three different input levels (Vagnoni et al., 2015) was used as background for 
milk production at farm gate. In particular, we considered that 60% of total 
processed milk derived from the mid-input farming system, 30% from the high-
input system and 10% from low-input system. In addition, this LCA milk model was 
updated with respect to i) enteric methane emissions, that were quantified using 
a detailed approach based on Vermorel et al. (2008) and considering the total 
metabolizable energy ingested with the specific animal category diet, and ii) 
emissions related to pesticide and fertilizer use that were estimated with the IPCC 
method (IPCC, 2006). Since sheep spent their time almost exclusively in large 
open spaces, the impacts related to manure management included only the NO2 
emitted through animal escreta, estimated following the IPCC (2006) approach. 
Similarly to milk production scheme, the cheese-making phase includes all input 
linked with the plant structure (buildings, machinery, cheese-making equipment 
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and tools, etc.). Energy consumption was referred to farm and dairy plant phase 
but without assigning a specific value of consumption for each single stage or unit 
operations. Rather, the water consumption was detailed for specific operations, 
such as cleaning processes at both the farm and the dairy plant steps, crop 
irrigation, livestock watering and general use. Regarding wastewater treatment, a 
municipal wastewater treatment plant process by Ecoinvent v3.1 (Weidema et al., 
2013) was used. The impact partitioning between the production process outputs 
was performed using an economic allocation procedure. The economic allocation 
procedure was preferred to other criteria indicated by ISO prescriptions (e.g. 
system expansion/substitution or physical allocation) considering the large 
economic value differences between the “main product” (PR) and the other co-
products (meat and wool for sheep farm; ricotta cheese for dairy plant). This is in 
line with several LCA investigations on dairy sector (Baldini et al., 2017; Berlin, 
2002; Castanheira et al., 2010; Pirlo et al., 2014). Primary data were collected 
through company’s register examination, several visits in situ and employees’ 
interviews. Collected data were checked for validity by ensuring consistency with 
theoretical or average values described in sectoral reference for similar contexts. 
Secondary data were taken mainly from Ecoinvent v3.1 (Weidema et al., 2013) 
and Agri-footprint 2.0 (2015) database. SimaPro software (PRé Consultants, 
2016) was used to model the life cycle and for impacts analysis. In order to 
considering a wide range of impact categories, two different evaluation methods 
were used: 1) IPCC (IPCC, 2013), for the Carbon Footprint (CF) estimates, and 
2) CML-IA version 3.3 (Guinée et al., 2002), which considers, besides the GHG 
emissions, other 10 categories of environmental impact. 


3. Results and discussion  


3.1. Carbon Footprint 


The GHG emissions of 1 kg of PR was equal to 16.9 kg CO2-eq. As expected, the 
milk production phase was by far the most impacting one, reaching 92% of total 
GHG emissions. The second largest contributor to the total CF was the cheese-
making phase, with a percentage contribution of about 7%. These results were in 
agreement with several studies on global warming potential of dairy sector (Berlin, 
2002; González-García et al., 2013). The distribution phase contributed only to 
about 0.6% in PR CF. This can be explained by the high efficiency of transport 
(the relationship between amount of transported product and covered distance 
was equal to about 0.5 kg km-1). The milk collection had a little effect on total GHG 
emissions, with a contribution of about 0.7%. Table 1 illustrates all individual 
processes that contributed with more than 0.25% to the total GHG emissions of 
PR and indicates that the three first largest processes were: enteric methane 
emissions (in absolute terms, the enteric CH4 emission was equal to: 325 g kg-1 
of PR and 14 kg ewe-1 year-1) soybean and purchased cereal feed. These 
processes represented about 73% of the total PR CF. This result is consistent with 
the above-mentioned studies on the environmental profile of the dairy sector. The 
main emissions from PR life cycle was enteric methane, with a percentage 
contribution equal to about 53%. The sum of contributions by soybean meal and 
cereal grains reached about 20% of the total PR CF. Considering that on-farm 
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produced feed contribution was less than 2%, this result demonstrated the 
dominant effect of purchased feed with respect to on-farm production. Dairy plant 
equipment played a quite relevant role in the CF composition of the PR supply 
chain. In general, the CF results of our investigation were quite similar to the 
results obtained by Favilli et al. (2008) for a Pecorino Toscano PDO (PT) produced 
by a family-run dairy farm and utilizing geothermal steam during the thermal 
cheese-making operations. The global warming potential of 1 kg of PT analysed 
“from cradle to gate” by Favilli et al. (2008) was equal to 15.5 kg CO2-eq, with the 
largest contribution from enteric fermentation. Moreover, the contribution analysis 
of PT production phases showed also a trend similar to that of PR, namely: milk 
production 92%, cheese-making 5%, milking and transportation 3%. 


Table 1: percentage contribution of processes to the total GHG emissions of 
Pecorino Romano PDO (PR) life cycle, using IPCC evaluation method and 
1 kg of cheese as functional unit. The process category “Remaining 
processes” includes all the processes with a percentage contribution lower 
than 0.25%. 


Process % 


Methane enteric emissions 53.4 


Soybean meal, feed purchased 12.0 


Cereal grain, feed purchased 7.5 


Electricity, medium voltage  5.5 


Transport, lorry  4.5 


Transport, transoceanic freight ship 1.7 


Dairy plant equipment 3.5 


Tractor and agricultural machinery 3.5 


Field crop operations (mowing, baling, etc.) 1.1 


Dinitrogen oxide enteric emissions 0.8 


Milking parlour, construction  0.4 


Hay, from natural grassland 0.2 


Remaining processes 5.8 


 


3.2. CML-IA 


The CML-IA evaluation method results are reported in Figure 1. The impact of 
mineral elements depletion was very low compared to the values obtained by 
González-García et al. (2013). This can be explained by the fact that the 
considered farming systems are pasture-based and quite extensive in feed input 
utilization. The energy demand of PR supply chain was equal to about 73 MJ per 
kg of cheese and the largest consumption of fossil fuel took place during the 
production of milk (76% of total fossil fuel depletion score). The energy 
requirements estimated by Favilli et al. (2008) for PT was equal to 21.6 MJ kg 
cheese-1, a value significantly lower than the values calculated for PR. However, 
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taking into account that PT was produced using geothermal heat (saving an 
important quantity of fossil fuel) and that the PR LCA included also the distribution 
phase, this difference seems reasonable. The ozone layer depletion impact was 
very low (8.41∙10-7 kg CFC-11-eq). However, data on leakage of cooling 
equipment, which mainly contributes to the depletion of the ozone layer (Berlin, 
2002), were not taken into account because of the level of uncertainty. For this 
reason, the related detailed information and discussion of results are omitted. 


 


Figure 1: CML-IA evaluation method results (in %) for each impact category and process 
involved in the Pecorino Romano PDO life cycle. Impact categories: AD-ff =Abiotic 
Depletion fossil fuel, HT = Human Toxicity; FWAE = Fresh Water Aquatic Eco-toxicity, 
MAE = Marine Aquatic Ecotoxicity, TE = Terrestrial Ecotoxicity, PCOP = 
PhotoChemical Oxidation Potential, AP = Acidification Potential, EP = Eutrophication 
potential. 


The human- and eco- (fresh water, marine aquatic and terrestrial) toxicity profile 
of the PR (respectively equal to: 10.74, 3.59, 5.9 and 0.05 kg 1,4-DB-eq), reflected 
the production technology adopted by Coop. Mores. The cheese-making phase 
had a relevant role, especially for Human toxicity and Fresh water aquatic 
ecotoxicity. In particular, these toxic emissions were mainly related to steel 
production and manufacturing for infrastructures and equipment construction. 
Regarding the toxic emissions at farm level, fertilizer and pesticide use on crop 
cultivation underlined the feed contribution on the total environmental profile, as 
founded by others LCA studies on dairy sector (Berlin, 2002; de Boer, 2003). In 
agreement with several dairy LCA studies (Berlin, 2002; Castanheira et al., 2010; 
González-García et al., 2013; Pirlo et al., 2014), the POCP - equal to 0.005 kg 
C2H4-eq - was mainly correlated to on-farm emissions. In particular, the largest 
contributor was enteric fermentation closely followed by feed purchased. These 
processes represented jointly 71% of the total POCP of PR. The POCP value of 
our study was 1.4 time greater than the POCP value obtained by Favilli et al. 
(2008). However, more data on Favilli et al. (2008) sheep diet and methane enteric 
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emission estimates are needed to better understand the differences between 
these LCA studies. Despite that, the consideration about the different LCA system 
boundaries and power source remains valid. Acidification potential (AP) results 
indicated that the largest contributor was the milk production phase, with a 
contribution to the total AP – equal to 0.05 kg SO2-eq - larger than 80%. NH3, NOx 
and SO2 emissions related to a different use of concentrate feed (purchased) on 
sheep diet supply (38% of total PR AP) also represented key factors. The 
observed dominant role of milk production was in agreement with other 
environmental studies on dairy sector (Berlin, 2002; González-García et al., 
2013), including the PT LCA study conducted by Favilli et al. (2008). However, in 
the latter study, the AP of 1 kg of cheese was strongly lower (about 390 g SO2-eq 
versus 50 g SO2eq obtained in our study). This inconsistency can be explained by 
the farmyard manure use and the largest fertilizer use in PT production process, 
where NH3 emissions from fertilizing system represented the largest contributor 
to the AP. As occurred in AP impact category, feed was the largest source of 
Eutrophication Potential (EP, equal to 0.04 PO43-) with a percentage contribution 
equal to 81%. The main role of milk production phase was consistent with other 
studies (Berlin, 2002; González-García et al., 2013). Moreover, Favilli et al. (2008) 
founded an EP value for 1 kg of PT equal to 35 g PO43- which was very similar to 
our findings. 


3.3. Performances improvement remarks 


Strategies to reduce enteric fermentation emissions and to improve the eco-
efficiency of the feed supply chain seem the key challenges. In our case studies, 
the environmental performances of the analysed sheep farming systems could be 
improved according to the following practical solutions: i) use of forage species 
that can decrease the methane production in sheep rumen (Hopkins and Del 
Prado, 2007), ii) increase the amount of on-farm produced feed, especially forage 
legumes, instead of soybean and others protein-based feed imported from 
faraway countries, and iii) increase low-input and high-quality pasture acreage 
and adopt sustainable grazing management techniques (Porqueddu et al., 2016). 
At dairy plant level, the main environmental improvement can be addressed to 
energy use. The Coop. Mores electricity consumption was equal to 0.71 kWh kg-


1 of PR. This performance was consistent with some dairy systems, i.e. as 
reported by González-García et al. (2013) and ENEA (2007). However, our results 
can be considered quite high when compared with Berlin (2002), where electricity 
consumption was equal to 0.36 kWh kg-1 of cheese. Therefore, an effective power 
supply strategy based on an accurate energy audit is recommended. In addition, 
the equipment stock seemed underexploited or oversized considering its relevant 
role in the environmental performance of PR. 


4. Conclusions 


This work contributes to improve our environmental knowledge about the 
Sardinian dairy sheep supply chain, evaluating the environmental profile of a 
Pecorino Romano PDO supply system. The CF of 1 kg of Pecorino Romano 
PDO, assessed “from cradle to retail”, was equal to 17 kg CO2-eq. According with 
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several LCA studies on dairy sector, the farm activities played the most relevant 
role in the overall environmental performances, with the only exception of human 
toxicity category. Looking for the environmental profile improvement of the 
Pecorino Romano PDO supply chain, enteric fermentation reduction and feed 
system optimization seem to be clear priorities. Moreover, a high efficient and/or 
more green-energy based power supply and a proper sizing of the equipment 
stock are key improvements at the dairy plant and represent further important 
steps towards a more eco-sustainable dairy system. Concluding, future research 
studies are needed to better assess the environmental implications related to i) 
the relationship between sheep breed, diet composition and enteric methane 
emissions, and ii) the ecosystem services produced by the pasture-based 
farming systems. 
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