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Preface to ”Dairy Sector: Opportunities and
Sustainability Challenges”

The global dairy industry is experiencing rapid transitions and it is worthy to regularly

share some of the updated vital information with all the relevant stakeholders. In this regard,

this book, which is an outcome of the SI: “Dairy Sector: Opportunities and Sustainability

Challenges” (Sustainability journal), covers various topics relevant to available opportunities and

overcoming recurrent sustainability challenges in the entire dairy sector. Published as individual

articles (original and review articles), various multidisciplinary themes have been excellently covered

by renowned experts. The articles cover various interesting aspects related to production and

supply chain management, application of novel processing technologies, climate change impacts,

environmental issues, safety issues, production diseases, artisan food experiences, and much more.

The contributing researchers have meticulously identified existing gaps and proposed inventive

solutions that can be beneficial to the dependent dairy industry.

The future of the dairy sector holds lots of positive and promising features, but still needs to

remain circumspect in overcoming recurring sustainability challenges. The success will definitely

depend on embracing a ’state of the art’ approach and dealing with major sustainability challenges

with a universal approach. Meeting the demands of all stakeholders (farming community, dependent

industries, consumers, policy-makers, and others) is important, specifically taking into account

regional socio-economic-environmental security issues.

As the Special Issue editor, my sincere appreciation goes to the Editor-in-Chief (Sustainability

journal), handling editors, all of the contributing authors, and members of the MDPI publishing team

who were involved.

Rajeev Bhat

Editor
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Currently, there is a strong need to find practical solutions towards meeting the
expected efficiency and overcoming recurring sustainability challenges in the global dairy
sector. Improving dairy production and its supply chain explicitly depends on adopting
a sustainable ‘state of the art’ based approach. Carefully evaluating and understanding
certain key sustainability indicators through a holistic approach is highly imperative.
Appropriate design and application of novel green technologies, implementation of life
cycle analysis, upgradation and optimization of the entire production line are some of the
most important factors to be considered. It is vital that due considerations are given to the
demands of the producers, consumers, and the dependent dairy industries. Nevertheless,
in the future, concerns and challenges over the socio-economic–environmental security
should not be ignored.

Rapid transitions are being witnessed in the global dairy sector, which has provided
not only substantial commercial opportunities, but has also brought about several sustain-
ability challenges. Some of the challenges include global population expansion, urban-
ization that has taken over the rural sectors, climate change effects, emerging diseases,
and safety issues, in addition to the waste management strategies adopted (on- and off-
farm). According to the Food and Agriculture Organization of the United Nations (FAO),
Asia registered the highest volume increase in the global milk production output in 2020,
with increased international trading of whole milk powder, whey, and cheese [1]. In the
European Union (EU) alone, milk production growth is expected to decelerate to nearly
0.5% annually, and by 2031 reaching up to 162 million tonnes. In addition, organic milk
production is expected to grow in the EU (reaching up to 8% in 2031), leading to economic
gains, imparting environmental benefits, and overall animal welfare [2].

Of late, there has been mounting pressure from global consumers to reduce environ-
mental stress from the dairy production sector, particularly when this is directly related to
climate change. Nevertheless, a remarkable positive transition towards balanced produc-
tion, reduced environmental impacts, and improvements witnessed in economic efficiency
and social security have changed the components of sustainability in the dairy sector.
Interesting information is available recommending the significance of reducing energy
consumption in dairy industries and thereby providing crucial information on energy
mitigation actions [3,4].

Hence, the need of the present day is to find practical solutions to the growing pressure
towards meeting the expected efficiency and overcoming recurring sustainability challenges
in the global dairy industries. Of course, gaining success in the dairy production and supply
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chain sector explicitly depends on adopting a sustainable ‘state of the art’ based approach.
Carefully evaluating and understanding certain key sustainability indicators with a holistic
approach is highly imperative. Appropriate design and application of novel green tech-
nologies, implementation of life cycle analysis, up-gradation, and optimization of the entire
production line are some of the key factors to be carefully measured and considered. Be-
sides, it is vital that due consideration is given to the demands of the producers, consumers,
and the dependent dairy industries. Nevertheless, concerns over the environment, social
security, and economy of the region should not be ignored. Precise planning (both ‘on
and off’ farm) assumes importance especially when circular economy strategies need to be
considered and adopted. Furthermore, the roadmap to sustainable economies has been
effectively provided via the ‘European Green Deal’ to ensure a sustainable economy by
directing the climate/environmental challenges into opportunities.

With this as the background, this Special Issue (SI) ‘Dairy Sector: Opportunities and
Sustainability Challenges’ focuses on identifying present opportunities, recent advances, and
options to overcome future sustainability challenges in the global dairy sector. A ‘Web
of Science’ search with keywords such as dairy industry, dairy metabolites, innovative
technologies, sustainable production, valorization of wastes and by-products, circular
economy, climate change, carbon footprint modelling, regulatory and legislative issues
revealed a high increase in the scientific publications over the recent years in the dairy
sector. This SI comprises 13 published articles focusing on various issues pertaining to the
dairy sector that are discussed meticulously. Some interesting outcomes of the published
articles are discussed in the preceding text.

The global dairy industry has always faced safety issues along the supply chain, and
this has tremendously increased over recent years. As the dairy industry fulfills humans’
basic necessities, safety failure factors affecting the supply chain can have tremendous
impacts. This aspect has been explored by Hassan et al. [5]. In this study, a total of 25 failure
factors were identified via literature reviews and by considering the opinion of experts from
the dairy industry and academicians. In addition, interpretive structural modelling was
applied to analyze mutual interaction among the barriers. Further, in this report, ‘Matrice
d’Impacts Croises Multiplication Appliques a un Classement’ technique (MICMAC technique)
was adopted to identify the value of safety failure factors (SFFs), which was centered on the
driving and dependence power. According to the researchers, results generated from this
study will assist prime decision-makers in the dairy industries to precisely design supply
chain activities and thereby efficiently manage certain identified barriers.

Furthermore, the global dairy sector is influenced directly by the consequences of
global warming, and there is a significant release of greenhouse gas emissions witnessed.
Ibidhi et al. [6] have reported on the importance of generating knowledge and a database
on country-specific emission factors (EFs) in order to assess the national enteric methane
emissions, which is expected to support mitigation action assessment. In a study reported
from Latvia by Brizga et al. [7], environmental impacts of milking cows with diverse man-
agement practices are discussed. The researchers identified that land use differed more in
the largest farms, which used nearly 2.25 times lesser land per kg of milk compared to the
smallest farms. For the mid-sized farms, the potential of global warming, terrestrial acidifi-
cation, marine eutrophication, and eco-toxicity was comparatively high. The researchers
opined that if the presently used domestic farm-based protein feeds are replaced with
imported high-protein soy-based feed, then the environmental impacts in dairy production
can significantly increase (e.g., increased land use by 18% with global warming potential by
43%). Further, the researchers opined that the environment-based policy for handling the
farms needs to sensibly contemplate the complete consequences of operation size on the
environmental quality, and thus facilitate the ‘best practice’ for each farm type and driving
for the systematic changes there-off. The constraints of the study and future research to en-
hance data quality, allocation methods, providing farm-size-specific information, breeding,
storage of manure and handling are also being discussed in this article.
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In order to assess the potential influence on the milk production, Ross et al. [8]
evaluated the efficacy of commercial feed additives (SOP STAR COW), which had the ability
to decrease the enteric emissions from dairy cow and cattle’s performances. Results revealed
both control and SOP-treated cows to exhibit identical outcomes for the amount (kg) of
milk fat and milk protein produced in a day. Further, no changes in enteric emission or milk
parameters were noticed between control and SOP-treated cows. The researchers opined
that future work should focus on understanding the effects of long-term supplementation
or high dose of ‘SOP STAR COW’ to regulate mitigation effects on methane emissions
and increase in milk production can be ascertained. In another report, Ross et al. [9], by
adopting various free-stall management techniques studied the means to lessen ammonia,
greenhouse gas, and some air pollutants from lactating dairy cattle wastes. From the study,
it was concluded that removal of dairy manure by ‘scraping’ holds a high prospective to
enhance gaseous emissions such as ammonia and other greenhouse gases.

On another note, Byrne et al. [10] investigated the suitability of a heat pump water-
heater system to reduce agricultural emissions in dairy farms in Ireland. The energy and
cost-efficiency of heat pump system were compared with five other water heaters. Results
of this investigation showed high efficiency, but the economic costs and complexity of the
solar-gas system were found to be a major deterrent factor. The researchers concluded that
the heat pump was cost-effective, competent, and a feasible option for dairy farmers who
are aiming to reduce carbon footprint as well as energy bills.

In an interesting study from Brazil, Siqueira et al. [11] investigated the connection
between organizational forms and adoption of the agri-environmental based practices by
undertaking a case study of six archetypes of dairy farms. From the study, the researchers
proposed a systemic approach and concluded that it is important to consider dairy farms
as a heterogeneous organizational form (as human capital investment, resources, market,
and other information access) in policy design to fast-track agro-ecological transitions.

The technical efficiency of the European dairy processing industries by adopting
selected novel methods related to productivity and efficiency analysis was investigated by
Čechura and Žáková Kroupová [12]. Accordingly, the input use efficiency was evaluated
in ten selected European countries. Results of the study were constructed based on the
‘Amadeus dataset’, which indicated dairy products manufacturing companies to highly
exploit the production possibilities during 2006-2018. It was also observed that the overall
technical inefficiency (OTE) to be a result of ‘short-term’ shocks and unsystematic failures.
In addition, in the European dairy processing industries, ‘meta-frontier estimates’ showed
a specific degree of systematic failures like permanent managerial failures as well as
structural problems.

In a noteworthy work from Italy, Masi et al. [13] used the ‘cluster analysis technique’
to recognize dairy farms (3 types) categorized based on the indicators of environment,
social, and economic sustainability (dimensions of sustainability) with emergent structural
relationships that were based on a structural characteristic of dairy farms. The classification
rendered it feasible to portray ‘state of art’ of the Italian dairy sector and further helped to
comprehend how diverse farms types can answer new European trajectories.

The expectations on specialty foods vs. conventional food products that can affect the
overall well-being of consumers, and how small-scale artisan producers use this informa-
tion towards designing better customer experiences are reported by Percival Carter and
Welcomer [14]. The study revealed causal mediation analysis in expectations to mediate
the link between product types and the utility of product information. The researchers
concluded by stating that as consumers’ choices evolve, small-scale producers should
adopt various approaches to manage their products, thus helping them towards identifying
unique opportunities for differentiation and to increase the profitability.

Further on, an interesting and novel perspective to measure the effects of production
diseases on economic sustainability in dairy farms is reported by Hoischen-Taubner et al. [15].
The researchers opined that changing the perception of production diseases via reflecting it
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as an indemnity damage and a risk to the farms’ economic viability can further change the
processes involved to minimize the production diseases.

On another note, this Special Issue has two interesting review articles focusing on
the global review of monitoring, modeling, and analyses of water demand in dairy farm-
ing by Shine et al. [16] and on measuring variables leading to a seeming incongruity
between anti-methanogenic potential of tannins and their perceived effects in ruminants
byVerma et al [17]. In the review by Shine et al. [16], monitoring of water consumption
in dairy farms has been documented. The review has components exploring dairy water
consumption, prediction modelling, and analysis, followed by discussions highlighting
some of the normal trends through dairy water literature. The authors have concluded by
indicating that globally more studies are required that can focus on the consumption of
water within the milking parlor. The researchers have also opined that to guarantee best
practices, improving the perception of dairy water consumption via statistical analyses
as well as empirical modelling can yield increased prediction confidence and improved
appeal of empirical models as a substitute for ‘physical metering’.

Verma et al. [17] have reviewed the variability of anti-methanogenic potential of
forages and attempted to ascertain the reasons for inconsistencies in results. They have
discussed options for optimization to produce comparable and reproducible results. These
researchers have proposed a link between plant metabolome, physiology, and their anti-
methanogenic potential that can be duly considered for improving the sustainable intensi-
fication of livestock. The review is concluded by stating that a comparison of condensed
tannins (CT) fingerprints between different species can be of use to understand various fac-
tors defining their anti-methanogenic potential, thereby offering an important background
to assess interactions between plant constituents and rumen microflora, thus promoting
ruminant health.

The Future:

The global climate changes we are facing in recent decades and the transformations
witnessed have prompted experts, politicians, and the public to question who are the main
culprits and what actions need to be taken to mitigate these effects. The swift expansion in
intensive farming systems has held the consideration of experts, who hypothesized large
contributions to climate change by the livestock system, raising a question on sustainability
among these farming techniques, specifically related to the negative impacts on the envi-
ronment and animal welfare. These factors have led to enhanced social costs compared
to costs of private systems, imparting negative effects on the entire society. This holds
true when the livestock farming sector is of focus, wherein a larger number of inputs are
used in the intensive farming systems, as well as when an enormous amount of wastes
are being generated. Today, the basic requirement is to endure the social acceptability
of these procedures and offer the dependent sector to be much more competent and be
environmentally sustainable to overcome challenges of the future. In this perspective, the
interests at stake are wide and not all ‘Nations’ are taking steps to improve the production
performance of the supply chain with a view to sustainability. The new European trajectory
like that of the ‘Farm-to-Fork’ strategy, places sustainability objectives of the sector in line
with the demands of the planet. Indeed, in recent years, the entire sector is undergoing
rapid transitions with novel sustainable production methods being developed. A factual
classification of dairy farms covering all aspects of production systems can offer an outline
of factors that can be demonstrative of the farm types from a structural point and at the
level of intensity in the production system, which are envisaged to be useful for secondary
evaluation, mainly with regard to farm sustainability performance. Further, sustainability
assessment should be carefully monitored and calibrated based on the farm’s structural
asset such as farming area, number of animals raised, age and education of farmers as well
as on the production methods employed (e.g., organic).

Moreover, accelerating the use of environmental sustainability practices in dairy sys-
tems is also of much importance. The demand for environmental sustainability practices
has increased in a variety of economic sectors worldwide. In animal production, in which

4



Sustainability 2022, 14, 4193

the environment (soil, water, atmosphere, and temperature, among others) is one of the
main factors of production, such demands are even more necessary and of urgency. Small
changes in the production environment can result in important negative impacts on animal
production as well as on the environment and society as a whole. Although environmen-
tal sustainability practices have been adopted in many dairy production systems, such
practices should be increased in the coming years. Acceleration of the adoption of envi-
ronmental sustainability practices is generally promoted by two major axes. First, through
laws that regulate and oversee such practices and, second, through the generation of market
incentives. Between these two axes, the generation of laws and oversight mechanisms may
present more weaknesses, especially considering delays in the definition of laws and the
difficulty, and high costs of monitoring compliance to governmental requirements. Thus,
there is a tendency that acceleration of the adoption of sustainability practices in dairy
systems be driven by market mechanisms, particularly those that result in milk valorization.
For instance, farmers who adopt a set of more environmentally sustainable production
practices could be paid more per liter of milk. Valorization of milk produced in systems
with reduced environmental impact generally results from stable commercial relations,
mainly via the establishment of purchase and sale contracts with clear clauses that can be
verified by the different parties involved. Such a scenario is not observed in some countries
that rank among the world’s largest milk producers. Studies that analyze the characteristics
of different forms of organization and identify market niches that may value milk produced
by systems with reduced environmental impact are also important. Furthermore, identifi-
cation of constraints or incentives to adopt environmental sustainability practices from the
perspective of farmers may contribute to the creation of important public-private strategies
for accelerating the use of environmental sustainability practices in dairy production.

Moreover, water demand in dairy farming will most likely increase in the coming
years. Freshwater, encompassing only 3% of the global water supply, represents earth’s
most valuable natural resource [18]. However, the majority of the freshwater is entrenched
in the glaciers, polar ice-caps, or in groundwater aquifers. A meager 0.4% of the earth’s
total freshwater is instantly available from rivers, lakes, or/and from [19]. Nearly 70% of
the global freshwater is utilized by the agricultural sector, and hence this necessitates con-
siderable perfection in water-use efficiency. Nevertheless, agricultural production depends
not only on the availability of land, but also on the free accessibility to freshwater [20].
Further, the global water-footprint generated post-production of dairy products in the
dairy sector is estimated to contribute nearly 7% of the total share, and this is expected to
increase in future decades the world over, coupled with a predicted augmentation in the
consumption of dairy-based products [20,21]. Even though green water forms the major
category of water used in the stall- as well as pasture-based dairy farms, ‘on-farm’ blue
water can also be more vulnerable to water shortage owing to its localized supply from
rivers, lakes, or ground water aquifers, especially during periods of modest rainfall [16].
Therefore, the future direction of research related to water demand in dairy farming may
trend towards identifying strategies to reduce blue water usage, which is composed of
parlor and animal drinking water. In particular, strategies may focus on mitigating parlor
water use as reducing drinking water may negatively impact milk production. Some of the
factors like farm size, farming systems, milk pre-cooling, milking systems, and washing
practices can have a profound influence on parlor water use. Strategies for reducing parlor
water use may include the installation and use of a closed-loop milk pre-cooling system,
wherein a buffer tank can store and supply water to the farm as and when required [22].
When water is essential for the pre-cooling of milk, this can flow via the plate cooler at
the set water to milk ratio, and this flows back to the buffer tank, thus ensuring excess
water use is minimal. Additionally, an effective blue water mitigation strategy should
be identified and fixing of leaking water systems is a necessity. In New Zealand, 26% of
‘stock’ drinking water was discovered to be lost due to leakage [23]. Precise calculation
on the blue water use in dairy farms is often seen as a limiting factor with the number of
farms being included in water foot-printing studies. This might be due to high investment
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and maintenance costs, and time constraints linked with metering types of equipment to
monitor direct ‘on-farm’ water use. The majority of research investigations have focused
on designing prediction models to simulate ‘on-farm’ water usage. The application of
machine-learning algorithms has revealed improved total dairy water prediction accuracy
by ~23%, which facilitates for ‘coarse model’ inputs exclusive of compromising on the
accuracy [24]. Developing precise working models for ‘on-farm’ water consumption can
definitely support an expansion in the dairy farm numbers and provide inputs for water
foot-printing studies. This will offer an effective environment wherein non-linear impacts
on dairy water use due to changed farm practices, equipment, or meteorological conditions
can be quantified and be of practical use.

Finally, there is a need for more research to be undertaken, specifically in relation to
the impact dairy farming has on the environment, society, and regional economies.
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Abstract: Safety issues in the dairy industry have attracted greater attention in recent years, and the
public have showed an intensive concern regarding safety failure in the dairy supply chain. Since
the dairy industry is closely associated with humans and fulfills basic necessities, it is necessary to
explore safety failure factors (SFFs) affecting the supply chain of the dairy industry. This paper aims
to explore the SFFs of the dairy supply chain using an interpretive structural modeling technique
(ISM) and Matrice d’Impacts Croises Multiplication Appliques a un Classement (MICMAC) analysis
in a Pakistani context. A total of twenty-five failure factors have been identified through literature
reviews and the opinion of an expert team, including managerial and technical experts from the
dairy industry, as well as academics. Interpretive structural modeling (ISM) is applied to analyze the
mutual interaction among barriers and to develop a structural model. The MICMAC technique is
used to identify the importance of SFFs based on their driving and dependence power. The results of
this study will help decision-makers in the dairy industry to plan their supply chain activities more
effectively and efficiently by managing the identified barriers.

Keywords: dairy industry; supply chain management; safety failure factors; interpretive structural
modeling; MICMAC analysis

1. Introduction

Effective supply chain management seems to be a crucial concern in today’s intensi-
fying competitive business environment, and it has to be dealt with in a global business
context [1]. Information and communication technology developments are essential tools
for an effective supply chain. A supply chain is the chain of different activities involved in
converting raw material into a final product to fulfill customers’ needs [1]. By viewing it in
this way, the supply chain can be improved competently.

In recent years, most researchers of supply chain networks have been focused on
agri-business theory [2]. Dairy products have shaped the diets of many populations across
the world [3]. Sustainability plays an important role in the dairy supply chain, minimizing
unit production cost while adding flexibility to products or processes. Sustainability and
efficiency can be attained through supply chain collaboration, innovation, mitigation of
uncertainties, and lean and green initiatives [4–8]. Technology can also be beneficial to
exploring the plausible future of the food supply chain. Moreover, competitiveness leads
industries towards sustainability [9].

To compete globally and develop sustainable agri-products, the safety standards of
dairy products are crucial. Increased competitiveness in dairy industry development is
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necessary in order to meet the safety standards by prioritizing some crucial actors, including
technological transfer, research and development (R&D), trade policies, and social and
political agendas [10]. However, SFFs in the dairy industry have been reported extensively
in different contexts [11,12]. To improve the regulatory system of food safety in the dairy
sector, many countries have formed strict regulations and established institutions [13].

Due to the investment price capping policy in Pakistan, the requirements of local
demand for milk cannot be fulfilled. In 2016–2017, Pakistan imported milk and cream with
the value of USD 234 million, despite the fact that the country is the fifth largest producer
of milk in the world. Dairy contributes 11% to the GDP of Pakistan. In a conducive
environment, this industry would have the potential to become an economic powerhouse
in the country. Almost 44% of children under the age of 5 years are stunted, and almost 15%
are starving. This is a national concern, and should be acknowledged by the government
in order to support the dairy sector in producing quality and safe milk, and to make
the milk available for every household of the country. Some other main reasons for the
low animal production include the low genomic potential of cows, the lack of forage
resources, the conservation of outmoded farming methods and the chaotic marketing
system. Therefore, the quantification of livestock in the context of economic growth is
necessary because many policymakers can use this information to identify the potential
impact on the economy of dairy farms, and their benefits related to industries and societies.
A lack of technological innovation, inventory management and supplier management are
the major issues in developing countries, including Pakistan, contributing to dairy safety
failures. Most previous researchers have not stressed the SFFs affecting the supply chain
process of the dairy industry in Pakistan. Therefore, it is important to identify those factors,
trends and drivers to achieve the desired outcomes.

In light of previous studies, this study focuses on the SFFs of the dairy supply chain.
This study may also prove to be useful for dairy industry in Pakistan as regards accom-
plishing efficient and sustainable supply chain practices, and also might represent an
important addition to the supply chain literature. This study used a widely used methodol-
ogy named interpretive structural modeling (ISM) to analyze the SFFs of the dairy supply
chain, which could help prioritize important factors that might need to be addressed for
the improvement of the dairy supply chain. The ISM approach has been used to identify
the complex relationship between different elements, and a supporting methodology, MIC-
MAC, is adopted to illustrate the driving and dependence powers of each element. Further
information about ISM and MICMAC are given in the methodology section.

This study contributes both theoretically and practically. Theoretically, this study
contributes to the safety literature in the dairy supply chain context of developing countries,
especially in Pakistan. This is the first study to identify SFFs in the dairy supply chain.
The use of ISM and MICMAC for analyzing SFFs also makes the study novel. Further, the
dairy supply chain has also been affected by safety issues in the Pakistani context due to
diseases emerging in the COVID-19 scenario. Therefore, the dairy supply chain requires
more attention from researchers.

The rest of the paper is structured as follows: Section 2 describes the Literature Review,
Section 3 consists of methodology, Section 4 included results and discussion and Section 5
presents the conclusion.

2. Literature Review
2.1. SFFs in Dairy Supply Chain

In recent years, technological innovation, inventory management and supplier man-
agement have been the main determinants of quality in the dairy industry [14]. Different
developed countries, such as the UK, the US and Australia, have been able to improve
their dairy supply chain practices and overcame critical barriers given their plentiful re-
sources [15–17]. However, developing countries are yet to achieve these critical factors. For
success in the food supply chain, and to improve the performance of an organization, it is
necessary to identify and highlight the critical success factors (CSFs) [18].
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Many studies have identified SFFs in the supply chain of the dairy sector. Perron [19]
examined four categories of barriers that impede the adoption of supply chain safety
measures in SMEs, including attitudinal and perception barriers, information barriers,
resource barriers and technical barriers. Ref. [20] described the market challenges and
potential losses related to the cold chain in the frozen food industry in the Indian retail
sector. The author states that, when considering the end consumers’ knowledge, behavior
and preferences in food, some key challenges arise regarding unpacking, knowledge
optimization strategies and lack of effectiveness in food supply chain. Chandrasekaran
and Raghuram [21] analyzed different enablers of risk management in the dairy sector
and found that there are a lot of risks in both the dairy farming industry and the dairy
processing industry.

There are different uncertainties at different levels of supply chain management in
the dairy industry [22]; therefore, a sustainable framework is needed to promote green
practices in the manufacturing industry [23]. Kumar and Staal [24] outlined that farmers
are not being educated appropriately as advanced methods are being used in modern milk
supply chains. The relocation of dairies from regions rich in water resources to regions
with limited resources is likely to be shortsighted. Pant and Prakash [25] found that the
quality control system in the dairy production process in developing countries is one of
the main SFFs in dairy supply chains. Berem and Obare [26] found that the illegal and
improper distribution of milk is one of the main causes of lower productivity. Buzby and
Hyman [27] identified that food wastage must be stopped as the world is facing a serious
issue of food shortage. Lemma and Kitaw [28] proposed the modeling and optimization
approaches used in the perishable food supply chain literature. Park and Kim [13] used
coding to systematically analyze food safety incidents, and concluded at which point the
breakdown in food safety is likely to occur.

Due to the high focus of the supply chain on productivity, on-time delivery and better
order filling rates, competition is higher in the food processing sector [6]. External barriers
are more impactful than internal barriers, as external barriers include poor regulations, poor
supplier commitment and industry-specific barriers, whereas internal barriers include cost
and legitimacy [29]. Hemme and Otte [30] described a lack of supervision from relevant
authorities in the dairy sector. Many SMEs see the adoption of environmental testing as a
cause of high financial cost to the business, which could not be passed on to the end user.
Finally, the study found that the government can play an important role in this scenario by
improving awareness.

Worldwide, many studies have suggested different techniques and methods to reduce
the SFFs in the supply chain of the dairy sector. Chalupkova [31] suggested that appropriate
decision-making, following environmental testing standards and regulations, can improve
the safety in supply chains. It is necessary and possible to improve productivity and
develop the dairy chain using proper indicators [32]. Lemma and Kitaw [28] proposed
modeling and optimization approaches that focused on the perishable food supply chain
literature, as well as waste and loss assessment in food supply chains. For assessing the
adequacy of various innovations in dairy supply chain practices, Ali and Lynch [33] applied
the Q-methodology to identify the patterns of low-input and organic dairy supply chain
members in four European countries. Kumar [34] described a conceptual model of dairy
supply chains, and determined the importance of a novel conceptual model for supply
chain performance measurement. Prakash and Pant [35] stated that the balance score card
(BSC) approach can be used to measure the safety performance of the dairy supply chain.

Developing countries, including India, that are facing the same problems in the
dairy sector have launched dairy processing cooperatives programs in order to improve
smallholder dairy products (FAO 2010). Kumar and Kumar [36] suggested that milk
procurement potential may be determined using Geographical Information Systems (GISs),
and stated that the analytical application of GIS, such as in proximity analysis, is very useful
in various business decisions, such as identifying new villages to be used as procurement
centers. However, a productive technique for dairy quality control requires systematic
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risk analysis, which should be based on comprehensive studies from “farm to fork”.
A questionnaire-based survey was conducted to rank the identified SFFs in the Indian
context [37,38].

Based on the literature mentioned in Section 2.1, it is also necessary to summarize the
dairy industry of Pakistan and outline the aims of the current study in the Pakistani dairy
supply chain context.

2.2. Dairy Industry of Pakistan

Agriculture is the lifeline of Pakistan’s economy, and livestock plays a vital role by
providing items that are essential to human diets [39]. It contributes 18.9% to the GDP,
and consumes 42.3% of the labor force [40]. Pakistan is one of the largest milk producers
in the world; nevertheless, only about 3% of it is processed for value addition, while a
major sectioned is consumed locally through traditional marketing systems. According
to a commission [40], milk production during 2018–2019 was 59,759 tons, which is high
compared to the previous year’s total of 57,890 tons.

The dairy industry has shaped millions of dairy farmers’ lives in Pakistan. The
contribution of livestock in the agriculture sector is about 58.92%, and its contribution to
GDP growth remains at 0.43% percent, with a share in national GDP of 11.1% (Pakistan
Annual Plan 2017–2018). During 2018–2019, the livestock sector grew by 4.00%, and its gross
value addition amounted to INR 1430 billion [40]. Pakistan earned USD 528.212 million
as foreign exchange through livestock export and allied products during July–March of
2018–2019 [41].

According to Bar [42], in the UNDP’s latest survey (September 2018), Pakistan stands
at 150th place in the human development index, among 189 countries. Pakistan has the
sixth largest population in the world, with approximately 212.242 million occupants, of
which 49.08% live in villages (NIPS, Pakistan Demographic and Health Survey 2017–2018).
Pakistan’s economy is the second biggest economy in the South Asian region, valued at
USD 305,000 (The U.S. Central Intelligence Agency, 2017), and Punjab is one of the biggest
provinces in terms of dairy milk production in Pakistan, as it produces three-fourths of its
total milk. Punjab is also one of the largest milk districts in Asia, with 15 private companies
competing to collect farmers’ milk for processing, including global giants Nestle, Haleeb
foods and Halla. Its per capita production is improving in terms of the number of dairy
cows, rather than any increases in milk production.

Based on these above two sub-sections, it has been found that literature on SFFs in the
dairy supply chain is scarce, and most of the previous studies have ignored this serious
issue. The literature also indicates that earlier studies analyzing SFFs were not carried out
via a sound and systematic methodology, such as ISM or MICMAC. Therefore, this study is
novel, adding value to the safety literature by evaluating SFFs via the ISM and MICMAC
methodologies.

2.3. Study Objective

After a comprehensive literature review, it was found that studies on the dairy industry
are limited, and have not concentrated on SFFs in the dairy supply chain, especially in
the Pakistani context. Moreover, existing studies focus on supporting the farmers and
linking them up with urban markets. However, no study has yet identified major SFFs in
the Pakistani dairy supply chain. Therefore, the aim of this study is:

â To address the SFFs in the supply chain of the dairy industry in Pakistan;
â To establish the interaction among SFFs in the dairy industry using the ISM technique,

and classify the barriers through MICMAC analysis;
â To propose policy recommendations based on the severity of factors.

3. Research Methodology

The methodology of this research has two main components. In the first part, a detailed
literature review derived the key factors of safety failures. In the second, the relevant SFFs
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were selected for further analysis. After that, the ISM and MICMAC approaches were used
to examine the expert opinions through brainstorming sessions. ISM is a methodical and
interactive technique that depends on a group of independent professionals and that helps
in understanding the interrelationships among variables. ISM and MICMAC analyses also
help in addressing the binary relationships among the described factors. However, the
relationships among these factors vary; some relations are strong, some of them are normal,
and some may be weak [43,44]. In this sense, ISM analysis works as a communicative
tool to understand and explain the complex interrelated relationships among factors [45].
Moreover, the experts selected in our study are highly skilled in decision-making and
applying ISM techniques. Additionally, the combined use of ISM and MICMAC analyses
make this study simpler for readers/managers to understand, and thus use to manage
sustainability initiatives in supply chains in the Pakistani context, as well as in other
developing countries (with marginal modifications).

All steps of the methodology, along with its goals and output, are explained in Figure 1.

Figure 1. Detailed methodological approach to identifying SFFs in the dairy supply chain.

3.1. SFFs Identification through Extensive Literature Review

To identify the factors in the dairy industry in Pakistan, an extensive literature review
was performed with the help of many research articles. Those research articles were
found through different databases, including Science Direct, Springer, Emerald, Taylor
and Francis, JSTOR, PubMed and Google Scholar. The keywords used to find the related
articles are shown in Table 1. Significant keywords were identified in the literature, but
their sub-keywords, such as milk delivery, transport and storage, were not considered in
this novel study.
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Table 1. Literature search criteria.

Keywords

“Dairy industry” OR “Critical issues” OR “Supply chain
safety issues” OR “Safety barriers” OR “Dairy Industry
issues” OR “Disaster of Risk” OR “Dairy production” OR
“Dairy Farming” OR “Dairy product safety failures” OR “Milk
production” OR “Dairy Policies” OR “Dairy industry
downfall” OR “Dairy industry barriers”

Exclusion criteria

Articles that have only title, author name, keywords, and
abstract. A paper that does not feature a review, surveys,
different sound methodologies, strong discussion, or dairy
issues criteria

Initially, 150 articles were analyzed. Later on, using the evaluation criteria shown
in Table 1, 70 articles from 30 journals were identified. After examining the contents and
abstracts of these articles, irrelevant articles and journals were removed. Finally, 30 articles
from 21 journals remained, with the addition of four conferences. Some of the more
popular journals are Nature, World Applied Sciences Journal, Journal of Social, Behavioral and
Health Sciences, Journal of Cleaner Production, Journal of Management Sciences and Technology,
International Journal of Scientific and Engineering Research, Journal of Business Management,
Journal of Dairy Sciences, Journal of Applied Economic Sciences, Indian Journal of Agricultural
Economics, Journal of Clinical Oncology, Journal of Industrial Engineering and Management,
Journal of Advanced Operations Management, Journal of Basic and Applied Scientific Research,
Journal of Productivity and Performance Management, International Journal of Services and
Operations Management, British Food Journal, International Journal of Environmental Studies
and Journal of Building Engineering.

The identified factors are explained in Table 2.

Table 2. Significant SFFs in the supply chain of the dairy industry.

No. Safety Failure Factors

A1 Poor quality control in production process

A2 Employees are the carriers of some diseases and chances of transfer to
dairy

A3 Illness of employees
A4 No clinical examination of employees before being officially employed
A5 Inadequate cold storage facility during mobility of dairy food
A6 Unhygienic and unsafe transportation of dairy food
A7 Inappropriate company location
A8 Lack of qualified storehouse
A9 Unsafe milk from the dairy station

A10 Bad health conditions of farmers
A11 Unqualified animals’ food and veterinary drugs
A12 Companies purchase unsafe dairy food
A13 Invalid sampling
A14 Non-standardized packaging
A15 Companies sell unsafe dairy products
A16 Improper management
A17 No compliance with the rules and regulations
A18 Farmers are not equipped with the latest farming technology
A19 Lack of feedback mechanism
A20 Illegal supply of raw milk
A21 Wholesalers and retailers promote unsafe dairy food
A22 Unqualified system of milk collection and delayed delivery
A23 Unhealthy cows
A24 Lack of environmental testing by EPA
A25 Lack of supervision by relevant authorities
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3.2. Interpretive Structural Modeling (ISM)

The interpretive structural modeling (ISM) technique was established and presented
by Warfield in 1973, and its roots are in graph theory. The ISM technique is mainly
proposed as an interactive learning process, which collects a set of different but directly
related variables into an inclusive systematic model. ISM is a systematic approach, and
it gives a structure to the complex relationship among variables. Refs. [46–49] stated that
ISM transforms erroneous and unclear models into precise and visible models. Different
studies employing ISM and MICMAC techniques are listed in Table 3.

Table 3. Earlier related studies using ISM.

References Objective Country Methodology

[14]

To bring out the barriers in the
dairy supply chain and establish
the interaction among barriers in

the dairy industry.

India ISM and MICMAC
methodology

[50]
To investigate the effects of the

barriers and benefits on the
e-procurement adoption decisions.

Turkey ISM and SEM
approaches

[51] To analyze the barriers in green
supply chain management. India ISM and MICMAC

techniques

To examine the determinants that
influences the growth of Indian

SMEs in the food industry and to
identify the most important
variables affecting growth.

India ISM and SEM
approaches

[52]

To identify the factors influencing
consumers’ decisions when buying

beef products and consumers’
information from twitter in the

form of big data.

India ISM and Fuzzy
MICMAC techniques

[53]
To investigate the technical

barriers in the dairy industry in
context of Saudi Arabia.

Saudi Arabia ISM methodology

The ISM–MICMAC approach has been employed in this study to identify the safety
failure factors that impact the dairy supply chains of developing countries, especially
Pakistan. This approach is used to draw a contextual relationship among different SSFs. It
helps to demonstrate the relationships of different elements in the hierarchical structure [54].
However, various MCDM methods can perform the same analysis, e.g., data mining,
TOPSIS, game theory, analytical hierarchy processing (AHP) and Bayesian theory. The
comparison of these approaches with [48,55–58] is given in Table 4. Raj and Shankar [59]
defined some attractive features of the ISM technique, which are given below:

• The ISM interprets the expert’s judgement regarding various factors’ relationships;
• ISM is a hierarchical structure-based model that justifies the connection of various

complex factors;
• This approach helps to show the hierarchical structure of different factors in a diagraph

model;
• ISM works on the philosophy of group decision-making (expert opinion), but it is also

useful for individual responses.

15



Sustainability 2021, 13, 9500

Table 4. Comparison of ISM–MICMAC with other methodologies.

ISM-MICMAC Data Mining TOPSIS Game Theory AHP Bayesian Theory

This technique
assists in

identifying the
interrelations

between variables
on the bases of

their driving and
dependence

powers.

In this approach,
firms try to convert
their raw data into
useful information
through software.

This technique is
used to compare

alternatives
through the

identification of
their weight

criteria for the best
possible solution.

In this
mathematical

approach, different
strategies are
employed in
competitive

situations in which
respondents’

actions are related
to the actions of

other respondents.

This mathematical
approach is

applied in the
pairwise

comparison
between variables.

Bayesian theory is
used to examine

conditional
probability
through the

interpretation of
mathematical

formulas.

Raj and Rifkin [60] described the characteristics of ISM as follows:

i. This methodology is interpretive, as the opinions of the experts describe why and
how dissimilar variables are related;

ii. It is structural, as on the basis of the relationship, a structure is extracted from a
complex set of variables;

iii. It is a modeling approach, as the specific relationships and overall structure are
illustrated in a diagraph;

iv. It is mainly proposed as a group learning process, but individuals can also use it;
v. It helps to impose the directions and orders on the complex contextual relations

among elements of the system.

Despite the advantages of ISM, it has some limitations. The relationships of different
variables rely on experts’ experience. Hence, the experts’ bias during the observation
of variables could affect the final model. Moreover, ISM does not apply any weight to
the variables either [61]. Karamat and Shurong [62] described the different steps of ISM
as follows:

1. Variables affecting the system are listed at first;
2. Secondly, relationships are established among the listed variables to classify which

pairs should be examined;
3. The next step is to establish a structural self-interaction matrix (SSIM), which identifies

pair-wise relationships among those variables;
4. In this step, the initial reachability matrix is developed to check the transitivity of

variables in the binary form;
5. The partition of the initial reachability matrix over different levels is done in this step,

and the final reachability matrix is obtained as a result;
6. A diagraph is drawn using the contextual relationships given in the final reachabil-

ity matrix;
7. The transitive links are mitigated in this step by replacing the variable nodes with

problematic elements;
8. The ISM model is to be reviewed in the last step to check the inconsistency, and then

necessary modifications are made for improvement.

The above-mentioned steps of the ISM methodology are illustrated in Figure 2.

3.2.1. Application of Interpretive Structural Modeling
Structural Self-Interaction Matrix (SSIM)

A structural self-interaction matrix (SSIM) is obtained from the interactions among
the described factors. The existence of a relation between any two factors (i, j) and the
associated direction of said relation is questioned. After finding the SFFs in the dairy
industry of Pakistan, the contextual relationships among these factors are determined via a
discussion amongst experts (developers, academicians, dairy companies and farms).
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Figure 2. Methodology to develop an ISM model for SSF in the dairy supply chain.

Four letters have been used to denote the direction of the relationship between barriers
i and j—V,A,X,O—similar to the previous studies, e.g., [63–65]. The description of each
variable is shown below:

V: Factor “I” is related to factor “j”;
A: Factor “j” is related to factor “I”;
X: Factors “I” and “j” are related to each other;
O: Factors “I” and “j” are not related to each other.

This study was conducted using experts’ opinions derived through brainstorming
sessions. A group of experts, including one director, one dairy operation manager, three
academicians (in the field of operations and supply chain management) and two dairy
companies’ managers (having direct links with dairy supply chain practices), were invited
to rate the contextual relationship among the factors.

The rest of the experts were from Pakistan. The data were collected through a brain-
storming session with different experts. All the experts were professionals, with sound
knowledge in their fields. Initially, they were approached through sending emails and
making phone calls. In total, 25 experts were approached, but due to their busy schedules,
7 experts agreed to participate in the brainstorming session. The sample size of seven
experts is enough to meet the criteria of the ISM approach. Tan and Chen [66] used five
experts as their sample to determine the barriers to building information modeling from
the perspective of the Chinese construction industry. Malek and Desai [67] employed seven
professionals to investigate the strategies of sustainable manufacturing, while Ravi and
Shankar [63] discovered that a minimum of two experts is enough to meet the criteria
of ISM.

Data were collected through a self-structured interaction matrix (SSIM)-based ques-
tionnaire, and this helped us to prioritize the identified SFFs in the Pakistani dairy industry
SSIM of the SSFs is given in Table 5.
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Table 5. SSIM of SFFs.

Critical
Fac-
tors

A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12 A13 A14 A15 A16 A17 A18 A19 A20 A21 A22 A23 A24 A25

A1 O O O A O A O O O O A X V O A A O O O O O O A A
A2 X A O V A O O O O O O O O A A O A O O O O O A
A3 A O O A O O O O A V O O X O O O O O O O O O
A4 O O O O O O O O V O O A A O O O O O O O A
A5 V A V O O O O O O O A A O O O O O O A A
A6 O A X O O O O A O A A A O O O X O O O
A7 V O O O O O O O O A O O O O O O O A
A8 O O O O O O O A A O A O O O O A A
A9 A A V A O V A A A A A V A A A A
A10 V O O O O O O X O V O V X O O
A11 O V O O A A O O O O O V A A
A12 O O V A A O O A A O O A A
A13 V O A A O O O O O O A A
A14 O A A O O O O O O A A
A15 A A O O A X O O O A
A16 X O V V O V O A A
A17 V V V V V O X A
A18 O V O V V V V
A19 O O O O A A
A20 V X O A A
A21 O O A A
A22 O O A
A23 A A
A24 A
A25

The details of all the experts are shown in Table 6.

Table 6. Experts’ demographics.

Expert Occupation Gender Age Organization Qualification Work Experience Firm Size

E1 Director Male 60 Olpers dairy
farm PhD 15 years 300

E2
Diary

operation
manager

Male 63 Punjab dairy
industry Master 12 900

E3 professor Male 48 Research
institute PhD 18 3500

E4 Associate
professor Male 37 Research

institute PhD 10 3500

E5 Associate
professor Female 38 Research

institute PhD 5 2200

E6 manager Male 53 Dairy farm Bachelor 17 35

E7 Dairy supply
manager Male 57 Dairy farm Bachelor 13 27

3.2.2. Initial Reachability Matrix (IRM)

Once the SSIM has been developed, it is transformed into binary digits 0 and 1, known
as the initial reachability matrix. The directions for transforming the SSIM into the IRM are
given below:

• Suppose factors i and j are listed in SSIM as ”V”, then in IRM, (i,j) will be listed as 1
and (j,i) as 0;

• Suppose factors i and j are listed in SSIM as “A”, then in IRM, (i,j) will be listed as 0
and (j,i) as 1;

18
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• Suppose factors i and j are listed in SSIM as “X”, then in IRM, (i,j) will be listed as 1
and (j,i) as 1;

• Suppose factors i and j are listed in SSIM as “O”, then in IRM, (i,j) will be listed as 0
and (j,i) as 0.

The transformation of SSIM into IRM is shown in Table 7.

Table 7. Initial reachability matrix.

VAR 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

1 1 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0
2 0 1 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
3 0 1 1 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0
4 0 1 1 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
5 1 0 0 0 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
6 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
7 1 1 1 0 1 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
8 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
9 0 0 0 0 0 1 0 0 1 0 0 1 0 0 1 0 0 0 0 0 1 0 0 0 0
10 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0 1 0 1 0 1 1 0 0
11 0 0 0 0 0 0 0 0 1 0 1 0 1 0 0 0 0 0 0 0 0 0 1 0 0
12 1 0 1 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0
13 1 0 0 0 0 0 0 0 1 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0
14 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0
16 1 1 1 1 1 1 0 1 1 0 1 1 1 1 1 1 1 0 1 1 0 1 0 0 0
17 1 1 0 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 0 1 0
18 0 0 0 0 0 1 0 0 1 1 0 0 0 0 0 0 0 1 0 1 0 1 1 1 1
19 0 1 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
20 0 0 0 0 0 0 0 0 1 0 0 1 0 0 1 0 0 0 0 1 1 1 0 0 0
21 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 1 0 0 0 0
22 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0
23 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0
24 1 0 0 0 1 0 0 1 1 0 1 1 1 1 0 1 1 0 1 1 1 0 1 1 0
25 1 1 0 1 1 0 1 1 1 0 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1

3.2.3. Final Reachability Matrix (FRM)

After the construction of the initial reachability matrix, the final reachability matrix is
obtained by adding 1* entries into the initial reachability matrix, to incorporate transitivity.
Transitivity is a basic assumption at this stage, which states that if variable “X” is associated
with variable “Y” and “Y” is associated with “Z”, then “X” must be associated with “Z”.

The conversion of IRM into FRM is shown in Table 8.

3.2.4. Level Partition

After developing the final reachability matrix, the reachability sets and antecedent sets
of each factor were obtained from the final reachability matrix. The reachability set includes
the factor itself and other factors that it may help to determine, while the antecedent set
includes the factor itself and other factors that may help it to be achieved. The similar
values of the reachability set and the antecedent set were added into another set called
the intersection set. Thereafter, level partition was performed. After the allocation of each
factor, their levels were also eliminated accordingly. This process was continued until all
factors were allocated levels. Through this process, the SFFs were divided into twelve
levels. The twelve levels of iteration are shown in Table 9.
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3.2.5. ISM-Based Hierarchal Model

After level partitioning, the hierarchal structure of the SFFs in the supply chain of
the dairy industry in Pakistan were developed, resulting in a diagraph. Thereafter, the
transitive links were removed based on the relationships given in the final reachability
matrix. The final ISM-based model is shown in Figure 3.

Figure 3. ISM-based model of safety failure factors of the dairy supply chain.

3.3. MICMAC Analysis

MICMAC was introduced by [68]. It is based on the multiplication properties of
matrices. In this study, we used MICMAC with ISM in the problem evaluation. In
addition, the combined use of these two approaches can assist in understanding the
level of importance of each of the considered variables through well-described diagrams
(ISM-based hierarchical diagram and classification-based MICMAC analysis). MICMAC
analysis was carried out for the validation of the hierarchically structural model of the
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described implementation factors. In the ISM technique, we considered four probable
relations to examine the interactions among the decision variables; however, we could not
classify the strength of the contextual relations among these variables. MICAC analysis, on
the other hand, can effectively classify the contextual relations among the decision variables
and describe the directions and levels of considered variables. Finally, the purpose of this
approach is to examine the power of the driving and dependence forces of the described
barriers. This is used to formulate dairy supply chains by dividing the barriers into four
clusters. These four clusters are as follows.

3.3.1. Autonomous Factors

This includes factors whose driving power and dependence power are both weak.
These barriers are relatively disconnected from each other, but have some links that might
be strong. The factors in the autonomous clusters are A4, A5, A8 and A11.

3.3.2. Dependent Factors

The cluster of dependent factors has insufficient driving power to drive other barriers,
but their dependence power is strong. Dependent factors include A1, A2, A3, A6, A9, A12,
A13, A14, A15, A20, A21, and A22.

3.3.3. Linkage Factors

The driving power and dependence power of the linkage factors are both strong, and
therefore, these factors are considered to be unstable. In this sense, any impact on these
factors also influences other factors. The A16 factor is a linkage factor.

3.3.4. Independent Factors

Independent factors represent the factors with strong driving power but weak depen-
dence power. These include A7, A10, A17, A18, A19, A23, A24 and A25.

The results of the MICMAC analysis are shown in Figure 4.

Figure 4. MICMAC analysis of safety failure factors of the dairy supply chain.
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4. Results and Discussion

The SFFs (A25) Lack of supervision by relevant authorities, (A24) Lack of environ-
mental testing by the environmental protection agency (EPA) and (A18) Farmers are not
equipped with the latest farming technology emerged as the most critical according to the
ISM hierarchical framework. These factors are included in level twelve. There is a lack
of sufficient supervision by relevant authorities (A25) in the dairy sector of Pakistan. The
restricted flow of information across the hierarchy of organizations affects the milk supply
chain system. The collaboration of research and support by relevant authorities is required
in this context. Organizations require coordination with between personnel and stakehold-
ers to show them how the company’s goals are aspired to in their day-to-day functions.
(A24) Lack of environmental testing by environmental protection agency (EPA) is another
critical safety factor in the dairy industry, because environmental rules and regulations are
not implemented properly in this sector, despite how significant they are. There is lack
of environmental literacy. The implementation of environmental testing is important in
maintaining effectiveness in supply chain systems [69]. The Pakistani government should
take action to regulate the EPA’s polices appropriately in the dairy industry. Another critical
factor is (A18) Farmers are not equipped with the latest farming technology. The adoption
of advanced technology and processes is very slow in Pakistan’s dairy industry. Farmers
are unfamiliar with the latest technology and keep using old methods. Moreover, farmers
are hesitant to adopt the latest technology and processes because of their superstitious
beliefs and traditional organizational structure. Technologies including milk meters, weight
scales, mastitis detection and activity meters can be used to assist on-farm decision-making,
and also improve the safety performance of the dairy supply chain. Dairy labor efficiency
has been improved recently using automatic cluster removers (ACRs) on farms [70]. The
government should educate farmers about the potential benefits of various technologies,
along with process automation, and ensure appropriate investment decisions are made.

Level eleven includes three factors, namely, (A17) No compliance with the rules and
regulations, (A16) Improper management and (A7) Inappropriate company location, which
are also significant SFFs in the dairy supply chain of Pakistan. There is severe negligence
of the rules and regulations in the dairy sector of Pakistan, which is one of the big issues.
The government should develop effective courses and regulations, and ensure the dairy
sector follows them properly in order to stabilize the supply chain system. Improper
management (A16) is another issue that makes milk production low. There is resistance
to introducing change into the existing dairy supply chain system, including investments,
information and production systems, etc. The top management should strengthen its
leadership skills by ensuring the right person is employed in the right place. To enhance
the productivity of the organization, the top management should mitigate managerial-level
conflicts [71]. Inappropriate company location (A7) is one of the big factors influencing
safety performance and milk production. Most dairy companies are located out of cities in
Pakistan, and this huge distance between company and end customer creates a big gap
between demand and supply. Poorly constructed roads, weather challenges and traffic
jams are the most common factors affecting the milk supply chain system. The relocation
of dairies from regions rich in water resources to regions with limited resources is likely to
be shortsighted [72].

(A19) Lack of feedback mechanism, (A10) Bad health condition of farmers and (A5)
Inadequate cold storage facility during mobility of dairy food are all included at level
ten. These are also important safety factors in the dairy industry of Pakistan. The lack of
feedback mechanisms (A19) is also a problem in the dairy industry. There is no trend of
giving feedback about the quality of milk, dairy products, production process, supply chain
systems, etc., in a formal way. Dairy companies should establish a consumer-oriented feed-
back mechanism and give immediate responses upon receiving consumer complaints, and
they should prevent further deterioration by keeping confidential records. The next factor
is (A10) Bad health condition of farmers. Farmers suffer from an increased occurrence of
many acute and chronic health conditions, including skin cancer, hearing loss, amputations
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and respiratory diseases, etc. Other health issues have rarely been studied in the agriculture
sector, such as stress and adverse reproductive outcomes [73,74]. The majority of livestock-
handling claims were made by males (88%) and by employees on farms employing eleven
or more workers (87%) [75]. The government should develop policies of better medical
treatment for farmers so they can work effectively. (A5) Inadequate cold storage facilities
during mobility of dairy food is also a big issue causing the wastage of milk. Hence, the
lack of modern technology, especially decent refrigerator facilities, is the main cause of
wastage of milk. As the weather in Pakistan is very hot during summer, and electricity is
in short supply, huge amounts of dairy products are wasted during transportation, which
leads to high production costs.

Factors including (A23) Unhealthy cows, (A11) Unqualified animals’ food and vet-
erinary drugs and (A8) Lack of qualified storehouse fall into level nine. Underdeveloped
farms and unbalanced diets are the main reasons for unhealthy cows (A23), which tends
to result in the low production of milk. The government should develop easy policies for
farmers to access loans so that they can develop their farms. At the same time, farmers
should pay attention to animal health by providing proper food and drugs, as well as
ensuring some precautions, including noise reduction to reduce animal agitation, nonslip
flooring, proper lighting for ease of animal movement, and distraction removal in order to
prevent balking. (A11) Unqualified animals’ food and veterinary drugs is also a critical
issue. Due to the lack of knowledge and training, farmers are unfamiliar with qualified
food and veterinary drugs. They are used to traditional treatments. However, the failure to
keep to the withdrawal period, including when using potential overdose and long-acting
drugs, might be the reason for the presence of unacceptable residues [34]. Government
and dairy companies should develop programs to educate farmers regarding vaccination,
mastitis, nutrition, and metabolic and reproductive problems. Furthermore, they should
hire qualified veterinary doctors on dairy farms. Another factor is (A8) lack of a qualified
storehouse, which is one of the big reasons for the wastage of food. The safety of food is a
serious problem, even in developed countries, where 15.7 million people are undernour-
ished. There is a need to stop further wastage of food because the world population is
growing rapidly [27]. The wastage of food has economic implications in the food supply
chain (i.e., farmer, producer and consumer). Food losses have a negative impact on the
incomes of both farmers and consumers [76,77]. Further, food loss is also a reason to reduce
the financial resources that are applied here and that can be used for investment in other
areas. The relevant authorities must be aware of this problem and take adequate measures
towards the reduction of dairy food wastage.

Level eight contains a single barrier of (A20) Illegal supply of raw milk. This is a
critical barrier in the Pakistan dairy sector. About 97% of dairy farming is not linked with
formal dairy channels, which makes economic productivity low (PDDC, 2006). The extra
milk leftover after meeting household needs is mostly sold to informal market chains,
shopkeepers, directly to consumers, to middlemen and to brokers [26]. The government
should take serious action in terms of legalized milk supply in order to avoid monitory
losses in the dairy sector.

Level seven includes (A21) Wholesalers and retailers promote unsafe dairy food. The
milk products and byproducts in the country include pasteurized milk, powdered milk,
ultra-high-temperature (UHT) milk, butter, cream, yogurt, ghee and cheese. Wholesalers
and retailers distribute unsafe dairy food by changing the shelf-life or selling at a low price
just for the sake of their own short-term interest, which leads to food security issues for
consumers [78]. Companies purchase unsafe dairy foods (A12) and carry out no clinical
examinations of their employees before being employed (A4). These factors comprise
level six. (A12) companies purchase unsafe dairy food because they only focus on their
own interests, and they pay much less to dairy farmers. On the other hand, to make a
good profit, farmers mix water in milk and use low-quality milk powder in other dairy
products to increase production. As a result, consumers pay high, but get poor-quality dairy
products, which may lead to diseases. The government and other regulatory departments
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should carry out inspections of these companies, and devise strict rules related to dairy
safety issues. (A4) No clinical examination of employees before being employed is another
noticeable issue in the dairy industry of Pakistan. Most dairy farms do not carry out
physical examinations when hiring their workers. Some employees with bad health
conditions bring different diseases, which may be transferred to other employees and
animals as well. Dairy management should require the physical examination of employees
before hiring, so the risk of carrying diseases into dairy sector can be reduced.

Level five of the ISM hierarchal model includes (A22) unqualified system of milk
collection and delayed delivery, (A3) Illness of employees and (A2) Employees are the
carrier of some disease and chance of transfer to dairy. Unqualified systems of milk
collection and delayed delivery (A22) is an important SFF. Because of the underdeveloped
infrastructure of roads and electricity, and the lack of new technologies in the Pakistani
dairy sector, the system of milk collection and milk delivery is poor. Farmers are mostly
illiterate, so they do not have a proper record of milk collection, which is one of the big
causes of the wastage of milk. Sometime, in milk collection, there is double counting,
and sometimes milk collection is not recorded even once, and that is why it is difficult to
share the exact quantity of milk production with regulatory bodies. In addition, as most
dairy farms in Pakistan live in rural areas, the great distances of farms from urban markets
combined with poor transportation systems is a main reason for delayed delivery. This
affects the inputs and outputs and the ease of production [79]. The government should
make policies regarding milk supply chain systems, and create development programs to
increase the ease of milk delivery. (A3) Illness of employees affects the production process.
Farm workers are exposed to extreme health risks on a daily basis, related to handling large
animals in dairy farms. Employees need to work hard when feeding calves, managing
manure and nutrition and using machinery. However, if they are suffering from a bad
health condition, they will not be able to perform their duties properly. Occupational safety
and health administration (OHSMS) refers to a series of policies, regulations and plans
that lay out how an organization can manage occupational health and safety (OHS) issues.
The International Labor Organization has also added the guidelines of the OHSM on
safety and health into their code of practice (International Labor Organization, 2010). The
government of Pakistan should enact health and safety programs for the proper inspection
of dairies. (A2) employees are the carrier of some disease and chance of transfer to dairy.
This relates to various diseases, including Q fever, rabies, brucellosis, giardiasis, Escherichia
coli (E. coli), cryptosporidium, etc., that are transmitted from humans to animals or vice
versa. Sometimes, when employees get sick and work with animals, there is a high risk
of exposure to various diseases (i.e., infections caused by virus and bacteria). This is a
dangerous situation for both dairy employees and animals, causing infections that can
easily be transferred from employees to dairy animals. Employee sickness can be prevented
by not using unpasteurized dairy products, wearing gloves when handling reproductive
tissues, and washing hands after handling animals. The management of the dairy sector
should report these cases and undertake safety measures.

(A13) Invalid sampling and (A1) Poor quality control in production process are
factors that fall into level four. These are less important SFFs as compared to the above-
discussed factors, but they still require the attention of the organization and the government
in order to improve the dairy system. (A13) Invalid sampling—the accurate sampling
of dairy products is significant, as they have a short lifetime, which causes unstable
demand, influenced by dynamic and expressive environmental responses, none of which
is addressed in the dairy sector [80,81]. The aim of sampling programs includes quality
assurance, regulation, and accurate cost information. The key to deriving accurate results
from quality and composition tests include representative sampling and subsequent proper
handling. Training and supervision must be supplied to the persons involved in collecting
and handling the sampling. The management of the dairy sector should be attentive to
invalid sampling, and make strict policies for the valid sampling of milk to improve the
dairy industry. (A1) Poor quality control in the production process; there is no provision for
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quality issues in the milk production process in the dairy sector of Pakistan. The traceability
of quality milk inhibits non-value-added (NVA) programs due to the sampling and testing
of milk, this issue is a significant factor in the dairy sector [17]. In addition, national dairy
product safety test standards and detection systems are very poor in the Pakistani dairy
industry. The ministry of health and other government regulatory authorities should take
measures to improve the quality standards of the dairy production process.

The issue of non-standardized packaging (A14) falls into level three. Non-standardized
packaging leads to a reduction in the shelf life of dairy products, which is a common issue
in the dairy industry of Pakistan. As milk and other dairy products, such as powdered milk,
butter, ice cream, and cheese, are highly perishable, the quality, safety, cost, and marketing
of these products rely closely on their packaging material. Recently, interest in smart
packaging has developed in the dairy industry, which has affected sustainability and the
atmosphere as well. The government of Pakistan should provide the dairy industry with
the latest developments in packaging, including modified atmosphere packaging (MAP)
and active packaging, to control some of the associated fungal problems and extend the
shelf life of dairy products. Level two consists of two factors, including (A9) Unsafe milk
from the dairy stations and (A6) Unhygienic and unsafe transportation of dairy food. As
most dairy farms are situated in rural areas, and because of the poor transportation system,
farmers and local milk sellers use bicycles, motorbikes, and open vehicles for the delivery
or collection of dairy products, which is unhygienic and unsafe. Level one includes (A15)
companies sell unsafe dairy products; sometimes, even big companies perform unethical
acts in selling unsafe dairy products at low prices, or even at market rates, to maintain
their profits (earning per share). These are the least important factors in the dairy sector
of Pakistan. If the government and dairy sector paid a little attention to these issues, they
could improve the supply chain system of the dairy industry.

5. Conclusions

This study investigates the SFFs in the supply chain of the dairy industry in Pakistan.
Twenty-five factors have been identified in this study. The ISM technique was used to
identify the contextual relationships among different factors. The MICMAC approach
assists the researchers in understanding the significance of barriers in a systematic way.
SFFs that have a greater influencing capacity are listed in independent and linked quadrants
of the MICMAC analysis.

The results of this study show that SFFs (A15) Companies sell unsafe dairy products,
(A25) Lack of supervision by relevant authorities, (A24) Lack of environmental testing by
the environmental protection agency (EPA) and (A18) Farmers are not equipped with the
latest farming technology are the main SFFs in the dairy supply chain of Pakistan. These
factors need more attention from the government and relevant authorities. The manual
approach to milk handling is one of the most critical reasons for the wastage of a high
quantity of milk. Dairy industries must improve their management systems, especially as
regards supervision, information, technical, operational, wastage and transportation. More-
over, a remuneration system could also be fruitful in improving the overall productivity of
the dairy industry.

Earlier studies have examined the productivity barriers and critical factors in dairy
supply chains, but they have not proposed any rankings among those SFFs. Thus, the
current study has generalized the application of ISM for assessing the interaction among
SFFs in the supply chain of the dairy industry. Finally, this study is significant for both the
dairy industry and academics, because no study has yet related the factors/barriers and
their rankings in a real-time industrial scenario for Pakistan. The proposed study can help
decision-makers in the dairy industry of Pakistan eradicate the SFFs in the supply chain,
plan their supply chain activities more effectively, and gain an advantage over competitors.
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5.1. Theoretical and Practical Implications

In conducting this study, many other studies were analyzed. Many address the critical
factors in the dairy supply chain in different areas, but none so far have identified SFFs in
the Pakistani context. As such, the purpose of this study is to address the critical factors
in the supply chain of the dairy industry in Pakistan by applying ISM and MICMAC
techniques.

The theoretical implication of the ISM approach is that it shows the interrelationships
among variables in a hierarchical model with multiple, complex levels. Theoretically,
this study is novel in the context of the dairy supply chain. The lack of literature in
this area makes this research essential to academicians and researchers. Many studies
relate to the critical barriers in the supply chain of the dairy industry, but none have
recognized the SFFs and their causes in detail in the Pakistani context. Additionally,
previous studies have not highlighted such issues, meaning these SSFs are novel in the
literature on developing countries.

The practical steps that should be taken to overcome the safety failures in the dairy
supply chain include farmers not being equipped with the latest technology. If the top
management of the dairy industry would consider such factors when designing long-term
strategic policies, and equip their workers with advanced technology, then the production
of milk could be increased. To manage the environmental concerns, such as the testing
of dairy foods according to environmental concerns, dairy professionals need to focus
on local, national and global policies. Technical issues should be mitigated through the
adoption of innovative technology in the dairy sector; therefore, the top leadership should
recruit technically skilled employees who can help to redevelop the production process
of dairy products. Additionally, the lack of supervision by relevant authorities is a major
issue that could be removed through the development of proper policies. Professionals
and other concerned authorities should formulate policies and enforce them to the benefit
of the dairy industry.

5.2. Limitations of Study and Directions for Future Research

There are some limitations to this study; for example, this study has been conducted
from the perspective of Pakistan, and critical factors have been identified through the
opinions of experts. Thus, a new framework can be established based on the data collected
from stakeholders, which can provide a different view. In addition, the ISM technique
has been used in this study, which assists in formulating the initial model, and shows that
there is no authenticity in the statistical relationships among different barriers. Further,
any model that assigns weightage to the identified barriers with statistical tools, such as
structural equation modeling (SEM), can be used in future studies. Moreover, the barriers
were selected with reference to experts’ opinions. Finally, a different view can be derived
by collecting data from stakeholders.

In Pakistan, there is a dire need to improve production per animal per head. In
this regard, different application programs can encourage through the efficient use of
local feed resources, the application of improved feed management, and the development
of alternatives. Research institutes should communicate with private sectors to deliver
mechanisms and technologies at the grass roots level. The methodology of this study
may be generalized for other perishable food processing industries, such as meat, poultry,
fishery, etc. However, the government and other concerned authorities should cooperate
with each other to mitigate barriers. Future studies can be conducted for different interfaces
of the dairy supply chain.
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Abstract: Dairy cattle farming contributes significantly to greenhouse gas (GHG) emissions through
methane (CH4) from enteric fermentation. To complement global efforts to mitigate climate change,
there is a need for accurate estimations of GHG emissions using country-specific emission factors
(EFs). The objective of this study was to develop national EFs for the estimation of CH4 emissions from
enteric fermentation in South Korean dairy cattle. Information on dairy cattle herd characteristics,
diet, and management practices specific to South Korean dairy cattle farming was obtained. Enteric
CH4 EFs were estimated according to the 2019 refinement of the 2006 Intergovernmental Panel on
Climate Change (IPCC) using the Tier 2 approach. Three animal subcategories were considered
according to age: milking cows >2 years, 650 kg body weight (BW); heifers 1–2 years, 473 kg BW;
and growing animals <1 year, 167 kg BW. The estimated enteric CH4 EFs for milking cows, heifers,
and growing animals, were 139, 83 and 33 kg/head/year, respectively. Currently, the Republic of
Korea adopts the Tier 1 default enteric CH4 EFs from the North America region for GHG inventory
reporting. Compared with the generic Tier 1 default EF of 138 (kg CH4/head/year) proposed by
the 2019 refinement to the 2006 IPCC guidelines for high-milking cows, our suggested value for
milking cows was very similar (139 kg CH4 /head/year) and different to heifers and growing animals
EFs. In addition, enteric CH4 EFs were strongly correlated with the feed digestibility, level of milk
production, and CH4 conversion rate. The adoption of the newly developed EFs for dairy cattle
in the next national GHG inventory would lead to a potential total GHG reduction from the South
Korean dairy sector of 97,000 tons of carbon dioxide-equivalent per year (8%). The outcome of this
study underscores the importance of obtaining country-specific EFs to estimate national enteric CH4

emissions, which can further support the assessment of mitigation actions.

Keywords: emission factor; enteric fermentation; greenhouse gas; gross energy; milking cows

1. Introduction

Concerns about climate change have increased during the last decade, and the issue
has become one of the world’s most serious challenges, threatening the sustainability
of agricultural production [1,2]. Global climate change is caused by the accumulation
of greenhouse gas (GHG) emissions in the atmosphere [3]. The livestock sector is one
of the most significant sources of GHG emissions, contributing 14.5% of global GHG
emissions [4]. In addition, methane (CH4) is recognized as the second most important
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GHG emitted by anthropogenic sources and is a major driver of climate change [4]. Enteric
fermentation (CH4) emissions from ruminants account for approximately 17% of total
global anthropogenic CH4 emissions [5].

Accurate estimations of GHG emissions are of primary importance when report-
ing inventories, calculating carbon footprints, identifying GHG sources and sinks, and
developing mitigation strategies for GHG emissions at the national scale. Improved esti-
mations using country-specific emission factors (EFs) would support more accurate GHG
inventories. The Intergovernmental Panel on Climate Change (IPCC) has developed com-
prehensive guidelines for national GHG inventories for livestock enteric CH4 emissions
and has proposed different levels (Tier 1, Tier 2, and Tier 3) of estimations according to
the quantity of information required and the level of complexity [6]. Tier 1 is an empirical
method to calculate enteric CH4 emissions that use default EFs per head of livestock. Tier 2
is an improved method that requires information about animal categories, feeding, and
production systems. The Tier 3 approach is used when a country-specific methodology for
enteric CH4 emission estimation has been developed by the IPCC [7]. Methods for estimat-
ing enteric CH4 EFs that were included in the 2006 IPCC guidelines were partly refined in
2019 to provide an updated scientific basis for supporting the preparation and continuous
improvement of national GHG inventories. The refinement mainly comprised the update
of the CH4 conversion factor (Ym, %) and default EFs [6]. The Republic of Korea (ROK)
ranks 10th in the world in terms of GHG emissions and plans to reduce its GHG emissions
by more than 200 million tons of carbon dioxide-equivalent (CO2-eq) (37%) by 2030. This
plan affects eight different economic sectors, including agriculture [8]. Despite the low
contribution of the agriculture sector (3%) to total GHG emissions, the ROK is working
towards low-cost strategies to reduce GHG emissions, especially from the livestock sector,
which contributes 42% of agriculture emissions (9.4 million tons CO2-eq per year), mainly
from the CH4 produced from enteric fermentation. Hence, the ROK has set a target to
reduce emissions from livestock production by 0.6 million tons per year by 2030 and to
become carbon neutral by 2050 [9]. On the other hand, dairy cattle production is recognized
as a strategic sector in the ROK, accounting for 23% of the total enteric fermentation emis-
sions [9,10]. The South Korean dairy sector has grown and undergone significant changes
since 1990, with the annual milk production increasing considerably due to the increase
in animal productivity. Milk productivity per cow increased from 5500 kg/cow/year in
1990 to more than 9000 kg/cow/year in 2019, and the ROK is considered to have one of
the highest milk productivities per cow in the world [11]. This increase in milk production
can be explained by the adoption of milking cows with a high milk production potential
and the use of a total mixed ration (TMR) based on high feed quality imported from the
international market [10]. However, the ROK communicates its enteric CH4 emissions from
livestock using default EFs based on the IPCC Tier 1 method from North America [9,12].

To the best of our knowledge, there have been no studies conducted on the develop-
ment of enteric CH4 EFs in dairy cattle production using the most recently updated IPCC
Tier 2 approach in the ROK. In addition, most industrialized countries such as Canada,
Japan, Denmark, and Ireland adopted the Tier 2 approach to calculate enteric CH4 EFs in-
stead of the Tier 1 method for reporting their GHG inventory from dairy cattle [13,14]. The
synthesis of appropriate data would provide a much-needed improvement over the current
IPCC Tier 1 approach, leading to an inventory (Tier 2) that reflects the country-specific feed-
ing management practices as well as animal productivity and animal categories. Therefore,
the objective of the current study was to develop CH4 EFs from enteric fermentation in the
main dairy cattle subcategories in the ROK using the 2019 refinement to the 2006 IPCC
Tier 2 approach and to assess the impact on the national GHG inventory.
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2. Materials and Methods
2.1. Development of Tier 2 Enteric Methane Emission Factors for Dairy Cattle

The EFs from enteric CH4 fermentation for each dairy cattle subcategory were devel-
oped using the IPCC [6] Tier 2 approach based on gross energy intake (GEI) and Ym (%)
as follows:

EF =

[
GE × (Ym /100) × 365 days/year)

55.65 MJ/kg CH4

]
(1)

where, EF is the CH4 emission factor (kg CH4/head/year) and Ym represents the CH4 con-
version rate (%), which is the fraction of gross energy in feed converted to CH4 (CH4 yield).

The calculation procedures involve the following four steps: calculation of net energy
(NE) requirements for different functions (maintenance, lactation, pregnancy and growth),
conversion of NE requirement to gross energy (GE) requirement, estimation of CH4 energy
output using Ym as the proportion of GE intake, and conversion of CH4 energy output
to CH4 emissions [6,15] (Figure 1). Activity data are required to calculate the GE based
on IPCC guidelines [6] and the effect of input data on CH4 EFs was determined using the
random forest procedure [16], which was operated using SAS software (version 9.4). The
equation used to calculate daily GEI for dairy cattle subcategories is as follows:

GE =




(
NEm+NEa+NEl+NEp

REM

)
+
(

NEg
REG

)

DE%
100


 (2)

where, GE, Gross energy (MJ/head/ day); NEm, Net energy for maintenance (MJ/day);
NEa, Net energy for activity (MJ/day); NEl, Net energy for lactation (MJ/day); NEp, Net
energy for pregnancy (MJ/day); NEg, Net energy for growth (MJ/day); DE%, Digestible
energy expressed as a percentage of gross energy; REM, Ratio of net energy available in
diet for maintenance to digestible energy consumed; REG, Ratio of net energy available for
growth in a diet to digestible energy consumed.
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Equations used to estimate NE requirements (NEm, NEl, NEp, and NEg), REM and
REG are listed as follows:

NEm = C fi × (weight)0.75 (3)

where, NEm, Net energy for maintenance (MJ/day); Cfi, maintenance coefficient.

NEl= Milk × (1.47 + 0.40× Fat) (4)

where, NEl, Net energy for lactation (MJ/day).

NEp= Cpregnancy × NEm (5)

where, NEp, Net energy for pregnancy (MJ/day); Cpregnancy, pregnancy coefficient; NEm,
Net energy for maintenance (MJ/day).

NEg= 22.02 ×
(

BW
C×MBW

)0.75
×WG1.097 (6)

where, NEg, Net energy for growth (MJ/day); BW, body weight (kg); C, coefficient with a
value of 0.8 for females, 1.0 for castrates, and 1.2 for bulls; MBW, mature body weight (kg);
WG, average daily weight gain (kg/day).

REM =

[
1.123−

(
4.092× 10−3 × DE

)
+
(

1.126× 10−5 × (DE)2
)
−
(

25.4
DE

)]
(7)

where, REM, Ratio of net energy available in diet for maintenance to digestible energy
consumed; DE, Digestible energy expressed as a percentage of gross energy.

REG =

[
1.164−

(
5.16× 10−3 × DE

)
+
(

1.308× 10−5 × (DE)2
)
−
(

37.4
DE

)]
(8)

where, REG, Ratio of net energy available for growth in a diet to digestible energy con-
sumed; DE, Digestible energy expressed as a percentage of gross energy.

2.2. Identification of Animal Subcategories, Breeds, and Body Weights

The IPCC guidelines [6] recommended that livestock subcategories should be defined
to generate relatively homogeneous subcategories of animals that reflect country-specific
variations in animal characteristics, performance, and feeding systems [6]. The dairy cattle
population is reported in South Korean national statistics as an aggregation of animals
based on their age (months) in three main subcategories: milking cows, corresponding to
animals aged >2 years; heifers, representing animals 1–2 years of age; and growing animals,
corresponding to animals aged <1 year [17]. Although many countries raise several dairy
cattle breeds, the ROK raises only a single breed (Holstein), which is characterized by a
high potential milk production. Due to the lack of data on the average body weight (BW)
and average daily gain (ADG) of dairy cattle subcategories in the ROK, data were gathered
from various literature sources. Average BW, mature BW, and ADG were calculated from
the South Korean feeding standards for dairy cattle [18] and an updated version of the
growing chart of dairy cattle in the USA [19].

2.3. Milk Production and Fat Content

The average milk production from milking cows was obtained from a milk recording
dataset of the NongHyup Agribusiness Group Inc. [20]. The NongHyup Agribusiness
Database is an online recording system where dairy farmers report their milk production
and milk fat content (%) monthly. The national average milk production in 2019 was
defined based on milk yield data from 1300 dairy farms. The average milk production and
milk fat content of milking cows in the ROK were 10,517 (kg/305 days/head) and 3.9%,
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respectively. The annual milk production was refined to be equal to the quantity of milk
produced per 365 days.

2.4. Feed Intake and Digestibility Assumption

The TMR is the typical feeding system for dairy cattle production in the ROK, with
animals fed in stalls [18]. The dry matter intake (DMI) of different dairy cattle subcategories
was estimated from daily nutrient requirements reported in the South Korean feeding
standard [18]. For animals >2 years, the DMI was determined according to the average
milk production and milk fat levels. However, for animals aged 1–2 years and animals
<1 year, the DMI was defined according to the average BW and ADG of each category [18].
Data on DE (%) of TMR were not available. The DE was assumed based on the total
digestible nutrient content (TDN, %) of TMR feed and the DMI (kg) of each subcategory.
The DE (%) assumption process is shown in Figure 2 [6,21].
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2.5. Methane Conversion Rate Selection Process

The Ym (%) was defined as the percentage of GEI converted to CH4. The magnitude
of the feed energy converted by each subcategory to CH4 depends on several interacting
factors, such as feed and animal performance. The selection of the Ym (%) was based on
the IPCC recommendation considering the milk yield, the neutral detergent fiber (NDF)
content, and the DE (%) of feed [6]. For milking cows receiving a high-quality feed (DE ≥ 70
and NDF ≤ 35), the Ym (%) was a weighted annual value (5.8), using a high-productivity
value of 5.7 for the lactating period of 305 days and a value of 6.3 for the dry period
(60 days). For non-dairy animals (aged 1–2 years and animals > 1 year old) fed a TMR diet
with a DE (%) lower than 72%, an average Ym (%) of 6.3 was selected for both categories.
Activity data used to calculate the enteric CH4 EFs are presented in Table 1.
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Table 1. Input parameters used to estimate CH4 emission factors from enteric fermentation in dairy cattle subcategories
using the 2019 refined 2006 IPCC Tier 2 methodology and their reference sources.

Parameter Symbol Unit
Subcategories

Reference
<1 Year 1–2 Years >2 Years

Net energy for maintenance

Body weight BW kg 167 473 650 RDA [18]
Jones and Heinrichs [19]

Maintenance coefficient Cfi MJ day/kg 0.077 0.077 0.093 IPCC [6]
Net energy for lactation

Milk yield - kg/305 days - - 10517 NH [20]
Milk yield - kg/head/day - - 28.8 NH [20]

Milk fat content - % - - 3.9 NH [20]
Net energy for growth

Average daily gain ADG kg/day 0.79 0.66 0 RDA [18]
Mature body weight MBW kg 680 680 680 RDA [18]

Net energy for pregnancy
Pregnancy coefficient Cp % - - 0.10 IPCC [6]

Feeding system
Total digestible nutrients TDN % 64.7 57.8 73 RDA [18]

Dry matter intake DMI kg/day 4.1 11.0 22.0 RDA [18]
Methane conversion rate Ym % 6.3 6.3 5.8 IPCC [6]

3. Results and Discussion
3.1. National Enteric Methane Emission Factors of Dairy Cattle

The estimated GEI and annual enteric CH4 EFs from dairy cattle subcategories using
the 2019 refined IPCC Tier 2 methodology are reported in Table 2. The national values of
the EFs of milking cows (>2 years), heifers (1–2 years), and growing animals (<1 year) were
139, 83 and 33 (kg CH4/head/year), respectively. Compared with the default enteric CH4
EF of dairy cattle used for the South Korean GHG inventory (118 kg CH4/head/year) [22],
our estimated enteric CH4 EF for milking cows was 15% higher (Table 3). These differences
between our predicted CH4 EF and the default value proposed by the IPCC [22] could be
explained by the fact that the input data used for Tier 1 are defined to be representative
at the continental level. The ROK uses the North America default CH4 EF to report
their enteric fermentation emissions from dairy cattle [9] due to the similarity of farm
management and animal productivity [22]. The Tier 2 estimations in the current study are
specific to the dairy cattle production system in the ROK. Similarly, the enteric CH4 EFs of
milking cows (animals >2 years) generated in this study using the IPCC [6] Tier 2 approach
were 8% higher than the previous EF default value reported by the IPCC [7]. The default
EF (138 kg/head/year) using the IPCC [6] Tier 1 approach was quite similar to the milking
cow EF and different to heifers and growing animals EFs generated in this study. Despite
the relative similarity between EFs for milking cows generated using the Tier 1 and 2
approaches, the IPCC Tier 2 methodology is preferred to IPCC Tier 1 in estimating the CH4
EF for enteric fermentation of dairy cattle because it provides specific EFs for each dairy
cattle subcategory (milking cows, heifers, and growing animals), in addition to the fact that
Tier 1 default EF is based on regional data while Tier 2 EFs are based on national data.
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Table 2. Estimated net energy requirements, feed digestibility, gross energy intake, and enteric CH4

emission factors by dairy cattle subcategory.

Parameter
Animal Subcategories

<1 Year 1–2 Years >2 Years

NEm (MJ/day) 15 32.7 49.7
NEg (MJ/day) 7 12.6 -
NEl (MJ/day) - - 87.3
NEp (MJ/day) - - 5

REM (%) 0.51 0.48 0.54
REG (%) 0.31 0.26 -
DE (%) 64.4 57.6 72.7

GEI (MJ/day) 81 201 365
CH4 EF (kg/head per year) 33 83 139

NEm, net energy for maintenance; NEg, net energy for growth; NEl, net energy for lactation; NEp, net energy
required for pregnancy; REM, ratio of net energy available in a diet for maintenance to digestible energy consumed;
REG, ratio of net energy available for growth in a diet to digestible energy consumed; GEI, gross energy intake;
DE, digestible energy; CH4, methane; EF, emission factor.

Table 3. Comparison of enteric CH4 emission factors generated from this study with emission factors
from previous IPCC emission factor estimation approaches.

Approach
Enteric CH4 EF (kg CH4/Head/Year)

<1 Year 1–2 Years >2 Years

IPCC [22], Tier 1 - - 118
IPCC [7], Tier 1 - - 128
IPCC [6], Tier 1 - - 138
IPCC [6], Tier 2 33 83 139

EF, emission factor; CH4, methane; IPCC, Intergovernmental Panel on Climate Change.

The enteric CH4 EF for the milking cows subcategory calculated in this study was
lower than those of countries with heavier and higher-yielding cows, such as the USA,
Israel, Denmark, and Sweden, where the average enteric CH4 EFs were 146, 150, 161,
and 141.6, respectively [23–25]. The differences in dairy cow enteric CH4 EFs were re-
lated mainly to the differences in input data, such as milk productivity, feed quality, and
CH4 conversion rate. By contrast, the enteric CH4 EF for milking cows generated in
this study was higher than other reported values for highly productive milking cows in
countries such as Japan and Saudi Arabia, where the enteric CH4 EFs were 131.5 and
124.8 kg CH4/head/year, respectively [26,27].

3.2. Effect of Input Data on Enteric Methane Emission Factors

To investigate the importance of using accurate input parameter values in the Tier 2
enteric EFs, we used the random forest procedure [16] available in SAS v9.4. The results
(Figure 3) showed that DE (%), milk production, and Ym (%) were the most important
parameters that affected and determined the CH4 EFs from enteric fermentation in dairy
cattle. For example, applying a higher DE (%) and milk production resulted in a decrease
of enteric CH4 EFs.

Several studies have reported that activity data used for the calculation of the enteric
CH4 EFs such as DE (%), Ym (%), and milk production could vary across animals, breeds,
and feeding and production systems [5,26–28]. Parra and Mora-Delgado [29] reported
that the enteric CH4 EF from dairy cattle in Colombia is largely influenced by animal
performance and management system characteristics, especially dietary composition. In
the same context, Ibidhi and Calsamiglia [28] reported that increasing the productivity of
milking cows is an effective strategy to mitigate GHG emissions, especially enteric CH4
emissions, which may allow for a reduction in animal numbers while providing the same
edible product output at a reduced level of GHG emissions. Parra and Mora-Delgado [29]
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reported that an increase of ~1500 L/cow/year would reduce the enteric CH4 emissions
of milk by 6.4%. In addition, improving the DE (%) by providing high-quality feed to
dairy cattle to raise milk productivity per cow will dilute the CH4 costs associated with
maintenance energy requirements [5]. Feed supply provides substrates for microbial
fermentation, and differences in feed digestibility and chemical composition affect the
amount of energy, patterns of volatile fatty acids, and CH4 generated [5].
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3.3. Mapping the Methane Flux from Enteric Fermentation

The spatial allocation of enteric fermentation CH4 fluxes using the IPCC Tier 2 method-
ology and dairy cattle population of 2019/2020 across South Korean districts is presented in
Figure 4. The contribution of dairy cattle at the district level to the total national CH4 emis-
sions varied considerably. More than 45% of cattle were concentrated in the Gyeonggi-do
and Chungcheongnam-do districts, and therefore the maximum CH4 emissions occurred
in those districts. Other districts had lower CH4 emissions due to their lower cattle popu-
lation. Therefore, strategies to reduce CH4 from enteric fermentation should be adopted,
especially in districts with a high emission intensity.

3.4. Implications of the Development of Enteric Methane Emission Factors

The ROK ratified the United Nations Framework Convention on Climate Change
(UNFCCC) in September 2002 and made a commitment to become carbon neutral by
2050. The UNFCCC requires involves parties to the convention to develop, publish,
and regularly update their national GHG emissions inventories from different sectors
including agricultural and livestock production. In the fourth biennial update report of
GHG emissions submitted to the UNFCCC in 2019, the ROK reported their enteric CH4
emissions from dairy cattle using the default EF from the IPCC [22] (118 kg CH4/head),
which was applied to all dairy cattle subcategories. The annual total enteric CH4 emissions
from dairy cattle was 1,204,000 tons CO2-eq. Using our suggested values of 139, 88,
and 33 kg CH4 for milking cows (>2 years), heifers (1–2 years), and growing animals
(<1 year), respectively, which are based on specific data from the South Korean dairy cattle
production system, the enteric CH4 emissions were assumed to average 1,107,000 tons CO2-
eq. Moreover, the use of the Tier 1 approach overestimated the enteric CH4 emissions from
dairy cattle by 8%. Therefore, it is strongly recommended that the Tier 2 EF values generated
in the current study are adopted in the next national GHG inventory communication to
the UNFCCC. Finally, the findings of this study strengthen the accuracy of the estimation
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of GHG emissions from the South Korean dairy industry and provide policy-makers
with a global overview of the contribution of this sector to global warming, which could
help to develop mitigation strategies at the national level. Specific research-based CH4
EFs are required to define a specific Ym (%) value for each feeding system in the dairy
production system. In addition, the national livestock statistics and feed quality data
should be improved, which would enhance the quality and the availability of activity data
used as inputs in the Tier 2 approach. These improvements could include the use of more
subcategories in national statistics, such as dry cows, pregnant heifers, and female calves,
and build a DE (%) database specific to each feed ingredient.
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3.5. Emission Factor Uncertainty

Generating EFs using the Tier 2 methodology may be limited by the availability and
quality of data and carries a certain level of uncertainty [30]. The IPCC recommends that
an uncertainty analysis should be conducted at the 95% confidence interval for establishing
GHG inventories and the EFs of livestock production. There are many uncertainties in
the enteric CH4 generated from the Tier 1 approach compared to values generated from
the Tier 2 approach because the results are based on default values [6]. Penman et al. [31]
reported that EFs calculated using the Tier 1 approach might be as uncertain as ±50%.
The uncertainty using the Tier 2 approach was dependent on the accuracy of input data
required to calculate enteric CH4 EFs such as livestock characterization, milk production,
and the feeding system. The present study was subject to limitations such as gaps in the BW
and ADG data in each subcategory, in addition to the determination of the DE (%) of feed.
These data gaps contribute to the uncertainty in estimated EFs. Therefore, an uncertainty
analysis of the CH4 EFs from enteric fermentation is difficult to be implemented because of
the limited data availability, with much of the input data represented by single values, and
a lack of available expert judgment. Studies to evaluate the enteric CH4 EF uncertainties
are needed in the future.

4. Conclusions

Country-specific CH4 EFs for the enteric fermentation of dairy cattle were developed
using the 2019 IPCC Tier 2 approach, and the carbon flux from CH4 emission variations
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across districts was determined for the ROK. The EFs of the three main subcategories,
animals aged > 2 years, animals aged 1–2 years, and growing animals aged < 1 year,
were 139, 83, and 33 kg CH4/head/year, respectively. The IPCC Tier 2 methodology is
recommended instead of IPCC Tier 1 in estimating the CH4 EF for enteric fermentation
of dairy cattle because it can cover specific EFs for different dairy cattle subcategories
(milking cows, heifers, and growing animals), which can increase the accuracy of the GHG
inventory. In this essence, improving activity data compilation is a key factor for producing
more accurate country-specific emission factors. The outputs of this study will be useful
for the preparation of future national GHG inventories. Specific CH4 EFs by region and
feeding system considering different Ym (%) values are needed to improve the accuracy of
the EFs.
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Abstract: The levels of production diseases (PD) and the cow replacement rate are high in dairy
farming. They indicate excessive production demands on the cow and a poor state of animal welfare.
This is the subject of increasing public debate. The purpose of this study was to assess the effect of
production diseases on the economic sustainability of dairy farms. The contributions of individual
culled cows to the farm’s economic performance were calculated, based on milk recording and
accounting data from 32 farms in Germany. Cows were identified as ‘profit cows’ when they reached
their individual ‘break-even point’. Data from milk recordings (yield and indicators for PD) were
used to cluster farms by means of a principal component and a cluster analysis. The analysis revealed
five clusters of farms. The average proportion of profit cows was 57.5%, 55.6%, 44.1%, 29.4% and
19.5%. Clusters characterized by a high proportion of cows with metabolic problems and high culling
and mortality rates had lower proportions of profit cows, somewhat irrespective of the average
milk-yield per cow. Changing the perception of PD from considering it as collateral damage to a
threat to the farms’ economic viability might foster change processes to reduce production diseases.

Keywords: profit cows; economic sustainability; knowledge transfer; production disease; production
disease economics

1. Introduction
1.1. Production Diseases Affect Animal Welfare and Economic Viability

Animal health and welfare is the subject of increasing importance in social discourse
in western European societies and an important feature in the consideration of the external
social sustainability of dairy farming [1–3]. It is closely linked to the concept of “one-health”
and ultimately to the question of acceptance of intensive livestock production by citizens
and consumers [4,5]. The short lifespan of dairy cows and the level of production diseases
are a starting point for consumers’ and scientists’ criticism of modern dairy systems [6–8].

Production diseases reflect production induced stressors and indicate an overstressing
of the ability of animals to adapt and cope with suboptimal living conditions. They cause
pain, suffering and injury and indicate poor animal welfare [9,10]. Lameness, metabolic
disorders, or mammary and uterine infection are not related to a single cause but are
affected by multiple factors. In this context, farm management plays a pivotal role in
guarding against production diseases [11,12]. At the same time, production diseases have
a substantial impact on the economic performance of the farm due to a reduced milk yield
and an increase in involuntary culling [2,13,14]. Additionally, antimicrobials and other
pharmaceutical substances are used to mitigate economic losses reinforcing concerns about
antimicrobial resistance and residues [15]. An important and often underestimated cost
due to diseases is the cost of culling. The term culling is used in different ways in the
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literature [16]. Referring to the definition used in Germany, the term culling here includes
on-farm death of cows and all sales for slaughter. Sales for breeding purposes are excluded.
Voluntary and involuntary culling needs to be regarded as distinctively different. Voluntary
culling occurs when the farmer decides to replace a cow for reasons other than disease
or injury. This may be economically desirable when a cow has exceeded the peak of her
milk production which is usually after her fifth parity [17]. However, few cows reach
this age. According to Hare et al. [18], the average number of completed lactations for
cows leaving the herd in the USA is three with a trend towards a shorter productive life.
Vries and Marcondes [17] refer to an average productive life of 2.5 to 4 years in developed
countries and of less than 3 years in the USA. Dairy cows have an average productive life
of 3 lactations and are on average 5.4 years old when culled in Germany [19]. About 35%
of the dairy herd is replaced each year in Germany [20]. Overton and Dhuyvetter [21]
reported an average herd turnover due to mortality and culling for 50 US dairy herds
of 39%, ranging from 25 to 51%. If 50% of calves are female, even raising every single
female calf as a replacement heifer for a culled cow would not be enough to keep the herd
size stable where the replacement rate exceeds one third [21]. Only the use of sex-sorted
semen resulting in more female calves or purchasing heifers can close the gap. Raising
heifers requires substantial resources in feed, labor, and housing. Increased culling rates
require substantially greater numbers of heifers to be raised and in consequence a higher
consumption of resources in order to provide enough replacements [22,23].

1.2. Insufficient Knowledge Transfer Regarding Animal Health

From the perspective of animal science, huge efforts have been made in order to
gain knowledge on factors affecting the health of dairy cows. Several research projects
investigated production diseases from different perspectives such as animal nutrition
and metabolism [9,24,25], economics [15,26], veterinary science [27–29] and breeding and
genetics [30–32] in addition to fundamental approaches [33]. Further research in the field of
social science [34–36], veterinary advice [37–39] and agricultural extension and knowledge
exchange [40–42] focused on barriers to the implementation of new knowledge aiming to
reduce the prevalence of production diseases and discussed ethical perspectives [7,43,44].
Some studies explicitly addressed the systemic nature of animal health in the farming
context [45] and followed a transdisciplinary and participatory research design involving
expertise from different disciplines as well as stakeholders’ knowledge [46,47].

Despite the vast amount of knowledge on hygiene, nutrition, milking technology etc.
that is accessible in the literature and has been disseminated [33], the levels of (subclinical)
production diseases remain high in modern dairy farms [48–51]. The cause(s) for the
perceived “know-do” gap, i.e., the gap between what is known and what is done [52] are
numerous. The linear model of knowledge transfer is often criticised for not being able to
adequately deal with complex real-world situations [53–55]. A lack of success in transfer-
ring knowledge was disclosed in other domains where the impact of new knowledge was
intended to have an effect in practice [56,57]. The complexity of the interactions between
biological (animal) and social systems (farm) hampers the implementation of knowledge to
reduce the level of production diseases in livestock farming [47,58]. In agriculture the com-
plex nature of animal health, the significance of the (farm) context and the socio-economic
environment is seldom accounted for [59].

1.3. Complexity in Dairy Farming

Although the concept of different systemic levels in dairy farming such as biological
(cows) and socio-economic (farm) systems is commonly accepted (Figure 1), it is rarely
accounted for in research and extension, where increases in performance are preferred to
improvements in sustainability [59].
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Accounting for the systemic nature of dairy farming is at the core of this study.
At the level of the farm as well as at the level of the individual animal, the aim is self-
preservation [9,60]. At the same time, the sub- and superordinate levels are mutually
supporting and dependent. The enterprise revenue from marketable products depends
largely on the amount of milk produced as the aggregated output of the individual cows.
Each cow represents a single biological system with several functional regulatory circuits
(e.g., metabolism and behaviour) that aim to sustain the system [61–63], thereby relying on
sub-systems such as organs or the immune system and at the same time on superordinate
levels of the group and the farm (social system, resources). Lactating cows are challenged
by an increasing energy demand due to the onset of milk production. Cows adjust to
this demand through massive changes in their metabolism, prioritising energy (glucose)
flow to the udder and mobilizing body reserves from fat and tissue [64,65]. Consequently,
many cows suffer from production diseases such as ketosis, uterine and udder infections
in early lactation [64,66,67]. However, cows vary considerably in their metabolism and
related factors such as milk yield, feed intake and loss of body weight [68,69]. For practical
reasons cows are treated as a group of animals when it comes to housing and feeding [70].
Consequently, feeding strategies are generally targeted to the average energy need of cows
in a group or herd, rather than the specific needs of single individuals which vary from the
groups average [71].

The detection of production diseases depends on signals given by the biological
systems of the cows and on a receiver that is sensitive to these signals and able to decide
and act on these information (which depends on subjective personal knowledge, attitudes
and the availability of resources) [72,73]. Some signals can be found in the milk which is
tested regularly for specific constituents. Data on yield and content of fat, protein and from
somatic cell counts amongst others provides information on the cows’ health [74,75].

Consideration of the dairy herd usually relates to all the dairy cows currently living in
the herd (e.g., for calculating energy requirements to adjust feed). However, the reduced
lifespan of dairy cows with about 35% of a dairy herd replaced each year in Germany [20]
means that information on productivity for a specific time frame (e.g., a year) includes a
significant proportion of data from cows that have died. These cows form the “dead herd”
of a farm. From an animal welfare perspective these mainly involuntarily culled cows
failed to cope with their environmental conditions [10]. From an economic perspective, the
“dead herd” must be paid for by rearing heifers. Although genetic opportunity costs must
be considered, the costs associated with high rates of herd turnover are a major barrier to
economic success [23].
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The farm is an important unit and level when it comes to changing environmental
conditions for the dairy herd to allow more animals to sustain. At the same time, efforts
related to such changes have to be justified in terms of the farms’ economic sustainability.
Financial analysis for taxation is based on the farm level, whereas the efficiency of each
enterprise within a farm may be calculated for management and controlling reasons by
allocating the financial surplus and costs to each enterprise. At the individual enterprise
level, the accounting of costs and revenues is based on accumulated and averaged figures
such as the total milk yield in a year and the average milk produced per cow and year. The
regulatory environment and the market for products are shaped by society and politics
and affected by social perceptions on the sociocultural sustainability of dairy farming [76].

1.4. Challenges in Evaluating the Contribution of Individual Cows to the Economic Sustainability
of a Farm

Management efforts quite often focus on ways to improve or ensure a high milk
average yield per cow per lactation or year. It is often used as an indicator or even an
objective in farm management, extension and for ranking/comparing farms. However, the
costs and revenues of a dairy enterprise on a farm with other enterprises cannot easily be
allocated to individual animals by simple division. Subject to individual factors such as
the age at first calving, milk yield, days in the herd, and diseases, the contribution of an
individual cow to the dairy enterprise’s total result show substantial variation. The costs
of diseases include the expenditures for diagnosis and treatment which show up in the
financial data at herd level. In addition, production diseases are associated with reduced
milk yield (e.g., due to changes in the milk glandular tissue subsequent to a mastitis),
milk discarded several days after treatments to avoid drug residues and reduced life
expectancy of cows due to on-farm mortality and involuntary culling and the subsequent
greater need for replacement heifers. These costs are summarized in the term ‘failure
costs’ [15,77]. These costs vary between the cows.

From the economic point of view, individual cows can only contribute positively to
the financial performance of the farm system when they are able to reach beyond their
individual “break-even point”. That is, when the revenues for milk and slaughter value
exceed the costs for raising the heifer, the full costs for feed and keep and the proportional
share of the fix costs of the farm. Those cows are referred to as “profit cows” from here on
in this article. A recent study developed approaches the farm level and the individual cow
simultaneously by addressing the need to sustain performance at both levels. The core of
the concept is the assignment of revenues and costs to the individual animal [78,79].

A survey of 32 milk producing farms in Germany revealed that a considerable share
(about 60%) of culled dairy cows had not reached their break-even point [78]. The propor-
tion of profit cows in the herd (i.e., culled cows which generated more revenue than costs
during lifetime) varied between farms (0–74.1%).

Taking the proportion of profit cows as an indicator for economic sustainability, the fol-
lowing assessment examined the effects of production diseases on the farms’ economic
sustainability. Aiming to account for varying contextual conditions in different farm
situations, we aimed to develop a typology of farms, which would generate roughly ho-
mogenous groups of farms regarding patterns of milk production and production diseases
based on information from milk recording data. This would group farms according to
their emerging output regarding yield and production diseases rather than certain input
factors such as farm size, production- or milking system. Furthermore, the typology raises
the question if the proportion of profit cows was different between groups and which
consequences could be drawn for the farm management.
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2. Materials and Methods
2.1. Farms and Animals

Milk recording and economic data were collected over the whole financial year from
each of 32 dairy farms in Germany between May 2017 and July 2018. Farms were selected
as a convenience sample to cover different farm structures and sizes (Table 1).

Table 1. Structure of farms included in the study (n = 32).

Class Farm Size a Herd Size b Milk Yield c Organic Farms d

n mean min–max mean min–max mean min–max number
<195 cows 11 138 60–290 138 95–183 8030 5557–10,647 4

195–800 cows 10 1103 130–2346 453 239–792 9428 7581–12,739 1
>800 cows 11 2225 750–5000 1327 862–2198 8551 7171–10,793 0

a arable land (ha). b number of cows after first calving (lactating and dry). c kg/305 days in milk. d Council Regulation (EC) No
834/2007 [80].

Included were five organic dairy farms. All farms used the herd management program
HERDE® (dsp agrosoft, Ketzin, Germany) and were located in different regions in Germany.
Holstein Friesian cows were the predominant breed (28 farms). Simmental and Brown
Swiss were also kept (2 farms each). All farms kept their cows in loose pens, nine farms
offered grazing for lactating cows. Total mixed rations were used in 21 farms and 11 farms
followed other feeding regimes such as feeding additional concentrate. Automated milking
systems were used in four farms (two farms < 195 cows, two farms 195–800 cows).

2.2. Database and Calculation of Cow Data

Information at the cow level was documented in the herd management software and
included: (1) lifecycle data of each cow, including birth date, first calving, age at first
calving, last calving, culling date and reasons, lactation number (Lact) and days in milk
(DIM). For cows culled during the observation period, DIMLL refers to the day of death
in their last lactation. (2) milk yield records of the observation period as well as yield
data from previous lactations. Milk recording data from monthly or bimonthly milking
records of the period monitored (31 and 1 farm/s respectively) included information on
somatic cell count (SCC), fat and protein for each test day. Based on these data, common
indices were calculated for each cow: total and daily milk yield during lifetime (MYL kg
resp. kg/day), total and daily milk yield in productive live (MYPL kg resp. kg/day), 305-d
milk yield; and average daily milk yield during last/culling lactation (MYLL; kg/day).
Milk yield was calculated using the test-day-records based on the German ADR system
according to the “Test Interval method” described in the ICAR Guidelines [81]. Overall,
data on 20,644 cows were available. Of these 4962 (24%) were cows culled during the
observation periods.

Information from cow individual milk recording data were aggregated at farm level
to categorise individual cows in relation to certain thresholds reached at least once in one
lactation that ended or began in the year of observation. These thresholds related to milk
fat and protein (fat > 5%, protein < 3%, fat-protein ratio (FPR) > 1.5, fat-protein ratio at the
first test day after calving (FPR_1) >1.5) and SCC (>100,000 cells/mL, three consecutive
test days >700,000 cells/mL). The cure rate was calculated from cows with a SCC of more
than 100,000 cells/mL) before drying off and less than 100,000 cells/mL at the first test day
after calving. Variables were calculated separately for culled and retained cows; the latter
were those cows that were living in the herd by the end of the observation period.

2.3. Calculation of Costs

Data at the farm level included information on the herd size. Based on the sum of
the days individual cows were present in the herd during the observation period, cow-
years were calculated by dividing the total sum from all cows by 365 days (observation
period). Days present was based on test-day milk record information and calving dates.
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Data relevant to farm economic performance were collected from financial accounting
data. Farm-specific enterprise accounts were developed, following a widely used farm
business budget approach of enterprises [82] that summarizes revenues from milk and
slaughter as well as feed and other production costs. Factor costs for labour and capital
were included. Full costs and revenues of the observation period were used to calculate the
average farm-specific milk price (cent/kg), farm-specific slaughter value (EUR per cow),
farm-specific average rearing costs (EUR per heifer), average farm-specific production
costs without costs of rearing dairy heifers (EUR per day). Production costs were divided
into feed costs (EUR per day) and other farm-specific production costs to calculate cow
individual production costs, accounting for varying feed costs according to differences in
milk yield. Individual cow profit (EUR) was calculated as the difference between individual
revenues (from milk and slaughter) and individual costs (rearing costs and production
costs per day). For more details see Habel et al. [78].

2.4. Typification of Farming Systems

Farms were selected to cover a variety of farming systems in Germany. The farm
level is relevant for providing the specific conditions under which cows show certain
indicators of production diseases. To establish a typology of farms we applied a factor
and cluster analysis following the procedure of six stages described by Köbrich et al. [83]:
(1) determination of the specific theoretical framework for typification, (2) selection of
variables, (3) collection of data, (4) factor analysis, (5) cluster analyses and (6) validation.

(1) In the first step we decided to use information from milk recording data on yield
and specific constituents, since these data are not subjectively biased and are available for
individual cows. (2) Daily milk yield during lifetime (MYL), daily milk yield in productive
live (MYPL) and the average daily milk yield during last lactation (MYLL) were selected to
cover aspects of yield and include effects from age of first calving and differences in the
lengths of dry periods. Variables with information on a fat to protein ratio of more than
1.5 in the first test day after calving and in the first 100 days of lactation (FPR_1 > 1.5%;
FPR > 1.5%) and a fat content of more than 5% in the first 100 days of lactation were
selected to represent indications of metabolic problems [84,85]. Data from test days with a
somatic cell count exceeding 100,000 cells/mL milk (SCC > 100,000), on SCC exceeding
700,000 cells/mL on more than three test days (SCC 3 x > 700,000), and information on
the cure rate were selected to represent information on udder ill-health [20,86]. With the
exception of cure rate, variables included in the analysis referred to the culled cows. Cure
rate refers to all cows in the herd. This was due to the small number of cows in some farms
which prevented the calculation of cure rate for the culled cows separately. (3) data were
collected as described in Section 2.2. (4) We applied a principal component analysis (PCA)
with varimax rotation to extract the most important independent factors from test-day milk
records. Kaiser-Meyer-Olkin (KMO) measure of sampling adequacy and Bartlett’s test of
sphericity were used to assess the suitability of data. Only factors with eigenvalues ≥1
were considered [87–89]. Since the sample size of 32 farms was small, the communalities
of variables, the number of factors, and the simplicity of the structure were taken into
account to justify the application of multivariate statistics [90]. (5) Factors were used in a
hierarchical cluster analysis using Ward’s method [91] aiming for groups of farms with high
internal homogeneity and maximum heterogeneity between groups [83]. Starting from
individual cases with this method in each step those clusters are merged, which result in the
smallest increase of total variance in the new cluster. The method aims to reduce the loss of
homogeneity when combining clusters and leads in consequence to homogenous groups.
(6) A comparison of means with ANOVA was used to further examine the identified
clusters and their interrelation with the proportion of profit cows and other characteristics
of the whole herd (culled and living). p-values below 0.05 were set as an indication of
statistical significance. Statistical calculations were performed using IBM® SPSS® Statistics.
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3. Results

The Kaiser–Meyer–Olkin measure of sampling adequacy was 0.616, representing a
medium sampling adequacy, and Bartlett’s test of Sphericity was significant (p < 0.001),
indicating that correlations between variables were sufficiently large for performing a
PCA [87,88]. The principal component analysis yielded three factors with eigenvalues,
exceeding 1 which accounted for 78.4% of the total variance. (Table 2).

Table 2. Communalities and Factor loadings, resulting from a principal component analysis on milk
recording variables, KMO = 0.616.

Rotated Component Matrix

Communalities
(Extraction)

Component

“Milk Yield” “Metabolism” “Udder Ill-Health”

MYPL
CC (kg/day) 0.880 0.936 −0.049 0.029

MYL
CC (kg/day) 0.879 0.920 0.006 0.183

MYLL
CC (kg/day) 0.835 0.902 −0.003 −0.144

FPR > 1.5% CC (%) 1 0.906 0.003 0.952 0.032
FPR_1 > 1.5% CC (%) 1 0.884 0.069 0.933 0.092

Fat > 5% CC (%) 1 0.733 −0.120 0.846 −0.045
SCC > 100,000 CC (%) 1 0.680 0.079 −0.151 0.807

SCC 3 x > 700,000 CC (%) 1 0.682 0.187 0.102 0.798
Cure rate AC (%) 2 0.579 0.330 −0.150 −0.669

% of the total variance explained 30.8 28.0 19.6
Extraction method: Principal component analysis. Rotation method: Varimax with Kaiser Normalization. Rotation
converged in 4 iterations. CC = culled cows; AC = all cows, culled and persistent; MYL = daily milk yield during
lifetime; MYPL = daily milk yield in productive live; MYLL = average daily milk yield during last lactation;
FPR = fat to protein ratio in the first 100 days of lactation; FPR_1 = fat to protein ratio in the first test day after
calving; SCC = somatic cell count. 1 Proportion of cows that exceeded the threshold in the first 100 days of the
lactation on at least one test day. 2 Proportion of cows with SCC < 100,000 cells/mL at the first test day from cows
with SCC > 100,000 cells/mL at the last test day before dry-off. Highest loadings for each variable are in bold.

The first component of aggregated variables describing the average daily performance
level based on (1) the milk yield per day of living (MYL), (2) the milk yield per day
of milking (MYPL) and (3) their average daily milk yield during last/culling lactation
(MYLL), calculated as the milk yield in their last lactation (kg). The second component
covered aspects of metabolism, combining information on the percentage of cows showing
(1) a FPR above the threshold of 1.5 during the monitoring period (FPR) and (2) in the
first test day after calving (FPR_1)) and (3) milk fat above 5% (Fat > 5%). The third
component aggregated information on udder ill-health, represented by variables on (1) SCC
> 700,000/mL milk in three consecutive test days, (2) the cure rate and (3) the percentage of
cows with a SCC above 100,000 at one test day in their last lactation.

Based on the three components, the hierarchical cluster analysis identified five clusters
represented in the dendrogram in Figure 2.

Table 3 shows the final cluster centres representing the average value of components in
each cluster, based on variable values estimated in the PCA for each case (farm). The factor
milk-yield was dominant in defining Cluster 3 (highest absolute value within the cluster);
the factor metabolism had a major influence on defining Cluster 1, and Cluster 5, while the
factor udder ill-health was most important to define Cluster 2 and Cluster 4.
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Figure 2. Dendrogram (using Ward linkage) for 32 dairy farms (named TW01–TW38; 6 farms missing)
with five clusters.

Table 3. The contribution of the three classification factors to the five cluster centres.

Cluster

1 2 3 4 5

Number of farms 6 4 8 9 5

Milk-yield 0.444 −0.951 1.206 −0.513 −0.777

Metabolism −0.973 −1.140 0.412 0.043 1.343

Udder ill-health −0.622 1.632 0.541 −0.919 0.230

Clusters were compared with respect to the proportion of profit cows and other
attributes (Table 4). Profit cows accounted for 57.5% of culled cows on six farms in Cluster
1. These farms were characterized by the second-highest value for the factors milk yield
and metabolism (referring to a small proportion of cows with an indication of metabolic
diseases in their test-day results) and the second lowest values for the factor udder ill-health
(i.e., high cure rates and few cows with high cell counts) compared to the other clusters
(Table 3). Accordingly, the cluster can be described as high performer with good health status.
The six farms in this cluster realized high 305-day milk yield in the whole herd (culled
and living, 9248 kg) and had a low percentage of cows with an FEQ higher than 1.5 in the
first test day in a lactation or test day results showing a fat content > 5%, indicating few
cows with metabolic problems. Furthermore, the cure rate in this cluster was the highest
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(68.7%). Farms in this cluster had the second highest production costs per day (EUR 9.23)
but on average realized a quite high milk price compared to the other clusters (n.s.) and the
highest slaughter value (n.s.). One farm in this cluster was an organic farm with a higher
milk price than non-organic farms. In this cluster the average culling rate was 29% in this
cluster which was slightly lower than the average culling rate of all farms (29.5%).

The second highest proportion of profit cows (55.6%) was detected in farms of Cluster
2. The four farms of Cluster 2 were characterized by the lowest values for the factors
milk yield and metabolism and the highest value for the factor udder ill-health (Table 3).
The cluster can be described as low performer with impaired udder health. This low performing
cluster had the largest proportion of cows with increased SCC and the lowest cure rate.
On average these farms had the highest average cow age of all clusters (n.s.). The age at
first calving (28.5 month) and the last calving interval (426 days) was highest in this cluster.
The highest milk price of all clusters (45 c/kg) and combined with the lowest production
costs per day (EUR 8.00) contributed to a positive effect on the economic performance. Two
farms in this cluster were organic farms with a higher milk price, but also both non-organic
farms realized relatively high milk prices (39.2c, 42.0c) above the average milk price for
non-organic milk (36.9c). This cluster had the lowest culling rate (27.2%). The cows left the
herd later in lactation (DIMLL 258) than in other clusters. Farms in this cluster tended to
be smaller.

Cluster 3 ranked at the third position with 44% of profit cows on average, however
showing a quite large variation. Cluster 4 aggregated eight farms with the highest value for
milk yield and at the same time the second highest values for the factors of udder ill-health
and metabolism, indicating higher proportions of cows with impaired udder health and
metabolism (Table 3). Accordingly, the cluster is described as high performer with impaired
health status. This cluster includes the highest performing farms (average 305-d milk yield
10,138 kg/cow/year) and with the lowest age at first calving (25.7 month). The highest
production costs per day per cow (EUR 10.20) and the lowest milk price (no organic farm
in this cluster) were unfavourable conditions regarding the economic success as well as the
effect of the second highest on-farm mortality (6.3%, n.s.). Farms in this cluster managed a
low rate of culling of primiparous cows (4.4%).

In the biggest cluster (Cluster 4) with nine farms, less than a third of all culled cows
were profit cows (29.4%). This cluster was characterized by the lowest values for the factor
udder ill-health (indicating few cows with an indication of impaired udder health in their
test-day results) in all clusters. The value for the factor milk yield was below average,
while the factor metabolism was at a medium level compared to the other clusters. This
cluster is described as average performer with good udder health. At a medium level of milking
performance these farms showed the best results on SCC indicators, and the second highest
cure rate (62.3%). With 3.05 lactations culled cows were the youngest in all clusters (n.s.)
and they left the herd early in the lactation (DIMLL 178). This corresponded with the
highest culling rate (32%, n.s.), especially for primiparous cows (8.4%). In this cluster,
the milk price was at the lowest level for the eight non-organic farms (36.1c). In addition,
this group realized the lowest slaughter value (n.s.). With quite some variation, the biggest
farms were in this cluster.

In the five farms of Cluster 5 only 19.5% of culled cows were profit cows. The farms
were characterized by the highest values for the factor metabolism and second lowest
values for milk yield (Table 3). This cluster is described as poor performer with metabolic
problems. At a low performance level farms in this cluster had the highest proportion
(35.4%) of cows showing a fat content of more than 5% in at least one test day result.
At the same time, the calving interval (414 days) was above average (404 days) and the
second highest in the five clusters. Farms in this cluster had the second highest culling rate
(30.9%) and the highest on farm mortality (7.3%), and a high rate of culling of primiparous
cows (7.5%).

In summary, farms with a high proportion of profit cows were found in Cluster 1 and
Cluster 2 with either high (Cluster 1) or low (Cluster 2) performance levels. The above
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average milk price plays an important role for farms to realize a larger proportion of profit
cows, especially at a low performance level. This differentiated Cluster 2 from Cluster 5.
Metabolic problems were low in Cluster 1 and Cluster 2 in contrast to 4 and 5 which were
at a high- and low performance level, respectively.

Smaller proportions of profit cows were found in the clusters with the highest culling
rate (Cluster 4 and Cluster 5) and high rates of on-farm mortality (Cluster 3 and Cluster 5).
Very high milk performance levels were not associated with the highest proportions of profit
cows where production costs were high and the milk price low (Cluster 3). Furthermore,
death or culling early in the lactation and culling of quite young cows countered higher
proportions of profit cows, even with lower production costs (Cluster 4). A very low share
of profit cows was associated with high proportions of cows with metabolic disorders as
observed from in test day milk results, especially when this was accompanied by a low
performance level, even with production costs at a medium level (Cluster 5).

A large share of profit cows was incompatible with high incidences of metabolic
problems, a low milk price and/or high culling and mortality rates.

Table 4. The number of farms and the averages ± standards deviation of a range of characteristics of dairy farming systems
identified by cluster analysis.

Cluster
Eta2 p 1 2 3 4 5 Total

Number of farms 6 4 8 9 5 32
Profit cows CC (%) 0.442 0.003 57.5 ±11.9 55.6 ±10.6 44.1 ±20.9 29.4 ±17.5 19.5 ±16.7 40.1 ±21.0

Cow years AC 0.193 0.198 434 ±394 111 ±55 486 ±276 745 ±658 398 ±275 488 ±451
305-d milk yield AC (kg) 0.435 0.003 9248 ±1128 7580 ±786 10,138 ±1696 7822 ±1126 7876 ±1130 8646 ±1578

Milk price (ct) 0.243 0.099 0.40 1 ±0.07 0.45 2 ±0.05 0.37 ±0.02 0.37 3 ±0.04 0.39 4 ±0.06 0.39 ±0.05
slaughter value (€) 0.123 0.452 732 ±121 766 ±107 680 ±166 636 ±129 703 ±34 692 ±127

production costs/day € 0.367 0.012 9.23 ±0.83 8.00 ±1.22 10.20 ±1.37 8.74 ±0.76 9.06 ±0.57 9.15 ±1.17
FPR > 1.5, 1st test day AC (%) 0.400 0.007 9.8 ±3.0 8.5 ±3.4 17.6 ±5.8 15.4 ±4.8 16.5 ±4.5 14.2 ±5.6

FPR > 1.5 AC (%) 0.236 0.110 15.8 ±6.0 22.7 ±12.9 29.1 ±11.9 27.1 ±7.5 29.8 ±11.6 25.4 ±10.6
Fat > 5% AC (%) 0.429 0.003 18.4 ±6.8 24.4 ±4.3 30.9 ±9.9 32.3 ±4.1 35.4 ±9.2 28.8 ±9.0

SCC > 100,000 AC (%) 0.538 0.000 61.1 ±8.2 80.1 ±3.4 69.2 ±8.5 58.2 ±5.3 67.2 ±7.8 65.6 ±9.7
SCC 3 x > 700,000 AC (%) 0.553 0.000 3.7 ±1.6 9.4 ±4.0 6.7 ±1.9 3.1 ±1.8 5.8 ±1.0 5.3 ±2.9

Cure rate AC (%) 0.462 0.002 68.7 ±4.6 46.7 ±10.4 58.8 ±9.8 62.3 ±4.6 57.5 ±6.8 59.9 ±9.3
Age at first calving AC 0.369 0.012 26.2 ±1.2 28.5 ±1.8 25.7 ±0.7 26.0 ±1.6 27.0 ±1.0 26.4 ±1.5

Calving interval AC 0.423 0.004 397 ±8 426 ±23 399 ±10 396 ±14 414 ±11 404 ±16
Culling rate (%) 0.076 0.697 29.0 ±6.6 27.2 ±4.3 27.8 ±6.6 31.8 ±7.3 30.9 ±7.7 29.5 ±6.6

Culling rate primiparous (%) 0.366 0.013 7.7 ±3.2 4.1 ±1.0 4.4 ±2.1 8.4 ±2.8 7.8 ±3.1 6.7 ±3.1
On farm mortality 0.099 0.573 5.1 ±2.6 5.2 ±3.6 6.3 ±3.5 4.8 ±2.9 7.3 ±1.4 5.7 ±2.9

Lact CC 0.200 0.181 3.3 ±0.5 3.9 ±0.6 3.4 ±0.3 3.1 ±0.5 3.5 ±0.9 3.4 ±0.6
DIMLL

CC 0.309 0.035 196 ±35 258 ±54 213 ±38 178 ±37 204 ±38 204 ±44

CC = culled cows; AC = all cows, culled and persistent; FPR = fat to protein ratio; SCC = somatic cell count; Lact = lactation number;
DIMLL = days in milk in the last/culling lactation 1 one organic farm (53.4c,), five non-organic farms (Ø37.7c). 2 two organic farms (Ø48.8c),
two non-organic farms (Ø40.6c). 3 one organic farm (48.5c), eight non-organic farms (Ø36.1c). 4 one organic farm (48.5c), four non-organic
farms (Ø36.1c).

4. Discussion
4.1. Test Day Results as Systemic Farm Output

Farms included in this study covered a wide range of farm types for example re-
garding their herd size, structure of the farm business (family farm/farm cooperative)
and production systems (conventional/organic). They provided their dairy cows with
conditions resulting in five different patterns of milk yield and proportions of cows show-
ing an indication on metabolic diseases and impaired udder health evident from milk
recording data.

The advantage of using milk records lies in the fact that they are recorded routinely
monthly for many dairy farms. They provide information on health traits [74,84,92]
while not being affected by subjective judgements as is the case for the documentation
of diagnoses and treatments. Test-day milk somatic cell count (SCC) is an established
indicator for udder infections [93–95]. Various thresholds to classify a cow with udder
infection are used worldwide. However, at a level of more than 100,000 cells/mL (SCC100)
an inflammation is the likely cause [96] and this level is established to distinguish cows
with healthy udder in Germany [20,86]. Even though more accurate blood tests are required
for diagnosis when assessing the metabolic health status of an individual cow, high milk
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fat and low milk protein percent as well as a fat-to-protein ratio above 1.5 are associated
with increasing risks of subclinical ketosis [84,85,97] and provide an information on the
metabolic status of the herd.

The proportion of cows showing at least one test day with an SCC100 in this investi-
gation was 65.6% and 25.4% of the cows had a fat-to-protein ratio above 1.5 in the early
lactation (first 100 days) (Table 4). According to the assessment scheme applied, a cow
was counted as a cow with SCC100 if at least one test-day result per lactation reached this
threshold. This cow and lactation-based assessment was chosen to capture long time effects
of cured inflammations e.g., on reduced milk yield in the ongoing lactation. However,
common assessments of udder health indicators focus on the cross-sectional analysis of the
herd or cow individual samples at one test day [20,96]. On a test day base, the proportion of
milk samples with an increased SCC100 in this study was 36.4% (result not shown). In other
studies from Germany, including samples from 2000 to 2008 the proportion was 38% [96]
with regional variation between 39.5 and 42.8% in a recent study involving 723 farms.
The proportion of cows with a fat-to-protein ratio above 1.5 in early lactation in the same
study ranged from 25.0 to 29.7% [20]. On a test day base rather than per cow per lactation
the proportion in our data was 23.6% (result not shown). The slightly better results in our
data might be affected by the selection of farms, which as a prerequisite had to use the herd
management software ‘HERDE’ by dsp-agrosoft to participate in the study. This could be
related to a higher management standard.

While milk recording data can only provide information on some disease complexes
and miss others such as lameness, they provide valuable information because they represent
an objective measurement of output variables measured on single cows in a herd.

Beside the factor milk yield, the PCA distinguished between factors representing
metabolic problems and udder health, which are however related to different management
areas at the farm level. Metabolic problems are strongly related to the adequate supply of
energy and feeding resources in relation to the milk yield at the cow level [24]. Somatic
cell counts (SCC) as a proxy for mastitis are related to various management practices,
mostly about milking hygiene, hygienic conditions in the housing, protecting the teats and
udder from adverse effects of the milking system and applying control measures as well as
effective treatments [75]. However, the effect of various measures was not consistent in
different studies, while herd managers attitude on SCC was detected as a meta-factor with
an effect on SCC [73,75]. This emphasizes the effect of farm specific conditions and the role
of the farmer, steering the system. The proportion of profit cows can function as a starting
point for a weak point analysis and the identification of effective measures to improve the
situation. It would provide orientation for setting strategic goals in the farm management
which serves economic and sociocultural sustainability of dairy farming [76].

4.2. Factor and Cluster Analysis for Farm Typology

A typology of farms aims at homogenous groups of farms out of a diverse range
of variables. Multivariate statistics can be used to build a typology of farms [83,98].
The number of farms involved in this study is quite low for the application of multivariate
statistics. A sample size of at least 50 cases and/or a specific number of cases per variable
is usually recommended [89]. However, according to several authors those propositions
were inconsistent and such recommendations on absolute values have gradually been
abandoned as misconceived [90,99,100]. Winter et al. [90] revealed that even small sample
sizes well below 50 could yield reliable solutions with exploratory factor analysis. For
situations with high communalities, few factors, a simple structure, and large number of
variables even sample sizes smaller than 10 were sufficient. Small sample sizes should
not ban the application of such analysis, since it might reveal valuable latent patterns [90].
In our analysis, the revealed three factors were well defined, with only weak interfactor
correlations well below 0.2 for all variables except for the correlation of cure rate with the
still low correlation of 0.3. Furthermore, the communality for all variables was above 0.5
with one variable above 0.9, four variables above 0.8 (Table 3). Furthermore, comparing
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the resulting farm typologies offers explanatory classifications regarding the varying
proportion of profit cows for which they were intended. According to Köbrich et al. [83]
this confirms the conceptual validity of the farm typology.

Farms in this study were selected to reflect the diversity of dairy farms in Germany,
thereby providing the variation needed for segmentation. Furthermore, the data involved
were objectively measured. Using these data to create homogenous groups does not alter
the information at the farm level. However, the typology classification should not be used
to predict results e.g., the proportion of profit cows for individual farms. It shows that for
farms of different type (regarding yield and production diseases) different management
goals should be implemented to align management strategies to increase or ensure a
sufficient proportion of profit cows.

4.3. Profitability at the Cow Level Linked to Production Diseases

As a parameter, the proportion of profit cows brings together economic and welfare
criteria at the farm level [79]. Whether a dairy cow reaches her break-even point is affected
by cow related factors of production (milk yield) and farm-level economic factors such as
the milk price and the farm specific costs for keeping dairy cows [78]. The role of diseases
is indirect since diseases affect milk yield, culling decisions, and production costs. At the
level of the individual animal, milk yield and early death (lower lactation number and
fewer days in milk) determine the economic result of the individual cow [78]. However,
from a management perspective the lactation number and especially early culling in the
lactation are often the consequence of health problems which are related to metabolic
problems, rooted in a negative energy balance in early lactation [24,101]. The results of the
cluster analysis indicate that a lower share of cows with indicated metabolic problems in
test day results is associated with the bigger share of profit cows in Clusters 1 and Cluster
2. Although milk price was quite high in these clusters (for both conventional and organic
production, the low rates of (involuntary) culling and the highest average day of lactation at
culling (DIMLL) might explain the higher share of profit cows in those clusters. The smaller
proportion of profit cows in Clusters 4 and Cluster 5 seemed to be related to medium
milk yield in combination with lower milk prices and an earlier average day of culling
(DIMLL). The latter had a significant effect on individual cow profit in some farms [78].
These clusters showed the highest culling rates, especially for primiparous cows. Farms in
Cluster 5 also had the highest on-farm mortality of cows. Accordingly, a high proportion
of profit cows cannot be achieved with a high rate of culling that reflects the number of
cows that ultimately fail to cope within the farming system [79,102]. In the systemic view
of dairy farming, the coherence between indicators of metabolic diseases and a lower share
of profit cows underlines the nested and interdependent system levels. The lack of energy
in early lactation is a major cause for several disease complexes linked to culling decisions.
Beside direct consequences of a negative energy balance on metabolic problems, it impacts
on reproductive performance and lameness [101,103]. Metabolic problems are a major
cause for culling decisions in early lactation [104,105], whereas failure to reproduce and
lameness are important culling reasons later in the lactation [106].

While metabolic diseases seemed to have an effect on the proportion of profit cows
which could be explained through the effect on early culling in the lactation, an impaired
udder health (Cluster 2 and Cluster 4) was not associated with a lower-than-average
proportion of profit cows. However, this might be affected by calculating the individual
cow profit from the total amount of milk produced (MYL) rather than the milk sold.
Information on discarded milk due to medical treatments (e.g., of udder infections) were
not regularly recorded for individual animals and therefore not available for this analysis.
At the farm level, however, about 6.4% (0.9–17.0%) of the milk recorded was not sold
(data not shown). More data on the discarding of milk from single animals might provide
more insight on possible effects of impaired udder health on the proportion of profit cows.
The very best results for indicators for udder health were found in Cluster 3 with a low
average of 32% of profit cows. It remains an open question whether the lowest proportion
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of cows with chronical udder diseases (SCC 3 x > 700,000 cells/mL) was a consequence
of high culling rates. However, with the 305-day milk yield below average, possible
advantages from good udder health were countered by negative effects from the earliest
day of culling and the high culling rate.

The cow level is the level where disease parameters are manifested and where ac-
tion plans must start. Increasing efficiency of dairy farms by intensification was (and
still is) a main driver in dairy system policies [107]. Production diseases seem to be re-
garded as collateral damage: an externality like environmental effects of intensive cropping
systems [108]. Negative effects from production diseases on the whole farm system are
obscured by aggregated data on costs at the farm level and the lack of information on the
costs of invisible failures. Furthermore, the effect of an inefficient dairy enterprise on the
whole farm is blurred by EU agricultural payments, which are usually accounted for at
the farm level (not the level of the dairy enterprise). Zhu et al. [109] found that a higher
degree of public payments in the total farm income reduced the motivation of farmers to
improve efficiency. This study points to an approach that production disease are not exter-
nalities but should be integrated as an emergent intrinsic factor of production processes
and management decisions. The approach provides an option on how to deal with culling
and production diseases as an essential intrinsic factor of a farm system, which needs to be
addressed appropriately to support self-maintenance of dairy cows and dairy farms.

5. Conclusions

Some realignment is required to overcome the negative side effects established by the
productivist approach to dairy farming [108], which culminates (beside the considerable
environmental externalities) in a loss of dairy cows. This is due to both the overstressing of
the cow’s ability to sustain as well as the poor economic results of dairy farms, which is
the opposite of sustainability. In the thirty-year period from 1983 to 2013, 6% of the dairy
farms in the older EU member states closed down each year amounting to a decline of 81%
of farms with dairy cows. Farms of all types decreased by 55% [110] in this period.

Information from milk recording test-day results is a representation of the cows’ ability
to cope with its environment [9,62] and are in this context the result of complex system
interaction. According to Wells and McLean [57] a systemic perception of change requires
management that focuses on shaping the environment. From the recognition of the cows
failing to cope with their environment as an indication of a lack of animal welfare follows
the obligation to design an environment that is better adapted to the needs of the animals.
To change the level of production diseases requires the shaping of an environment from
which the desired change, a different level of production diseases, may emerge.

The current study highlights the need to shift priorities from milk outputs to a wider
range of goals that better sustain the system in the longer term. This takes account of the
needs at the different levels in the farming system considering the individual cow level at
the same time so that the two levels sustain each other. By taking the single animal into
consideration, rather than an average of the herd, the proportion of profit cows is proposed
as an indicator of productivity that accounts for the complexity of the dairy farm system.
The focus on the economic contribution of cows that left the farm for slaughter or died
on the farm addresses the importance of production diseases (the most common reason
why cows are culled) for the viability of the farm business. It is a starting point for further
analysis (diagnosis) of how cows could be supported, and how the cows’ environment
could be improved to allow a greater proportion of animals to cope.

We argue that the proportion of profit cows serves as a more sustainable objective for
the farm management than other measures of (economic) performance such as 305-day
milk yield, milk price or feed costs. It brings more attention to the creation of environmental
conditions for the dairy cows that are suited to reduce metabolic stress (Cluster 1 and
Cluster 2 with more than 50% of profit cows) and culling (Cluster 4 and Cluster 5 with
less than 30% of profit cows). The identification of farm-specific economic benefits, i.e.,
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prevention of losses due to involuntary culling, might foster the awareness for giving
attention to single animals and their demands.

The concept of knowledge transfer refers to the paradigm of rational choice, assuming
that people will use the information provided (from research findings) to decide on the
option with the best utility [56,111,112]. However, social science and psychology have
shown that behavioural change does not solely depend on the availability of certain
information. Kahneman [113] described the strength of loss aversion as a driver which
might support consideration of individual cow profit and the share of profit cows an
advantage in supporting changes for improved health and welfare in dairy farms.

The proportion of profit cows was identified for each of the five types of farms
characterized by milk yield, an indication of metabolic problems, and impaired udder
health. These farm types require different strategic approaches to protect and increase the
proportion of profit cows in the herd, thus improving economic performance. Identifying
the proportion of profit cows in a farm rather than focusing on average milk production
traits, such as 305-day milk yield as a measure for success, uncovers synergies between
health and longevity of single animals and economic performance of the farm business.
It puts a focus on the context-dependence of output variables and requires and allows for
various equifinal individual farm solutions. By this, it qualifies as an approach that deals
with the complexity of biological and socio-economical system levels. Future research
should assess differences in efficient strategies to increase the proportion of profit cows in
various initial and boundary conditions, as reflected by the farm typology. Furthermore,
research should improve methods to assess cow individual costs more accurately, e.g.,
due to discarded milk as well as methods that account for the farm-specificity of both
economic and biological conditions.

Raising the proportion of profit cows is a suitable strategic goal to provide orientation
for the farm management and validation for implemented measures that consider het-
erogeneous farming conditions. It addresses the need to shape environmental conditions
for the dairy cows to allow for a desired outcome, rather than to strive for measures that
generalize farm performance. Joining economic results and animal health and welfare of
individual animals is a way to change the perception of production diseases from collateral
damage to a cause for losses. This might foster farm individual, iterative change processes,
aiming for less production diseases and for a higher farmers’ income.
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99. Jackson, D.L. Sample Size and Number of Parameter Estimates in Maximum Likelihood Confirmatory Factor Analysis: A Monte

Carlo Investigation. Struct. Equ. Model. Multidiscip. J. 2001, 8, 205–223. [CrossRef]
100. Maccallum, R.C.; Widaman, K.; Zhang, S.; Hong, S. Sample size in factor analysis. Psychol. Methods 1999, 4, 84–99. [CrossRef]
101. Esposito, G.; Irons, P.C.; Webb, E.C.; Chapwanya, A. Interactions between negative energy balance, metabolic diseases, uterine

health and immune response in transition dairy cows. Anim. Reprod. Sci. 2014, 144, 60–71. [CrossRef]
102. Oltenacu, P.A.; Broom, D.M. The impact of genetic selection for increased milk yield on the welfare of dairy cows. Anim. Welf.

2010, 19, 39–49.
103. Bicalho, R.; Machado, V.; Caixeta, L. Lameness in dairy cattle: A debilitating disease or a disease of debilitated cattle? A cross-

sectional study of lameness prevalence and thickness of the digital cushion. J. Dairy Sci. 2009, 92, 3175–3184. [CrossRef]
104. Probo, M.; Pascottini, O.B.; LeBlanc, S.; Opsomer, G.; Hostens, M. Association between metabolic diseases and the culling risk

of high-yielding dairy cows in a transition management facility using survival and decision tree analysis. J. Dairy Sci. 2018,
101, 9419–9429. [CrossRef]

105. Seifi, H.A.; LeBlanc, S.J.; Leslie, K.E.; Duffield, T.F. Metabolic predictors of post-partum disease and culling risk in dairy cattle.
Vet. J. 2011, 188, 216–220. [CrossRef]

106. Pinedo, P.J.; De Vries, A.; Webb, D.W. Dynamics of culling risk with disposal codes reported by Dairy Herd Improvement dairy
herds. J. Dairy Sci. 2010, 93, 2250–2261. [CrossRef]

107. Clay, N.; Garnett, T.; Lorimer, J. Dairy intensification: Drivers, impacts and alternatives. Ambio 2020, 49, 35–48. [CrossRef]
108. Maréchal, K.; Joachain, H.; Ledant, J.-P. The Influence of Economics on Agricultural Systems: An Evolutionary and Ecological

Perspective. Working Papers CEB 08-028. RS, 2008. Available online: https://EconPapers.repec.org/RePEc:sol:wpaper:08-028
(accessed on 3 September 2020).

109. Zhu, X.; Demeter, R.M.; Oude Lansink, A.G. Technical efficiency and productivity differentials of dairy farms in three EU
countries: The role of CAP subsidies. Agric. Econ. Rev. 2012, 13, 66–92. [CrossRef]

110. Augère-Granier, M.-L. The EU Dairy Sector Main Features, Challenges and Prospects: Briefing, 2018. Available online: https://
www.europarl.europa.eu/RegData/etudes/BRIE/2018/630345/EPRS_BRI(2018)630345_EN.pdf (accessed on 8 September 2020).

111. Greenhalgh, T.; Wieringa, S. Is it time to drop the ‘knowledge translation’ metaphor? A critical literature review. J. R. Soc. Med.
2011, 104, 501–509. [CrossRef] [PubMed]

112. van Kerkhoff, L.; Lebel, L. Linking Knowledge and Action for Sustainable Development. Annu. Rev. Environ. Resour. 2006,
31, 445–477. [CrossRef]

113. Kahneman, D. Thinking, Fast and Slow; Penguin Books: London, UK, 2012.

62



sustainability

Article

Designing and Distinguishing Meaningful Artisan
Food Experiences

Erin Percival Carter * and Stephanie Welcomer

Citation: Percival Carter, E.;

Welcomer, S. Designing and

Distinguishing Meaningful Artisan

Food Experiences. Sustainability 2021,

13, 8569. https://doi.org/10.3390/

su13158569

Academic Editor: Hossein Azadi

Received: 22 June 2021

Accepted: 26 July 2021

Published: 31 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Maine Business School, University of Maine, Orono, ME 04469, USA; welcomer@maine.edu
* Correspondence: erin.p.carter@maine.edu; Tel.: +1-(207)-581-4944

Abstract: We examine consumer expectations about how specialty versus conventional food products
affect well-being and how small, artisan producers can use that information to design better customer
experiences. Drawing on recent work examining the costs and benefits of pleasure- and meaning-
based consumption, we investigate whether consumer expectations that specialty products are more
meaningful lead to increased desire for additional product information. We selectively sampled from
the target market of interest: high-involvement consumers who regularly consume a food (cheese)
in both more typical and specialty forms. The authors manipulate product type (typical versus
special) within participant and measure differences in expected pleasure and meaning as well as
a variety of behaviors related to and preference for additional product information. We find that
these high-involvement consumers expect special food products to provide both more meaningful
(hypothesized) and more pleasurable consumption experiences (not hypothesized) than typical food
products. Consistent with our theory, consumer use of, search for, and preference for additional
product information was greater for special products. A causal mediation analysis revealed that
expectations of meaning mediate the relationship between product type and utility of product
information, an effect which persists controlling for the unexpected difference in expected pleasure.

Keywords: food science; customer experience design; food well-being; food psychology; sustainabil-
ity; hedonia; eudaimonia; meaningful consumption; artisan products; local food

1. Introduction

There is a growing movement among consumers to know more intimately where their
food comes from and how it comes to be on their plate [1–3]. Providing consumers with
information about how food was produced, efforts made to reduce negative environmental
impacts, effects of local food purchases on developing rural economies, can each foster
a deeper connection with food [4]. Consumers who value this connection often search
outside of traditional outlets and product varieties to satisfy their needs [5]. For some, this
can mean shifting their purchasing from grocery stores and chain restaurants to farmers’
markets, harvest festivals, and restaurants specializing in local produce [6]. For others,
this might mean trying hyper-local fare that does not fit in any traditional classification, or
rediscovering old varieties and food traditions [7]. Consumers are motivated to engage in
these costly behaviors at least in part due to the belief that consuming these different kinds
of food will lead to improved consumer well-being [8].

Consumer researchers are also increasingly interested in better understanding the
relationship between consumption and consumer well-being [9]. The term “well-being” can
and has been used to refer to many different constructs: positive affect, life satisfaction, a
sense of meaning, optimism, physical health, mental health, financial stability, the ability to
regulate one’s digital media environment and more. In recent years, consumer researchers
have found it useful to distinguish between consumption motivated by a desire to maximize
momentary, affective, hedonic pleasure-based aspects of well-being, and consumption
motivated by a desire to cultivate a sense of purpose, connectivity, and the eudaimonic
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meaning-based aspects of well-being [10–13]. Many of the factors that drive consumers to
consume less conventional food or food from less conventional outlets appear to be more
associated with pursuing purpose, connection, and meaning than affective pleasure yet the
former has received less attention in the literature [14].

Building on this insight and recent work attempting to better understand meaningful
consumption [11–13,15], in this paper, we provide information useful for scholars, as
well as small-scale producers attempting to design specialty food products that cater to
consumers’ diverse needs. These producers and marketers currently face a dilemma.
Should they generalize from best practices and research findings developed for more
conventional producers competing based on economies of scale and with commodity
products or should they seek to design products and consumption experiences better suited
to the unique needs they satisfy? We suggest that smaller-scale agricultural producers
are uniquely situated to meet consumers’ unmet needs, particularly customers’ desire
to feel that their food provides not only pleasure but meaning. Building on recent work
examining meaningful consumption, we analyze data collected from consumers who
actively sought out local and artisanal products to examine the role of information in
supporting meaningful consumption.

2. Literature Review
2.1. Consumption and Well-Being

What it means to live a good life has been a topic of discussion among philosophers,
scientists, religious figures, and everyday people across the world and throughout history.
In recent years, marketers and consumer researchers have paid increasing attention to
better understanding how consumers think about their own well-being and how best to
pursue a fuller, richer life [16]. For several reasons, not least of which were concerns about
measurement validity [17], early work on this idea in consumer literature responded to the
call for a field of hedonic psychology [18]. According to this tradition, well-being was best
defined and measured as an integrated measure of one’s affective experience [19–21]. The
logic was that a life featuring relatively more positive affective experiences than negative
was preferable and individuals’ reported affect were more reliable over time than their
reported life satisfaction; thus, identifying and communicating strategies for improving
the affective quality of one’s life would contribute to our understanding and promotion
of well-being in a more reliable manner. Correspondingly, a seminal work in consumer
behavior examining differences in motivations for consuming different types of products
was Hirschman and Holbrook’s [22] work distinguishing between hedonic experiences
(characterized by the pursuit of pleasure and affective gratification) and utilitarian experi-
ences (characterized by instrumental need fulfillment). The idea that the motivation for
consumption can be categorized as either primarily hedonic or utilitarian has remained a
bedrock assumption in much of the marketing literature [23–27].

There is, however, a class of experiences for which the hedonic versus utilitarian
distinction seems to be inadequate. “Meaning” can be variously defined—we approach
the concept of meaning drawing from a long history of scientific and philosophical work
seeking to understand eudaimonia, the Greek word for living a full, meaningful, and deeply
satisfying life and actualizing one’s human potential [28–30]. Meaning is traditionally
measured as subjective evaluations of how meaningful one’s life is or the extent to which
an experience contributes to one’s sense of meaning [10,31,32]. Thus, people’s lives and
experiences can be said to be “meaningful” or “have meaning” to the extent that they
contribute to one’s sense of meaning [33].

Consumption, too, can be meaningful. Consumers motivated to pursue meaning
select books, vacations, movies, concerts, restaurants, and other consumption experiences
with an eye to which options they believe are likely to facilitate meaning making [11,12].
Importantly, pleasure- and meaning-based benefits should not be thought of as existing
on one continuum but as orthogonal constructs. In other words, the same experience
(eating a really delicious piece of local cheese) can provide a mix of utilitarian (eating this
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makes me less hungry and I can get back to work without being distracted by hunger),
pleasure (eating this is enjoyable and makes me feel happier right now) and meaning (I feel
connected to the person who made this cheese and like I am learning something new)
based benefits but the requirements and outcomes of each differ [12,13].

To illustrate, imagine three people who consume a piece of dark chocolate at the end
of every day. Person 1 consumes chocolate every night because she saw a headline stating
that doing so would reduce her risk of heart disease. She does not particularly enjoy dark
chocolate, she prefers milk or white chocolate, but she understands that higher percentage
cacao provides more significant health benefits. Each night she eats a piece of 85% cacao
dark chocolate and then immediately brushes her teeth. This consumer is consuming
primarily for utilitarian reasons.

Person 2 consumes chocolate every night as a kind of simple pleasure, a reward to
himself for his efforts throughout the day. As he eats, he savors the flavor of the chocolate
and the luxury of the moment. He enjoys this nightly ritual for those brief moments and
then does not tend to think of it again until the next evening when he has another piece.
He is consuming primarily for pleasure-based reasons.

Person 3 consumes chocolate every night because she likes to learn about the flavors,
growing practices, and chocolate-making traditions and innovations across the world. She
thinks very critically about fair trade standards, the chocolatiers who stay in business
thanks to her purchases, and the uniqueness of the flavors in the chocolate that she samples
each night. Eating chocolate makes her feel like she is connected to other people and she
loves to reflect on how much she has learned about chocolate and the chocolate community
over the years. Sometimes she eats a piece and realizes that the flavors are not necessarily
her favorite but it does not really dampen the overall experience. Person 3 is consuming
primarily for meaning-based reasons.

These vignettes together provide an extreme example of the ways in which the same
product might contribute to a person’s overall well-being in very different ways. It is
important to note that often a consumption experience, particularly in the domain of food,
will provide a mix of utilitarian, pleasure-, and meaning-based benefits. Indeed, work on
the experiential pleasure of food (EPF) defines EPF as “the enduring cognitive (satisfaction)
and emotional (i.e., delight) value consumers gain from savoring in multisensory, commu-
nal, and cultural meaning in food experiences [34].” This definition, therefore is consistent
with our conceptualization but focuses instead on foods that provide both meaning-based
(“enduring cognitive”) and pleasure-based (emotional delight) benefits, whereas, in this
work, we examine the unique implications of each type of benefit. Nevertheless, consumers
can have primary motivations even when multiple benefits are possible. We hope that
these vignettes can also help to build the intuition for the unique role that information
plays in supporting meaning making.

Meaning making is reliant on expertise and supplementary information in a way
that pleasure is not. While most people can enjoy hedonic benefits from consuming
a piece of cheese or dark chocolate, the ability to derive meaning from these and other
experiences is enhanced by baseline expertise about the product category or supplementary
information provided at the time of consumption [12]. This is because while pleasure is a
momentary affective assessment (i.e., asking oneself “Am I enjoying myself?”), meaning
making is a cognitive process (i.e., asking oneself “What does this mean or change in a
meaningful way about me or the way that I think about myself in relation to the world?”).
While product knowledge and expertise have little or no effect on a consumer’s ability
to determine whether she feels relatively good or bad in a moment, they do affect her
ability to integrate the consumption experience into her self-concept and her subjective
evaluation of whether the experience contributes to a purposeful and self-actualized life.
Drawing on this insight, in this work, we examine consumers’ lay beliefs [35] about the
role of product information in facilitating pleasure and meaning from food, particularly
specialty or artisan food produced by small-scale producers. Our focus on lay beliefs
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about well-being and their implications for consumption is consistent with recent work on
meaningful consumption [11–13].

2.2. Unique Challenges of Small-Scale Farmer Producers

The agricultural sector in highly-developed nations has seen a dramatic shift in the
composition of both the competitive landscape and the level of specialization necessary
to compete in conventional agricultural markets over the past several decades. In both
the US and Europe, the number of farms has dramatically decreased and the size of
individual farms has increased as farmland and food processing has become increasingly
industrialized and commodified [36,37]. Smaller-scale and diversified operations are being
pushed out as the profitability of such operations decreases; in 2018, the median farm
income in the US was a loss of $1840 [38].

Small-scale farms trying to make it in this climate find themselves faced with a choice:
continue to sell their products into the commodity market where the primary competitive
advantage is economies of scale or begin to market their products as non-commodity or
value-added products [39–41]. While this strategy has the potential to increase profitability
for small-scale producers who choose to remain small, it also demands different knowledge,
resources, and abilities [42]. What commodity markets lack in flexibility and profitability,
they make up for in terms of offering a simplified selling process. When a small-scale
farmer shifts from streamlined, B2B, largely pre-determined sales processes to the much
more abstract and nuanced B2C market for non-commodity and value-added products, she
is forced to perform all of the functions of a major corporation with infinitesimal fractions
of the time, resources, or experience. Recent research has demonstrated that this gap in
knowledge, skills, and resources necessary to uncover and creatively meet consumer needs
is a primary concern of small-scale farmers and craft and artisan food producers [43–45].

Small-scale farmers and craft and artisan food producers are uniquely suited to
creatively approach their product design and positioning decisions. Smaller, more nimble
producers are better able to ideate, prototype, and implement in quick succession. Small-
scale producers who know both the production process and the customer intimately should
be able to leverage this unique knowledge effectively. Finally, many small-scale agricultural
and craft and artisan food producers were drawn to the work that they do for the same or
similar reasons that consumers search for unconventional food products—a desire to live
and consume more natural products, a desire to honor the past and preserve agricultural
traditions, an urge to live more holistically and healthily. These producers may be able to
better empathize with their target markets. Consumers increasingly pursue products not
because of the way the product specifically performs but because of the experience that the
consumer has during consumption [46,47].

3. Hypothesis Development

In formulating our hypotheses for this study, we drew on work demonstrating that
consumers value and pursue meaningful consumption experiences and that these expe-
riences are improved when consumers receive additional information about the product
before the consumption experience [13]. Our goal in this study was to build on the ob-
servational insights of small-scale agricultural producers and craft and artisanal food
makers to provide evidence and guidance on how consumers distinguish between their
more specialized offerings and more typical food products, particularly with regard to
effects on well-being. To do this, we examine consumer expectations about how specialty
versus conventional food products affect well-being and how small, artisan producers can
use that information to design better customer experiences. Thus, we offer the following
hypotheses:

Hypothesis 1 (H1). Consumers will report buying and consuming specialty products is more asso-
ciated with the pursuit of meaning-based benefits than buying and consuming conventional products.
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We also wanted to provide insight that smaller-scale producers could use to design
more empathetic consumption experiences that support the pursuit of meaning by examin-
ing consumer preferences for information about special versus typical food products. Thus,
we offer the following three hypotheses:

Hypotheses 2 (H2). Consumers will report that they use information on products labels more
often when purchasing specialty products than conventional products.

Hypotheses 3 (H3). Consumers will report that they seek out additional information about a
product from sources other than the product label more often when purchasing specialty products
than conventional products.

Hypotheses 4 (H4). Consumers will report that their purchase and consumption experience would
be improved with access to more information than is typically provided on the label to a greater
degree for specialty than for conventional products.

Finally, we tested whether our data support our hypothesis that expectations of
meaning serve as the mechanism explaining differences in the value of product information
for specialty and conventional products. We thus offer Figure 1 as a representation of our
proposed process and the following mediational process hypothesis.
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Hypothesis 5 (H5). The effect of specialty versus conventional product type on use of product
label information will be mediated by expectations of meaning.

Hypothesis 6 (H6). The effect of specialty versus conventional product type on tendency to look for
additional product information other than that included on the label will be mediated by expectations
of meaning.

Hypothesis 7 (H7). The effect of specialty versus conventional product type on expectations of
improved purchasing and consumption experiences resulting from more product information will be
mediated by expectations of meaning.

4. Materials and Methods

We surveyed high-involvement consumers of a food that is commonly consumed in
more typical and more specialized forms and varieties: cheese. “Involvement” is a concept
in the marketing literature which refers to an individual difference in the cognitive and
emotional resources a consumer dedicates to thinking about and interacting with a given
product class [48]. The literature often distinguished between enduring (more stable) and
situational (affected by one’s temporary environment) involvement [49]. We believe that
consumers in our study were high in both enduring and situational involvement at the time
of this study. Measuring within subject, we contrast consumers’ expectations about the
implications of consumption on well-being for typical and specialized versions of the same
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product and examine the role of information in designing more compelling consumption
experiences for each product type.

The study materials and procedure were reviewed and approved by the authors’
Institutional Review Board. This study was conducted at a food festival in the Northeastern
United States focused on artisanal cheese produced in the state in which the festival was
held. The event was sponsored by the formal guild of cheesemakers in the state and
members of the guild comprised the majority of the vendors in attendance at the event.
Tickets to attend the festival ranged from $20 to 35 and the festival included cheese-tasting
events and informational classes, live music, and access to a variety of artisan foods
including cow, goat, and sheep’s milk cheeses and yogurts as well as goat’s milk caramels,
spices, beer, and wine. We believe that the festival attendees are representative of the
target market that small-scale dairy farmers and artisan cheesemakers target with their
products (we are assuming psychographic segmentation based on the value consumers
place on purchasing local, sustainable, and artisanal goods and not a segmentation based
on demographic characteristics). Participants (N = 150, 66% female, average age = 43 years,
median annual household income $50,000–59,999) participated in this study in exchange
for a chance to win one of five prizes (choice of either $25 in cash or $25 worth of cheese
selected by participating cheesemakers, though many participants indicated that they
completed this study simply to help the members of the guild of cheesemakers). Study
participants completed this study using paper and in an area the authors coordinated with
the event sponsor to have set aside specifically for data collection.

In this study, we asked participants to think about “typical” and “special” cheese
purchases (scales were developed by the authors; full descriptions and instructions are
available in Appendix A). We used this terminology to limit the extent to which participants
might think that we might have favored particular varieties of cheese, farms, or production
methods; our goal was to contrast the products of small-scale producers with the more
typical products of large-scale producers. We wanted to allow participants to define what
made small-scale producers’ products special in whatever way felt most natural to them.

We conducted all analyses using R. All effects were measured within subject. We
examined whether the order of presentation of the special and conventional measures
had any effect on our results and found none. We thus report the results of the simplified
models for each hypothesis; all results are consistent and there are no changes to the
significance of results when we include order of presentation in the models.

5. Results
5.1. Analyses

We present our findings in three parts. First, we examine consumer beliefs about the
effect of typical and special products on well-being.

We first tested H1, that consumers would report buying and consuming specialty
products is more associated with the pursuit of meaning-based benefits than buying and
consuming conventional products. We did not have a prediction about the effect of product
type on experienced pleasure. Participants indicated that products they deemed special
were more likely to lead to both pleasurable (MSpecial = 4.59, MTypical = 3.68, t (147) =−10.43,
p < 0.0001) and meaningful (MSpecial = 4.00, MTypical = 2.87, t (145) = −9.96, p < 0.0001)
consumption experiences. While we did not expect the significant difference in expectations
of pleasure, it is not inconsistent with out conceptualization which treats pleasure and
meaning as orthogonal constructs. Our vignettes described extreme consumer types
motivated by the pursuit of utilitarian, pleasure, or meaning-based needs but consumers
can be motivated to fulfill multiple needs in a single purchase.

Our further hypotheses, however, were developed with an expectation that the differ-
ence in consumer expectations about the psychological benefits of specialty and conven-
tional products would be particularly strong for meaning. Thus, as a follow-up analyses,
we tested the magnitude of the product type difference for pleasure and meaning. We
expected to find that the magnitude of the difference for our predicted effect on meaning
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would be greater than the magnitude of the difference for the effect we did not predict
on pleasure. In other words, we expected the difference in meaning for special versus
typical products would be greater than the difference in pleasure for special versus typical
products. We created new variables by subtracting the typical ratings from the special
ratings for meaning and for pleasure for each participant and then compared the two
difference measures. Consistent with our expectations, the difference between special
and typical product experiences was significantly larger for meaning than for pleasure
(Mmeaning = 1.13, Mpleasure = 0.90, t (145) = 2.42, p = 0.02.

Building on this insight and recent research examining the role of knowledge and
expertise in meaning making, we next examined how consumer needs for and reactions to
product information differ for more typical versus special food products. We examined
responses to items measuring consumer use of, search for, and value of information
regarding special versus typical food. Paired samples t-tests comparing special versus
typical food revealed that special foods were associated with greater use of (MSpecial = 3.71,
MTypical = 3.06, t (149) = −6.53, p < 0.0001), search for (MSpecial = 3.01, MTypical = 2.05,
t (150) = −10.66, p < 0.0001), and value of (MSpecial = 3.38, MTypical = 2.82, t (148) = −7.21,
p < 0.0001) information than were typical foods. Note that degrees of freedom for the
t-tests vary due to incomplete data on some items. All valid pairwise comparisons were
utilized in each analysis. Removing participants with incomplete data from all analyses
does not affect the pattern or significance of results. Across all three measures concerned
with the utility of additional information about products, participants were more interested
in information about special products.

Finally, we examine whether the expectation that a consumption experience will prove
meaningful mediates the effect of product type on participants’ use of, search for, and
expected value of product information and find support for our theoretical model. We
expected to find that the increased preference for information about special versus typical
products would be driven at least in part by the expectation that special products were
more likely to prove meaningful. However, we wanted to provide a conservative test of
our theory given that the effect of product type on pleasure showed a similar pattern of
results to the effect it had on meaning, the former of which we did not predict. Thus, we
report our results below controlling for the effect of expectations of pleasure and examining
only the unique contribution of expectations of meaning. The pattern and significance of
all effects we report here is identical and the proportion of the total effect mediated is larger
when we exclude pleasure from the models but we feel that this more conservative test is a
better test of our proposed theoretical model.

We conducted our mediation analyses using the causal mediation analysis [50] which
allowed us to account for the within-subjects random effects that result from our within-
subject manipulation of product type and repeated measures of expected meaning, expected
pleasure, and preference for information. The confidence intervals for each model were
approximated utilizing a quasi-Bayesian method and 10,000 simulations of the data. The
results of models predicting each measure of the value of product information supported
our theoretical model and suggest a pattern of partial mediation; the indirect effect of
product type (treating typical as control and special as treatment) through expectations
of meaning was significant when predicting use of (indirect effect estimate = 0.163, 95%
CI [0.08, 0.26], p < 0.001), search for (indirect effect estimate = 0.164, 95% CI [0.08, 0.27],
p < 0.001), and value of (indirect effect estimate = 0.089, 95% CI [0.03, 0.17], p = 0.004)
information. Importantly for our theory, the pattern of effects does not hold if we control
for meaning and examine pleasure as a mediator (p’s = 0.68, 0.18, and 0.66). Full results of
all mediation analyses are available in Appendix B (Table A1).

5.2. Study Limitations

While we expect these results to generalize beyond these foci, it is important to note
that our data used only a single product category (cheese) and collected data in one region
(the Northeastern United States). It is also important to note that in our study, we sampled
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on a factor we expect is necessary for these effects to emerge: a moderate to high degree of
involvement. While we expect that these results would generalize to consumers that place
at least a moderate value on the pursuit of meaning and have an interest and appreciation
for artisan and specialty foods, we similarly expect that the results would not emerge
among consumers with less motivation to pursue meaning or involvement with specialty
and artisan foods. Critically, our data collection was limited to participants for whom it
can reasonably be argued, the product category is of greater than average personal interest
and importance. Participants in this study travelled and paid a minimum of $20 to enter
a festival specifically focused on cheese. While this sample is not representative of the
average consumer, we pursued this narrow sampling because product involvement is a
theoretically important moderator for the effects that we investigated; a sample containing
lower involvement consumers would likely find moderation of the effects found here.
However, studies focused specifically on the judgments and decisions of this type of niche
market are extremely limited and we believe that our unique sample allows for a novel
and valuable contribution to our understanding of diverse consumer preferences.

One potential moderator of the effects we investigated in this paper unrelated to
consumer involvement that should be considered in future work is the interaction between
package labeling and retail outlet. Many of the people in this study were completing this
study in a context in which they had direct access not only to the cheesemaker but also to
the dairy producer—in many cases, this was the same person. Yet, past research has shown
that consumer reaction to label content for sustainable product claims (specifically organic
labeling) varies by retail outlet [51]. Consumer trust in information that appears on a label
may be moderated by retail outlet, by the attributed source of the information [52], or by
perceived distance in the value chain between the cheesemaker and the final consumer.

6. Discussion

In this paper, we examine how consumer expectations of the effect of typical ver-
sus special food products on distinct aspects of well-being differ and how the value of
information differs for special vs. typical food products. We hypothesized and found that
special food products are more associated with meaning than typical products and that
when consumers encounter special food products they are likely to search for, value, and
use information at higher levels than they would for typical products in part to cultivate
meaningful consumption experiences. For producers of special products (such as artisan
cheesemakers), this is notable, suggesting that they need to carefully design and promote
the information accompanying the product and consumption experience.

6.1. Theoretical Contribution

Our investigation joins the growing body of work examining how consumers think
about the relationship between different types of consumption and distinct aspects of their
own well-being. We believe this work also contributes to a growing body of work in food
psychology, agroecology, and sustainability that has identified the unique barriers to entry
and long-term profitability for smaller and artisan producers [53] and has appealed to
the growing interest among consumers in sustainable products as an inevitable part of
the solution [54]. As this body of work continues to develop, it is critical that researchers
consider more than measures of intention to purchase as there is often a gap between
intention and behavior [55]. Decades of research on consumer behavior has shown us
that a deeper and richer understanding of the mechanisms driving consumer judgements,
decisions, and behaviors allows us to better predict and influence purchase behavior. We
believe this work is an interesting case study of theories developed and mechanisms
identified in the consumer literature [11–13] and an extension of that work to the broader
discussion in food psychology and sustainability.
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6.2. Managerial Implications

We believe that the managerial implications for this work for small-scale and artisan
producers are even more significant. So many of these producers find themselves overex-
tended, trying to manage legal, operational, entrepreneurial, and growth concerns on a
day to day basis, often with a single employee and lacking formal education on all relevant
aspects of their businesses and support to address structural barriers to their success [56].
Even when producers find the time to consult the relevant and actionable literature on
marketplace trends and best business practices, that literature is very rarely developed with
businesses at their scale in mind; instead, much of the focus is on markets for commodity
goods or on larger-scale businesses. Much of the work that is focused on smaller-scale
and artisan producers is focused on identifying barriers and reasons to explain the slow
extinction of small family farms and other small agricultural enterprises. Instead, we focus
on the unique opportunity that small-scale and artisan producers have to use their unique
and intimate access and control over the story of production to design distinctive and
meaningful consumption experiences.

Determining how best to tell the story of artisan production requires careful thought
and consideration. In her extensive examination of artisan cheese, Heather Paxson refers to
the complex cross-section of economic values and social values that underlie small-batch
cheesemaking, “economies of sentiment” and points out that these economies, “point to
the cultural, emotional, ethical, and political dispositions that motivate people to assume
the economic risk and backbreaking labor of making cheese in small batches using minimal
technology. These sentiments are multifaceted [57].” Intrinsic to economies of sentiment
is an understanding of the values motivating the producer to perform the work, and
these values largely connect production to wider social and ecological spheres. Paxson
for instance found that artisan cheesemakers pursue this work for reasons including
producing high-quality products, preserving local markets, supporting the dairy industry,
and creating environmentally, socially and financially sustainable businesses [57]. With
inspiration, the producer’s main aim is to creatively explore both these values, resultant ties
to the product’s attributes, and how the consumer’s experience can be more fully realized
through information.

Implications of this research for specialty and artisan producers are clear; make addi-
tional information that can bolster meaning making available to consumers interested in
meaningful aspects of consumption. Our items in this study were written with impersonal
information in mind (i.e., product labels, websites, etc.). This is in part for efficiency;
once developed and tested, these materials are easily reproduced without further taxing
the time of the small-scale producer. Similarly, other research has suggested that while
fostering connection between producers and consumers of local food contributes to the
perceived value of local food, those connections may be more effective when the connection
is indirect [58]. Producers should consider introducing supplemental information through
a variety of channels. For instance, cheesemakers could use cards near their cheese displays
that relay the provenance of the cheese—its sourced animal, date of milking, process used,
and aging—this channel could be augmented with personal stories told by the cheese
monger (when the cheesemaker is not directly involved in sales). Cards and information
could be printed as takeaways, or consumers could be directed to a website, podcast,
video series, or social media account with more detailed information. The ability to report
granular, personal information of this nature is unique to smaller-scale producers and
these producers should take advantage of the unique opportunity to cultivate meaning-
ful consumer experiences this provides. Both producers and future academic research
should further investigate a variety messages and media to determine the most effective
messaging and outlets. As consumers’ preferences evolve, small-scale producers need
to adopt approaches to managing their products that help them to identify these unique
opportunities for differentiation and increased profitability.
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Appendix A

Appendix A.1. Descriptions of “Typical” and “Special” Cheeses That Appeared Earlier in
the Survey

For the next set of question, we’d like you to stop and think about a very typical
cheese buying experience and what it means to you. Think about cheese that you purchase
and eat frequently as well as where you typically purchase the cheese.

For the next set of question, we’d like you to stop and think about how you go about
buying “special” cheese and what it means to you. Special means different things to
different people; it might mean for a special occasion, it might mean something you’ve
never had, it might mean something that you need for a specific recipe. There are no right
or wrong definitions of special, we are interested in your opinions and experiences about
what makes a particular cheese special to you.

Appendix A.2. Items Measuring Use of, Search for, and Value of Information

How often would you say that you closely read the labels to try to get more information
when making typical and special cheese purchases?

→ Typical: five point scale from never to always
→ Special: five point scale from never to always

For each type of purchase, how often do you look for more information about the
cheese from somewhere other than the label/packaging on the cheese itself (cheesemaker,
cheesemonger, magazines, look online, ask friends, etc.)?

→ Typical: five point scale from never to always
→ Special: five point scale from never to always

To what extent would you say that your experience buying and consuming each type
of cheese would be improved if you had more information about the cheese than what it
typically provided on the package?

→ Typical: five point scale from never to always
→ Special: five point scale from never to always
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Appendix A.3. Items Measuring Effect on Well-Being

To what extent would you say that your experience buying and consuming each type
of cheese is pleasurable?

→ Typical: five point scale from “buying and consuming is not at all pleasurable” to
“buying and consuming is extremely pleasurable”

To what extent would you say that your experience buying and consuming each type
of cheese is meaningful?

→ Special: five point scale from “buying and consuming is not at all meaningful” to
“buying and consuming is extremely meaningful”

Appendix B

Table A1. Full causal mediation results.

Testing for mediation of the effect of product type on use of information

Simple model with meaning as
mediator

Conservative model with
meaning as mediator

controlling for pleasure

Pleasure as mediator controlling
for meaning

Indirect Effect 0.394, CI = [0.27, 0.54], p < 0.001 0.163, CI = [0.08, 0.26], p < 0.001 −0.013, CI = [−0.08, 0.05], p = 0.68
Direct Effect 0.59, CI = [0.39, 0.79], p < 0.001 0.605, CI = [0.39, 0.81], p < 0.001 0.605, CI = [0.40, 0.81], p < 0.001
Total Effect 0.99, CI = [0.80, 1.17], p < 0.001 0.767, CI = [0.55, 0.98], p < 0.001 0.59, CI = [−0.14, 0.09], p < 0.001

Testing for mediation of the effect of product type on search for information

Simple model with meaning as
mediator

Conservative model with
meaning as mediator

controlling for pleasure

Pleasure as mediator controlling
for meaning

Indirect Effect 0.396, CI = [0.27, 0.54], p < 0.001 0.163, CI = [0.08, 0.27], p < 0.001 0.039, CI = [−0.02, 0.10], p = 0.18
Direct Effect 0.593, CI = [0.39, 0.80], p < 0.001 0.607, CI = [0.40, 0.82], p < 0.001 0.321, CI = [0.13, 0.51], p = 0.001
Total Effect 0.99, CI = [0.80, 1.18], p < 0.001 0.771, CI = [0.55, 0.99], p < 0.001 0.360, CI = [0.17, 0.55], p < 0.001

Testing for mediation of the effect of product type on value of information

Simple model with meaning as
mediator

Conservative model with
meaning as mediator

controlling for pleasure

Pleasure as mediator controlling
for meaning

Indirect Effect 0.395, CI = [0.27, 0.54], p < 0.001 0.089, CI = [0.02, 0.17], p = 0.004 −0.013, CI = [−0.08, 0.05], p = 0.66
Direct Effect 0.594, CI = [0.39, 0.80], p < 0.001 0.364, CI = [0.12, 0.60], p = 0.003 0.606, CI = [0.39, 0.81], p < 0.001
Total Effect 0.989, CI = [0.80, 1.17], p < 0.001 0.453, CI = [0.22, 0.69], p < 0.001 0.593, CI = [0.388, 0.79], p < 0.001
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Abstract: Italy is among the most important countries in Europe for milk production. The new
European policies encourage a transition towards sustainability and are leading European dairy farms
to follow new trajectories to increase their economic efficiency, reduce their environmental impact,
and ensure social sustainability. Few studies have attempted to classify dairy farms by analyzing the
relationships between the structural profiles of farms and the social, environmental, and economic
dimensions of sustainability. This work intends to pursue this aim through an exploratory analysis
in the Italian production context. The cluster analysis technique made it possible to identify three
types of dairy farms, which were characterized on the basis of indicators that represented the three
dimensions of sustainability (environmental, social, and economic sustainability) and the emerging
structural relationships based on the structural characteristics of the dairy farms. The classification
made it possible to describe the state of the art of the Italian dairy sector in terms of sustainability
and to understand how different types of farms can respond to the new European trajectories.

Keywords: sustainability; farm type; sustainable management; small-/medium-scale animal farms

1. Introduction

Italy was the fifth European country in terms of the quantity of milk delivered in 2019
with a total of 1,208,647 thousand tons [1]. This amount was the main portion of the total
milk production of farms, which reached 1,330,010,000 tons when domestic consumption,
direct sale, and cattle feed were included [2].

Within the country, four regions produced almost 80% of the total milk in 2020:
Lombardy, Emilia-Romagna, Veneto, and Piedmont. These areas produce larger quantities
and have better efficiency compared to the others [3]. In 2018, the sector recorded a
production value in the agricultural sector of approximately EUR 4.68 billion [4], while the
turnover of the dairy industry was around EUR 16.63 billion [5]. These data show how
the dairy industry is a fundamental asset for the national agri-food sector, representing
10% of the value of agricultural production and 12% of the dairy industry. In the last
decade, the number of farms in the sector has decreased by about 17,000 units, reaching
just over 26,000 in the first half of 2020 [6]. This trend originated in the disadvantageous
position of small farms relative to capital-intensive investors [7], which made farmers
susceptible to the “get-big-or-get-out” syndrome, leading to a process of concentration [8].
This situation, together with many factors, such as the environmental and social context
in which farmers operate, have led to the development of larger farms over time; these
represent the production base of the entire sector and have a greater concentration in the
north of Italy [9].

In recent years, the rapid expansion of intensive farming systems has been analyzed,
as they have caught the attention of researchers and experts, who have questioned the
sustainability of these farming methods in terms of the negative effects on the environment
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and animal welfare that they produce [3,10,11]. These factors have generated higher social
costs than those of private systems, with negative consequences for the whole society. This
type of agriculture generates negative externalities due to its linear perspective [12,13],
which follows the “take–make–dispose” principle of linear economics [14]. This is especially
true in the animal farming sector due to the large number of inputs used to feed intensive
farming systems, as well as their wastes [15]. Today, the possibility of having a greater
social acceptability of these practices and the need to make the sector more efficient and
more environmentally sustainable represent future challenges. This has been requested by
the new European trajectories, such as the Farm-to-Fork Strategy [16]. In fact, the sector is
now facing a transition towards sustainability, and although it is progressing slowly, more
sustainable production methods have been developed in recent years [17–19].

The studies on farm sustainability are very heterogeneous, but they can be enclosed
within some dominant strands of research. The first strand concerns studies that have
attempted to explore the sustainability performance of livestock farming systems [20]
and strategies for improving their resilience by looking at the self-sufficiency of their
inputs [21,22]. In fact, it is widely recognized that increasing input self-sufficiency can
be a strategy for improving the sustainability of agricultural systems because those are
less dependent on the variability of the input market [23]. Although one of the suggested
strategies was to reduce the inputs, other views suggest enhancing the waste outputs, too.
Another strand, in fact, concerns studies that have designed the possibility of transitioning
to a more sustainable system through a circular economy approach [24,25], which is
intended to be a system-wide approach to economic development that is designed for
the benefit of businesses, society, and the environment [26]. The transition to a circular
economy can result in a minimization of the use of external inputs and in the reduction
of waste and emissions into the environment through the recycling and valorization of
agricultural waste [27], thus avoiding the exploitation animals but using them “for what
they know how to do” [28].

Finally, the last strand concerns farm sustainability classification studies, of which
there have been very few attempts in the bovine sector [28]. The need for an objective classi-
fication of dairy farms that covers all aspects of the production systems has been underlined
by researchers [29,30]. In his classification study on the goat sector, Gelasakis et al. [31]
provided a framework of factors that are representative of the types of farms from a struc-
tural point of view and of the level of intensity of a production system, thus laying the
foundations for secondary evaluations in terms of farm sustainability performance. The
importance of associating a sustainability assessment with the type of farm has already
been recognized for other sectors in several countries [29,30,32–36].

The assessment of sustainability must be calibrated on a farm’s structural assets [30,32],
which mainly include the area of the farm, the number of animals raised, the age and the
education of the farmer, and the production methods (e.g., organic).

Lebacq et al. [37] provided a useful description of all three dimensions of sustainability:
environmental, economic, and social. Environmental sustainability is described through
the management of inputs, such as fertilizers and pesticides, and the use of resources.
The consumption of water and the use of fertilizers and pesticides play a fundamental
role in the environmental impact of agriculture and livestock [38–40]. The same authors
described economic sustainability as the economic viability of agricultural systems, that is,
their ability to be profitable in order to provide prosperity to the agricultural community.
This can be described through profitability, self-sufficiency of inputs, diversification, and
durability (family and employee labor costs). The inclusion of these concepts in the
assessment of the economic sustainability of a farm is supported by the literature [22,41,42].
Social sustainability is defined at two levels: that of the farm and that of the society. At the
farm level, it can be defined by the educational qualification, the working conditions, and
the use of machinery [43]. On the social level, it is defined by multifunctionality (quality of
rural areas, ecosystem services) and by extra-farm labor [44].
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For the Italian context, there are no studies that have attempted to classify bovine dairy
farms by assessing the relationships between the structural profile and the three dimensions
of sustainability. Furthermore, while the environmental impact of bovine farming has been
widely studied [3,45,46], the Italian literature lacks a characterization of farms that can also
provide perspectives for improving farm management from an economic and social point
of view.

This kind of classification studies in terms of sustainability-produced standardized
procedures to better estimate input and output of livestock farming systems, evaluate
changes and target information and policies to farmers [31,47].

Our study aims to address this gap. Furthermore, this study can be considered a
novelty, as it can represent a preliminary strand with respect to studies that attempt to
measure farms’ performance in sustainability; only through a classification of bovine dairy
farms that aggregates them according to homogeneous characteristics by calibrating the
assessment of the sustainability of their structural assets will it be possible to proceed,
in the second instance, to a more objective assessment of the social, environmental, and
economic performance.

Indeed, to respond to this gap, this work carries out an exploratory analysis in order
to identify a classification for Italian dairy farms by identifying emerging relations between
the three dimensions of sustainability (environmental, social, and economic) and their
structural profiles. This analysis is a novelty in that it cannot only allow us to understand
how different types of farms might respond to the new European trajectories, but it also
provides a general model that can be replicated across Europe, as the indicators and
databases come from a European sample survey. To this end, an exploratory approach is
used by applying multivariate statistical techniques. A principal component analysis was
used to summarize the factors, and then a cluster analysis was run to gather the different
livestock farms into homogeneous groups. This two-step approach is consistent with the
statistical literature [48]. This analysis allows the creation of a typological grid that is
representative of the aspects of structural polymorphism and sustainability [49,50] through
a process of a posteriori interpretation [51].

The work is made up of four sections. First, the methodology and its theoretical basis
are defined. The second part reports the descriptive analysis of the sample, followed by
a description of the clusters obtained. Finally, a discussion and conclusions are provided
based on the evidence from the analysis and the literature.

2. Materials and Methods

The empirical analysis was conducted on secondary data from the 2018 Farm Ac-
countancy Data Network (FADN). The FADN was established in 1965 by the European
Commission and is the official source of microeconomic data, as it is based on harmonized
accounting standards. The Italian FADN (https://rica.crea.gov.it, accessed on 21 April
2021) sample consists of 11,000 annual farms, which are structured to represent the different
production types, sizes, locations (e.g., region, altitude, etc.) that are present in the national
territory. It allows a national average coverage of 95% of the utilized agricultural area
(UAA), 97% of the value of standard production, 92% of the labor units (ULs), and 91%
of the livestock units. For the present analysis, a filter was made to allow the isolation of
farms in the dairy sector, thus leading to the extraction of 1216 farms.

The FADN consists of 25 tables that contain different types of information. In order to
select useful indicators for the analysis, the indices were grouped according to their social,
environmental, economic, and structural dimensions, as shown in the following graph
(Figure 1). All of the following indicators were therefore selected in order to assess the
farms’ sustainability.
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Figure 1. Authors’ elaboration of the Italian FADN indicators.

In order to carry out this study, the selection of indicators was performed while con-
sidering the objective of the research and the targets of the farms examined. Furthermore,
based on the available data, and the minimum representative sets of indicators were cho-
sen for each dimension (Table 1). The literature confirms the need to contextualize the
indicators of all three dimensions with respect to the reality of the production of dairy
cows [37,52].
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Table 1. Minimum representative sets of indicators for each dimension.

Sustainability

Environmental
dimension

Input
management

Resources
Water/ha: volume of water distributed per hectare

Energy cost/ha: costs incurred for the purchase of fuel, electricity and
heating per hectare

Nutrients
Nitrogen/ha: quantity of nitrogen distributed per hectare

Phosphorus/ha: quantity of phosphorus distributed per hectare
Potassium/ha: quantity of potassium distributed per hectare

Others
Pesticides/ha: quantity distributed per hectare

Fertilizer cost/ha: costs for fertilizers per hectare

Social
dimension

Level of
education

No title
Primary school

Secondary school
Diploma

Professional diploma
Bachelor’s degree
Master’s degree

Labor costs

Wage costs/ha: expenses incurred for wages, social charges, and rent payable per
hectare

Contracting cost/ha: cost of agro-mechanical and technological services offered by
external suppliers/ha

Human labor cost/ha: cost of human labor per hectare
Machine labor cost/ha: cost of machine labor per hectare

Family labor: relationship between family UL and total UL

Economic
dimension

Managerial
expenses

Input costs, described in the previous section as “Resources, Nutrients, and others”
Labor costs, described in the previous section as “Labor costs”

Insurance costs/ha: insurance costs per hectare
Certification costs/ha: costs for purchasing certifications per hectare

Marketing costs/ha: marketing costs per hectare
Forage costs/ha: expenses for the purchase of non-farm forage per hectare

Feed costs/ha: expenses for the purchase of feed per hectare
Veterinary costs/ha: costs of veterinary services and pharmaceutical costs per hectare

Outputs

Total revenues/ha: total farm revenue
Gross saleable livestock production/ha (Livestock GSP): revenues strictly related to the

livestock activity
Employee efficiency: relationship between added value and work unit

Structural Dimension

Farmer

Gender

Level of
education

No title, Primary school, Secondary school, Diploma, Professional diploma, Bachelor’s
degree, Master’s Degree

Age: age of the
owner

Farm
characteristics

Farm diversification: presence or absence of other activities
Organic production: presence or absence of organic production

Dairy heads: number of heads in lactation
Total number of heads

UAA: in hectares
Irrigated UAA: in hectares

Family labor: relationship between family UL and total UL

The selected indicators were therefore the following:
The number of indicators identified was high, so in order to perform the analysis more

efficiently, optimal scaling techniques were carried out to synthesize the information. The
clustering process was articulated as follows:
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- Given the highest number of continuous variables, a principal component analysis
(PCA) was performed. PCA is a descriptive method that aims to summarize a data
matrix in order to express its structure with a reduced number of dimensions. Thus,
PCA is a method for identifying a particular transformation of the observed variables
(a linear combination) and trying to explain a large part of the variance of the observed
variables with a few components. In order to interpret the factorial weights more
easily, it is possible to perform rotations of the factorial axes that maintain scale
invariance by simplifying the structure of the weight system. The most commonly
used solutions respect the orthogonality of the factors; in the present case, the Varimax
rotation [53] was used, which is a useful method when there are several factors and a
clear separation between the extracted factors is desired. Based on the rule of having
an eigenvalue greater than 1 and on the interpretability of the data, the top 5 factors
that explained 60% of the variance were chosen (Table 2).

- Subsequently, a cluster analysis was carried out with the aim of creating homogeneous
groups of dairy farms based on the 5 previously extracted factors. Cluster analysis
allows the generation of groups in which the points of the same group are more
similar to each other than the points of the other clusters. Thus, the technique allows
the formation of groups in which the internal inertia is minimal (within inertia),
while the inertia between groups is maximal. The clustering technique used was the
agglomerative hierarchical technique [54]. According to Ward’s criterion, 10 successive
iterations were performed.

Table 2. Results of the Varimax rotation.

Component Total % of Variance Cumulative %

1 4.941 23.528 23.528
2 2.667 12.698 36.226
3 1.804 8.592 44.818
4 1.803 8.585 53.404
5 1.58 7.524 60.928

The data were processed through two types of software: SPSS version 26 and SPAD
version 3.21.

With cluster analysis, it is possible to estimate the inputs and outputs of farms with
different farming systems. Many studies in the literature (e.g., [52,55,56]) confirmed the
methodological approach of this study. In particular, Micha et al. [52] calculated some
performance indicators that were chosen to classify the dairy farms in Ireland, which
permitted the identification of the farms that performed better or worse from the point of
view of sustainability. In addition, by implementing a contextualization of the indicators
for the Italian production context, the present study intends to find a classification of farms
based on sustainability indicators and their socio-economic profiles in order to help in the
understanding of how to act in order to improve the sustainability of the sector.

This process can lead to a standardization of the results, which is essential for provid-
ing policy guidelines for the improvement of these systems.

3. Results

Our sample consisted of 1211 farms, of which 95.5% were dairy farms and 4.5% were
buffalo farms. The sample used, which included farms that were distributed throughout
Italy, was representative of the Italian context and its distribution in the different areas
(Figure 2).
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As already mentioned, dairy farming in Italy mainly developed in four regions (Lom-
bardy, Emilia-Romagna, Veneto, and Piedmont); the following graph shows the distribution
of the average number of animals of the analyzed farms on a provincial basis (Figure 3). As
can be observed, the distribution was greater in the provinces of northern Italy, particularly
in the area of the Po Valley.

Sustainability 2021, 13, x  7 of 14 
 

 
Figure 2. Distribution by altitude zone. 

As already mentioned, dairy farming in Italy mainly developed in four regions (Lom-
bardy, Emilia-Romagna, Veneto, and Piedmont); the following graph shows the distribu-
tion of the average number of animals of the analyzed farms on a provincial basis (Figure 
3). As can be observed, the distribution was greater in the provinces of northern Italy, 
particularly in the area of the Po Valley. 

 
Figure 3. Distribution of the average number of animals per farm. 

Table 3 shows the most important socio-demographic characteristics of the sample 
examined. In 82.66% of the cases, the farms were led by male entrepreneurs, while they 
were led by female ones in 17.34% of the cases. Furthermore, as shown in the following 
table, 13.29% of them were young farmers (under 40 years old). A total of 39.8% of the 
respondents attended secondary school, and 44.84% had a professional or high school di-
ploma. Only 2.72% of the respondents had a university degree. In addition, 11.73% of the 
sample practiced organic production and 15.03% practiced activities complementary to 
livestock farming. Over 91.25% of the farms were family-run, while 8.75% had extra-fam-
ily labor. 

  

Hill
26%

Mountain
51%

Plain
23%
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Table 3 shows the most important socio-demographic characteristics of the sample
examined. In 82.66% of the cases, the farms were led by male entrepreneurs, while they
were led by female ones in 17.34% of the cases. Furthermore, as shown in the following
table, 13.29% of them were young farmers (under 40 years old). A total of 39.8% of the
respondents attended secondary school, and 44.84% had a professional or high school
diploma. Only 2.72% of the respondents had a university degree. In addition, 11.73% of
the sample practiced organic production and 15.03% practiced activities complementary
to livestock farming. Over 91.25% of the farms were family-run, while 8.75% had extra-
family labor.
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Table 3. Descriptive statistics.

Variable Count %

Gender
Female 210 17.34
Male 1001 82.66

Young No 1050 86.71
Yes 161 13.29

Educational Level

No school 35 2.89
Primary school 118 9.75

Secondary school 482 39.80
High school diploma 264 21.80
Professional diploma 279 23.04

Bachelor’s degree 9 0.74
Master’s degree 24 1.98

Organic
production

No 1069 88.27
Yes 142 11.73

Diversification
No 1029 84.97
Yes 182 15.03

Type of
management

Other type 1 0.08
With employees 13 1.08

Subcontracting only 1 0.08
Direct with extra-family

prevalence 91 7.51

Direct with predominantly family members 534 44.10
Direct with family members only 571 47.15

Empirical Analysis

In order to characterize the farms involved in the study based on aspects of their
structure and sustainability, a cluster analysis was carried out, and three typological groups
were identified. The variables used for the analysis were both the structural variables of
the sample and those that characterized the farms from the environmental, social, and
economic points of view. The highlighted clusters (CLs) are shown in Figure 4.
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- CLUSTER 1: Low-Input, Low-Output Farms that Are Attentive to the Environmental
Dimension (49.1% of the Sample)
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This CL was made up of the smallest farms in terms of consistency; they were charac-
terized by an average of 79 total heads, of which 42 were in the lactation phase. As regards
the overall size, however, the farms reported an average UAA of 52.8 hectares (of which
15% was irrigated). Compared to the others, in this cluster, the minimum values of the
indicators of the environmental dimension were recorded. In fact, the lowest values were
recorded for the use of “negative” inputs, such as non-renewable resources, fertilizers, nu-
trients, and pesticides. In support of this, 16% of the cluster’s producers complied with the
organic specifications. At the same time, this “low-input” profile was also associated with
a “low-output” one. In fact, the indicators associated with the economic dimension tended
to record the lowest values here, both among the cost items and for the total revenues
(EUR 4626.6/ha), as well as in the added value per labor unit (EUR 38,638.7/ha). This
last parameter highlighted the lowest economic efficiency per employee. For the social
dimension, the lowest values were recorded for wages (EUR 337.88/ha), contracting (EUR
1.52/ha), human labor (EUR 777.27/ha), and machinery (EUR 239.93/ha). In the social
dimension of this group, a higher amount of family labor was employed compared to in
other groups (family work unit/total work unit equal to 0.88). This group also included the
highest percentage of female leaders (20.3%). For the many aspects that were highlighted,
these companies were distinguished from those of the other groups due to their greater
attention to the environmental aspects.

- CLUSTER 2: High-Input, High-Output Farms that Are Attentive to the Economic
Dimension (34.3% of the Sample)

This CL was made up of the largest farms, where, on average, there were 176 heads,
of which 92 were in the lactating phase. However, the high number of animals was
associated with an average UAA of only 45.99 hectares—the smallest among the groups—
thus characterizing a production system with high inputs. A high degree of intensification
of activities was also suggested by the high irrigated UAA and by the level of labor costs
(mainly extra-family employees), which was the highest. The values of the environmental
dimension, which represented the highest values per hectare among the clusters, confirmed
that this was a type of farm that produced by using a high level of inputs. The high-cost
values in the economic dimension were followed by the maximum values achieved for
total revenues (EUR 10,952.88/ha), livestock GSP (EUR 7454.53/ha), and labor productivity.
The latter, which was measured in added value per labor unit, was, on average, equal to
EUR 60,639.96/ha. These then described the image of the farms based not only on the high
inputs, but also on the economic sustainability. The maximum values were also reached for
all indicators of the social dimension: wages (EUR 749.73/ha), contracting (EUR 22.09/ha),
Human labor, and machine labor. The relationship between the latter two highlighted
how this cluster was the one with the greatest use of machines compared to human labor.
For the many aspects that were highlighted, these companies were distinguished from
those of the other groups due to their greater attention to the economic aspects. Here, the
cost per hectare found for insurance was the highest among the groups—to manage their
business risk.

- CLUSTER 3: Low-Input, Different-Output Farms that Are Attentive to Social Sustain-
ability (16.6% of the Sample)

This cluster was distinguished by an average of 115 animals that were reared, of
which 52 were in the lactation phase. The average size of the farms belonging to this
cluster was 82 hectares, which is the largest found among the groups, and this is where
the greatest presence of organic production fell (16.5%). Furthermore, in this group, we
found the highest percentage of tenants who had a degree (3%), confirmed by the fact that
18% of the cluster was made up of young entrepreneurs. This cluster showed the greatest
attention to the social dimension among the clusters, as shown by the highest percentage
of complementary activities that were added to the zootechnical activity (90.5%). In the
economic dimension, the small amount spent on the purchase of non-farm fodder indicated
that these were large farms practicing self-production. Here, the cost per hectare found
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for the certifications for enhancing the quality of the product was the highest among the
groups. The indicators of the social dimension, such as human labor and machine labor,
were found here to have the lowest values among the groups and, when compared to each
other, highlighted a clear prevalence of the use of human work over machinery. These
farms were therefore characterized by their greater attention to the social aspects, as they
were more attentive to multifunctionality compared to those belonging to the other groups.

4. Discussion

Three different profiles emerged from the comparison among the clusters, which
were distinguished according to the values achieved for the indicators used in the different
dimensions to characterize the dairy farms: environmental, economic, social, and structural.
In fact, on the basis of the structural characteristics detected within each cluster, different
behavioral profiles were highlighted with respect to the farms’ sustainability choices. The
distribution by altitude zone was not significant in determining the clusters.

Although the region did not represent a net determinant of the entrepreneurs’ behavior,
most of the farms located in the areas of the four most important regions for the Italian
bovine dairy sector fell within cluster 2.

CL1 represented small farms that stood out due to their performance in environmental
sustainability compared to the others. In fact, they were characterized by the lowest
level of input in the environmental dimension. This aligned well with the fact that this
group included a high percentage of female leaders and of organic practices. The literature
confirms the greater predisposition of women towards environmental issues and recognizes
them as an active and essential part in environmental conservation [57]. In addition, CL1
highlighted the importance of family labor in the social dimension, which combined well
with the high percentage of women in the cluster, as shown in the studies by Trauger [58]
and Fairlie and Robb [59]. This group also recorded the lowest values in the economic
dimension because, as the literature confirmed, it is precisely small companies that often
demonstrate lower economic efficiency [60].

This group was clearly opposed by the CL2 farms, which directed their business
choices toward the economic dimension. This was in line both with the medium–large
structural assets of the farms and the fact that there was a high percentage of male leaders
in the cluster [61]. In fact, these farms stood out not only by having the highest values in
the economic dimension, but also by having the highest level of input in the environmental
dimension. This showed a lack of attention to the environmental impacts of the practice
of intensive farming, which was also indicated by the fact that the percentage of organic
producers was almost zero. In fact, as reported in a study by Muller et al. [62], the organic
method mandates a clear reduction of chemical inputs. The profile of this group also
denoted a high degree of intensification of practices in the social dimension, with the
highest costs for contracting and wages and the greatest value for the use of machines
compared to human labor. The high values of these latter indicators agreed with the
economic settings of the companies, as these also had the highest economic efficiency
per employee.

CL3 was represented by farms that were very attentive to the social aspects. It was
made up of farms with the largest farm size, which highlighted a production choice
oriented towards multifunctionality from which the farmer obtained an important share
of the company revenues. Here, there was a low livestock consistency, and a substantial
percentage of organic livestock (16.5%) was found, which was in line with the findings
highlighted by CL1. In fact, although these two clusters had similar consistencies and
breeding methods, which were confirmed by the observed value of the livestock GSP, they
differed in the values of their total revenues. This was due to both the diversification of the
activities carried out in CL3 and the scarce quantity of investments of the farms in CL1 in
activities that would allow them to enhance their farm products, such as certifications. In
fact, the farms in CL3 sought different sources of income through complementary activities
(90.5%), confirming that this group had the highest percentage of young people (18%). It is
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precisely the literature that confirms that young farmers may be more inclined to support a
multifunctional approach on a farm [63]. Unlike in CL3, farms with a more limited surface
area (CL1, CL2), regardless of the intensification of activities, were mainly oriented toward
livestock production.

5. Conclusions

This work aimed to define the types of farms in the dairy cattle sector in order
to provide a detailed picture of the Italian situation and, at the same time, to create a
classification of homogeneous groups of farmers based on their structural profiles from
the point of view of sustainability. This study provides a homogeneous and common
basis on which it is possible to develop studies that measure the performance of farms in
terms of sustainability through a more objective and comparable assessment of the social,
environmental, and economic performance of farms. To obtain this result, multivariate
statistical approaches were used, as these methods allowed a better exploration of the
characteristics of management and the comparison of the profitability of the clusters that
were obtained, as was already done in similar analyses [31,55].

Kelly et al. [64] highlighted the limitations of the FADN sample surveys, as they do not
capture data from small farms that do not fall under the definition of “commercial”, even
though they receive subsidies as a result of the Common Agricultural Policies. Nevertheless,
the FADN is the most reliable sample survey, as shown by the extensive literature [65–67].
If the sample base has limitations in its precise representation of the agricultural sectors,
a further limitation of the study is the choice of indicators, which was based on a careful
survey of the literature [52] and based on the characteristics of the sector, but it could
be enriched with additional factors [31,32,55] and supplemented with indications that a
primary survey could provide, such as a survey of farmers’ perceptions and intentions [68].

Despite these limitations, the analysis carried out here allowed the set objectives
to be reached and an identification of Italian farm types to be provided based on the
emerging relations between the aspects of structure and sustainability. This classification
potentially highlights the state of the art of the bovine dairy sector by classifying farms on
the basis of sustainability indicators in order to understand how far the breeding strategies
are from the European trajectories and how some types are already on the road to this
sustainable transition.

Knowing how to combine the objectives of environmental sustainability with those of
economic competitiveness will be important in complying with what is required by the
European Commission through the Green Deal and related strategies (the Farm-to-Fork
and Biodiversity strategies) [69,70].

Thus, this work is in the vein of research on policy support and is an attempt to
animate discussions and future analyses to be replicated in other European countries so
that a framework for sustainability can be provided. The different analyses could give hints
to policymakers for making policies—such as the CAP or rural development policies—that
are closer to the needs of different territorial realities.

Some farms have a high level of eco-compatibility; however, they should also be
pushed to pay more attention to the economic dimension through a better use of socio-
technical tools. Other farms are proving to be more attentive to the economic dimension,
but need to improve their commitment to the environmental and social fields. The existence
of the third group of farms demonstrates that a multifunctional management that includes
sustainability in its three dimensions (environmental, social, and economic) is possible.
The policy tools for supporting this sector will have to be defined in a different way to
support the development of an articulated and complex sector.
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Abstract: The performance of an air-source heat pump water-heater (ASHPWH) system manufac-
tured by Kronoterm was benchmarked in this study for the application of dairy farming in Ireland.
The COP of the system was calculated to be 2.27 under normal operating conditions. The device was
able to supply water at 80 ◦C, however a full tank at this temperature was not achieved or deemed
necessary for the dairy application. Litres per kWh was used as a performance metric for the device
and the usable water per unit of energy for the system was found to be 397 L when using both
electric heaters and 220 L when using just the top heater both in conjunction with the heat pump. The
performance of the heat pump system in terms of its cost to run and efficiency was also compared
with five other water heaters. The heat pump is seen to be very efficient, however due to the carbon
intensity of the Irish grid electricity and high water temperatures required, the solar water heater
with gas backup was found to be the best performing under energy efficiency and carbon emissions
per litre of usable water. In conclusion, although the heat pump was not the best-performing system
under these metrics, the cost and complexity of the solar-gas system may be a deterrent for dairy
farmers and for this reason, the heat pump is considered a cost-effective, efficient and viable option
for dairy farmers trying to reduce their carbon footprint and energy bills.

Keywords: heat pump; dairy farming; water heater; ASHP; ASHPWH; usable water; emissions

1. Introduction

One of the main drivers of environmental damage in the form of climate change is
the emission of greenhouse gases (GHGs) in the production of energy, and in particular
electricity. Due to the increase in the burning of fossil fuels since the industrial revolution,
the increase in concentration of these GHGs in our atmosphere has resulted in a warming
effect on the planet [1]. There are many ways in which emissions can be reduced and the
implementation of all of the possible strategies improves the chances of meeting the targets
set out by the EU. Figure 1, below, shows how our climate targets interact with one another.
By improving the energy efficiency, the demand for energy decreases, because less energy
is required to perform the same basic task, e.g., electricity for agricultural water-heating.
By decreasing the demand for energy, the proportion of energy that is generated through
renewable sources increases, because the total energy has decreased. In the same way, by
reducing the demand for energy through improvements in energy efficiency, the amount
of fossil fuels burned is reduced. The same works for increasing the quantity of energy
produced from renewable energy. For this reason, all avenues to reducing energy demand
and increasing renewable energy production must be explored. For example, in thermal
power plants using fossil fuels to produce electricity, only about 55% of the energy stored
within the fuel is converted to electricity as remaining energy is lost as heat [2]. Other
losses which occur in the production of electricity are distribution and parasitic losses. The
net supply efficiency of electricity in Ireland in 2017 was 49%, which means that 51% of the
energy produced was lost [2].
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Contrasting to renewables the inefficiency of fuel sources such as coal and peat, as well
as the higher carbon intensity of those fuels highlight the importance of investment in the
renewable energy space in order to reduce GHG emissions in the production of electricity,
as electricity accounted for 27% of the energy used in Ireland in 2018 [4]. An important
point to note is that in the production of electricity from non-combustible renewable sources
such as wind, solar and hydro (not pumped hydro storage), there are no transformation
losses incurred, as there is no energy lost in the production of electricity from these sources.
There are still some losses that occur in the transport of the electricity generated, and there
may be some energy required to produce the electricity from these sources also. These
losses are much smaller than the transformation losses incurred when producing electricity.

Reducing electricity consumption by way of increasing the efficiency of appliances
and of electrical water-heating systems have a large impact on reducing Ireland’s GHG
emissions [5]. This is because as we reduce the demand for electricity the fuel mix becomes
more renewable as fewer fossil fuels need to be burned to make up the demand.

Currently, the agriculture sector in Ireland is responsible for 34% of Ireland’s total GHG
emissions, equating to 45% of Ireland’s non-Emissions Trade Scheme (ETS) emissions [6].
The contribution of each industry to Ireland’s GHG emissions is shown in Figure 2. It can
be seen that agriculture is the largest contributor to Ireland’s GHG emissions. Due to the
high proportion of Ireland’s non-ETS emissions coming from this sector, it is imperative
that energy emissions in this sector are reduced if the targets set by the EU are going to
be met.

In the agriculture sector, emissions have increased year on year since 2014 according to
the Sustainable Energy Authority Ireland (SEAI) and the Environmental Protection Agency
(EPA) [4,7]. This contrasts greatly with the general trend in emissions in Ireland which have
been reducing, see Figure 3. The main reason suggested by the EPA for this is an increase
in dairy cow numbers, up 27% over the past five years, which equates to an increase of
over 300,000 dairy cows [7]. The increase in dairy cows is the result of the milk quota’s
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abolition in 2015 [8]. Although abolition of the quotas has resulted in increased incomes
for Irish dairy farmers, failure to improve efficiency in practices has resulted in an increase
in emissions over this time [8]. Most of the emissions in agriculture are non-energy related,
and a large proportion of these non-energy-related emissions are difficult to avoid without
the reduction of the herd numbers [9]. Therefore, in order to see any significant reduction
in emissions from agriculture, dairy farmers will have to be much more efficient in terms
of their energy use.
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Maintaining low total bacteria count and a low thermoduric count is important for
maintaining milk quality on dairy farms, and one way this is achieved is through using the
correct cleaning procedures. Hot water is required for washing milking equipment and
the bulk tank on dairy farms. Temperatures of 65 ◦C to 75 ◦C are required for cleaning the
milking equipment, and 60 ◦C to 70 ◦C for cleaning the bulk tank [11]. Water temperatures
will drop during the washdown procedure, so according to Glanbia, starting temperatures
of 70–75 ◦C are essential [12]. The quantity of hot water required on dairy farms fluctuates
based on the frequency of milking and the size of the farm, so it is difficult to quantify the
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hot water required for an average farm on a daily basis. For the milking machines, roughly
10 litres of hot water are required per milking unit, and an average farm has 16 milking
units [11]. An 8000 L bulk tank, which is adequate for an average sized farm requires about
160 L of hot water for cleaning.

A method which has been used to reduce energy consumption in an industrial and
residential setting has been the implementation of heat pumps for space and water heating.
A study carried out by Hong and Howarth found that in 2009, 18% of energy used in the
home was for water heating [13]. They implemented a scenario to estimate the energy
savings that could be incurred by using heat pumps instead of the more popular gas and
electric heaters, for domestic hot water in residential and commercial setting. The findings
were that if heat pumps were used instead, total emissions from fossil fuels in residential
and commercial use would be 26% lower [13]. It was concluded following the study that
heat pumps are an effective method of reducing GHG emissions in water heating [13].

Upton et al. analysed the electricity consumption of 22 Irish dairy farms along with
their daily and seasonal trends to identify the strategies which could reduce electricity
usage on dairy farms and also maximise the use of electricity during off peak hours to
reduce costs [14]. An interesting result found that 20 of the 22 dairy farms studied were
using electric water heaters [14]. The study also found that 60% of the direct energy
used in the farm was electricity, and of that electricity used, 80% was used in the milking
parlour [14]; the two practices that used the most energy were milk cooling (31%) and
water heating (23%) [14].

Gas boilers and liquefied petroleum gas (LPG) instant boilers are also common meth-
ods of heating water in dairy farms [15]. Both of these are lower in emissions in comparison
to the electric storage heaters due to the lower carbon intensities of the fuels. However,
as the production of electricity is based more on renewables all the time, this may not
be the case for the entire life cycle of a new system which is installed, which should be
considered when purchasing a new water heater. Oil boilers were a popular choice, but
they have higher installation costs and cause greater emissions due to the higher carbon
intensity of the fuel. In terms of renewable water-heating technologies, solar thermal is an
option, but according to Upton et al., it can only supply around 40% of the total hot water
demand [15]. Heat pumps are another renewable technology that can be used for water
heating. Heat pump water heaters work on the basis of a reverse refrigeration cycle, which
means they can transfer low grade heat into useable heat to increase the temperature of the
water. There are three main heat pump technologies: water source heat pumps (WSHPs),
ground source heat pumps (GSHPs) and air-source heat pumps (ASHPs).

Heat pumps have advantages compared to other systems because of their ability to
heat water efficiently due to their high coefficient of performance (COP). The COP of a
heat pump refers to the amount of heat energy supplied by the heat pump, divided by the
amount of energy consumed by the heat pump. Figure 4 shows each type of water heater
with emissions (excluding solar as it has no emissions). Table 1 shows the information in
Figure 4 in a tabular format. It can be seen from Figure 4 that the COP of the heat pump
seems to make it much more efficient in terms of carbon emissions produced per unit of
useful heat. Due to the lack of education in heat pump technology, higher initial cost and a
history of limited availability, the uptake of heat pumps in Irish dairy farming has been
limited. However, there are now grants available in Ireland by the SEAI for businesses
which reduce the initial purchase cost of heat pumps [16].
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Table 1. Comparison of water heater efficiency.

Direct Electricity Oil LPG Gas Natural Gas Electric
Heat-Pump

High Efficiency Conversion Rate 100% 97% 91% 91% 560%
Low Efficiency Conversion Rate 100% 65% 65% 65% 250%

Carbon Intensity of Fuel
(gCO2/kWh) 331 265 229 201 331

There are many different types of heat pump which could be used in the application
of dairy farming, but the type which would be most applicable to all farms would be the
air-source heat pump water-heater (ASHPWH) [17]. Other heat pumps are more expensive
to install and may not be possible to install in certain farms, and therefore this study will
deal with ASHPWHs in particular. In this study the performance of an ASHPWH system
is of interest for the application of dairy farming in Ireland. A study by Upton et al. [18]
investigated the performance of an ASHPWH with an electric heating element for the dairy
farm application. The heat pump was used to heat the water to 55 ◦C, and the electric
heating element was then used to heat the water to 80 ◦C. The study used usable water
as a metric for the performance of the heat pump and it defined usable water as water
between the temperatures of 60 ◦C and 80 ◦C [18]. This is the temperature range for which
the water is deemed usable for washing down the bulk tank and the temperature range for
cleaning the milking machines is 65 ◦C to 75 ◦C. The temperature of the water in the tank
may not be the temperature that the water will be at when it reaches the bulk tank and
milking machines, so a higher threshold for useable water temperature is used in this study
to account for this. The metric of L/kWh was used to compare the performance of the heat
pump water heater with an electric emersion element only water heater. The ASHPWH
was able to produce 15.12 L/kWh in comparison to 9.66 L/kWh with the electric emersion
heater [18].

Upton’s study found that the maximum amount of usable water which could be
drawn out of the system was found when the water was mixed during the heating process.
This study aims to use the same metrics to compare an ASHPWH with some of the
other options available to a dairy farmer looking to improve the energy efficiency of their
farm, in particular the performance of an air-source heat pump water-heater (ASHPWH)
system, manufactured by Kronoterm, is analysed for its ability to reduce emissions in the
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application of dairy farming in Ireland. For this study usable water is in line with Glanbia’s
recommendation of greater than 70 ◦C [12].

ASHPWHs are very sensitive to their ambient conditions, but ambient temperature
has the largest effect as the amount of energy available to the heat pump from the air
decreases as temperature decreases. In general terms, as the ambient temperature increases,
the COP of the heat pump increases and as the ambient temperature decreases, so does the
COP. The true relationship though is slightly more complex, the COP of the heat pump
is related to the difference between the ambient temperature and the temperature of the
heat sink. This is why as the temperature of the water increases within the ASHPWH, the
COP decreases. As the difference in temperature between the ambient conditions and the
heat sink increases, it becomes more difficult for the system to draw useful heat from the
air, and therefore it uses more power per unit of useful heat which it supplies to the heat
sink. This relationship has been shown in multiple studies, which aimed to compare the
performance of ASHPs during different periods of the year. For example, in a study carried
out by Ji et al. which was carried out in China [19], the COP increased from 2 at 4.5 ◦C
average temperature to 3.42 at 31 ◦C average temperature. A similar study carried out by
Zhang et al. investigated the COP of a heat pump over each season, in order to find the
seasonal performance factor (SPF) of an air-source heat pump [20]. The study found that
the COP during the winter, at an average ambient temperature of 0 ◦C was 2.61, which
increased to 4.82 during spring and autumn with an average temperature of 25 ◦C and
increased further during summer to 5.66 for an average temperature of 35 ◦C [20]. These
studies show how great an effect the ambient temperature of the environment can have on
the performance of air-source heat pumps.

2. Materials and Methods
2.1. Heat Pump System

The heat pump system used in this study is an air-source heat pump water heater
(ASHPWH) made by Kronoterm and supplied by Glenergy Ltd. (Sydney, Australia) [21],
which can be seen in Figure 5. The condenser in the heat pump is a wrap-around condenser.
The heat pump incorporates two electric water heaters which are used to heat the tank
above 65 ◦C or to heat just the top portion of the tank when only a small amount of hot
water is needed. For the purpose of this study, the comfort setting and the external heater
settings on the device were used. The comfort setting uses the heat pump to heat water to
65 ◦C and then uses the electric heaters to heat the water to 80 ◦C, and the external heater
setting allows one to choose for either the top heater or both heaters to be used. The two
configurations that the heat pump was tested in are shown in Table 2.
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Table 2. Heat pump system configurations.

Configuration Heat Pump Status Immersion Element Status

1 On from 20–65 ◦C Top Heater Only from 65–80 ◦C
2 On from 20–65 ◦C Both Heaters On from 65–80 ◦C

2.2. Measurement Equipment

The measurement equipment used in this study included a Fluke 435 Series II Power
Quality and Energy Analyser, a Pico data logger with thermocouples, the Kronoterm cloud
system and an EL-USB II data logger. Information such as temperatures, relative humidity
and power were collected by these systems in order to characterise the performance of the
system under the operating conditions of the given test, as ambient conditions can have a
large effect on the performance of heat pumps.

2.3. Testing Setup and Procedure

The setup for the tests was consistent for each of the tests performed, and the heat
pump settings were used to vary the test parameters. In order to measure the power and
energy, the loops and clips on the Fluke system were connected to the relevant wires. The
EL-USB II data logger was attached to the air intake to ensure that the ambient conditions
were measured accurately. The Pico data logger was connected to k type thermocouples
which were used to measure the temperature of the water as it exited the tank, in order to
measure the useable water.

2.4. Equations

This formula was used to calculate the energy increase in the water so that the COP of
the heat pump could be calculated. The equation used for this was:

E = mcp(∆T) (1)

where m is the mass of the water, cp is the specific heat capacity and ∆T is the temperature
difference between the start and end temperature of the water.

The COP of an ASHPWH has been defined as the amount of energy the system can
transfer to the water divided by the energy consumed by the system.

COP =
E
Q

(2)

The carbon emissions per cycle in kg (C) of each water heater was calculated using
this formula.

C =
EF
ε

× m
1000

(3)

where EF is the emissions factor for the fuel, ε is the L/kWh value calculated for the water
heater and m is the mass of the water heated.

The cost per cycle (P) of each water heater was calculated using the following formula.

P =
c f

ε
× m (4)

where c f is the cost of the fuel per kWh. For electricity, there are day and night rates, so the
formula for the electricity calculations is shown below.

P =

( c f D

ε
× mD

)
+

( c f N

ε
× mN

)
(5)

where c f D is the cost per kWh of electricity on the day rate, mD is the mass of the water
heated on the day rate. The subscript N denotes the same for the night rate.
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The area of the solar panels needed for the system, As, can be found using the
following formula.

As =
E
cs

× 0.7 (6)

where cs is the solar collection of one square metre of solar panel, and 0.7 represents the
solar fraction used in this study.

The average energy generated by the solar installation is found by multiplying the
panel area by the average collection per square metre as shown below. This value was then
subtracted from the total energy needed to heat the water to find the total energy needed
from the backup system, EB.

Es = As × cs (7)

EB = E − Es (8)

2.5. Comparison Section

The systems which have been chosen to be compared to the heat pump are as follows:
electric, natural gas boiler, LPG instant water heater and a solar water heater with an
electric or natural gas backup. These systems have been chosen as they all offer different
benefits in terms of either fuel source, convenience or efficiency. Solar was chosen as it is
generally considered to be one of the most efficient methods of water heating, and the flat
plate collector in particular was chosen as flat plates systems are generally cheaper than
evacuated tube collectors, which make the cost of the system slightly more comparable to
the price of a heat pump water heater. In the literature, the electric backup tends to be seen
more than a gas backup for solar water heaters, but both were considered in this study, as
the author felt that a natural gas backup would be less carbon intensive than an electric
backup. Natural gas was chosen as gas boilers are less carbon intense than oil boilers and
have a lower cost. The LPG system was chosen as these systems offer instant hot water
which could be a good option for smaller farms with less water-heating requirements. The
electric option will also be considered as it is the most common type of water heater used
on dairy farms according to Upton’s report [14].

The comparison was performed on the basis of one full cycle of the heat pump to a
maximum of 80 ◦C. The amount of usable water from the system from that cycle was used
as a comparison metric, and the other values for the heat pump were calculated using the
L/kWh figure. The other water heaters were compared to the heat pump in terms of how
many L/kWh those systems can produce in a full heating cycle. This method was chosen,
as it removes variables such as heat loss which cannot be estimated for the solar or natural
gas systems. The water was heated from 20 ◦C to an average water temperature of 70.7 ◦C.
By using the average temperature, the amount of energy and therefore energy-related
emissions of the other water heaters which those heaters would require to achieve with
the same amount of water at that average temperature will be calculated. The other metric
used to compare the systems is the cost per day, the formula for which can be seen in
Equation (5).

2.5.1. Gas Heating Option

The gas heating option considered is an instant water heater made by LPG Flogas. In
order to calculate the number of kilowatt hours (kWh) of gas burned to heat the water to
the required temperature, the energy formula in equation 1 was used, and an efficiency
of 90% was assigned to the gas heater, as this is the high end in terms of efficiency for gas
water heaters.

2.5.2. Solar with Electric or Gas Backup

In order to calculate the efficiency of a solar system with a backup heat source, first
the sizing of the solar system needed to be calculated. In order to calculate the size of
the system, the first step was to find the solar radiation for the summer period, as this is

98



Sustainability 2021, 13, 5736

the period where the solar radiation will be highest. By sizing the system based on the
maximum solar radiation the system will not be oversized, which in solar installations
could be very costly. This is because in oversized solar water-heating systems, at peak
solar radiation, stagnation occurs in the system resulting in irreparable damage to the
solar collectors.

By finding the average solar radiation per metre squared on a day during the summer,
the size of the system can be calculated by dividing the energy required for heating water
on an average day by the average solar radiation per meter squared during summer. This
gave the area of panels required to supply a 100% solar fraction. Solar water heaters
however are not designed to heat water to 80 ◦C, so to accommodate for this the solar
fraction of the installation should be 70%. The remainder of the heating was done by
a backup source. Equation (6) shows the mathematical formulation of the calculations
described above. The area was rounded to the nearest whole number to give the number
of panels required.

To calculate an average day of heating with the designed solar system, the average
solar radiation for the year was divided by 365 to find the average solar radiation per metre
squared for a day in the year. This solar radiation value was multiplied by the efficiency
values for the collector and for the system which were taken from a paper by Duffy and
Ayompe [22], which was conducted in Dublin using flat plate collectors with an external
storage tank with an electric backup. The solar collection of one panel was then multiplied
by the calculated area of the solar installation to calculate the kWh of heat energy made up
by the solar system (see Equation (7)). The result of this calculation is a value for the total
amount of energy which will be stored in the water over a day by the solar installation.
By subtracting this value from the total amount of energy required to heat the water for
the given day, the amount of energy required from the backup source on that day can
be calculated (see Equation (8)). The amount of energy produced by the solar system is
considered free energy in terms of both cost and carbon emissions, so only the energy used
by the backup source is considered in the calculations for comparing the efficiency of the
system with the ASHPWH.

2.5.3. Calculation Methodology

The two metrics to be used to compare the systems are the carbon emissions and cost
per day, assuming daily water use of 397 L. By dividing the carbon intensity of the fuel for
each system (gCO2eq/kWh) by the efficiency of that system (L/kWh), the carbon intensity
of each system (gCO2eq/L) can be found. This is shown in a mathematical formulation in
Equation (3).

By dividing the cost per kWh of fuel (€/kWh) by the efficiency of each system (L/kWh),
the cost per litre can be found. This can be multiplied by the quantity of useable water
needed to find the cost per day of operating the system. The mathematical formulation of
this can be seen in Equation (4). To take into account the different cost rates of electricity,
Equation (5) should be used.

For the heat pump, it is possible that for some farmers using this system they could
operate using only the night rate of electricity, as heat loss from the system during the day
is minimal. To account for topping up the heat during the day with the electric heaters, it is
assumed that 25% of the electricity use will be during the day, meaning 75% will be on the
night rate. The rates of electricity cost used in the calculations are shown in Table 3.

Table 3. Conversion units and cost values.

Fuel Source Carbon Intensity
(gCO2eq/kWh) Cost Per kWh (Day) Cost Per kWh

(Night)

Electricity 331 0.15 0.07
Gas 201 0.066 0.066
LPG 229 0.12 0.12
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It would be expected that most of the solar radiation will be absorbed by the system
after the first milking, and therefore most of the energy used by the electric backup would
be used in the night rate. To account for this, 75% of the energy used by the solar with
electric backup has been assigned to the night rate and 25% to the day rate.

In order to extrapolate the results to see the comparative yearly performance of the
systems, for the sake of simplicity the daily water use will be assumed to be the usable
water number calculated for the heat pump for a full cycle.

Electricity pricing comes from a report from J. Upton et al. which was presented at the
Teagasc National Dairy Conference [23]. The carbon intensity of the fuel sources comes
from the SEAI website which has the most up to date information which is from 2020 [2].
The price of natural gas and LPG comes from a domestic fuel cost comparison published
by SEAI [24].

3. Results

The tests carried out on the heat pump were done to benchmark its performance under
normal operating conditions. The results in Figure 6 show that the heat pump used in this
test had high efficiency at lower water temperatures with a COP of 4.3 for the temperature
range of 20–30 ◦C. The efficiency of the heat pump reduced significantly as the temperature
of the water increased. This was expected, as the COP for heat pumps decreases as the
discharge temperature increases. Although the heat pump is more efficient than other water
heater technologies even at higher water temperatures, it is not as efficient as some of the
heat pumps which were seen in the literature such as one in the study by Ibrahim et al. [25]
where the COP of the heat pump was still greater than 2.5 at temperatures around 55 ◦C.
The COP of 2.27 for a full cycle is also at the lower end of what was seen in the literature,
although most of the studies did not heat the water as high as 65 ◦C, which did have an
impact on the results of the experiment. If the heat pump had been run to 55 ◦C the COP
of the cycle would have been 2.66 which would be comparable with some of the studies
in the review of heat pump water heaters by Hepbasli et al. [26]. The performance of an
ASHPWH is dependent on ambient temperature and humidity and therefore the COP may
change throughout the year. For this reason, in cooler climates it has been seen that locating
an ASHPWH indoors can improve the average COP over the year and does not affect space
heating bills significantly [27]. Some of the studies cited in that review of water heaters
also began with lower initial water temperatures, which would result in a higher COP [26].
The temperature varies by month and by storage method, but a normal range for Ireland
is between 8 and 14 ◦C [28]. In practice, the initial water temperature may be lower than
that used in this study but do not affect the overall findings. Although the COP of the heat
pump decreases significantly at higher water temperatures (see Table 4) it would still be
worth using the heat pump at these higher temperatures as the efficiency of the system is
still higher than it would be with an electric water heater.

Table 4. COP of heat pump.

Temperature Range COP

20–25 4.28
25–30 4.36
30–35 3.45
35–40 2.91
40–45 2.55
45–50 2.13
50–55 1.66
55–60 1.54
60–65 1.33

20–65 2.27
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Figure 6. Energy performance of heat pump.

Another key performance indicator of any water-heating system is the time taken to
heat the water to a given temperature. The time taken to heat the water from 20–65 ◦C was
6 h and 46 min. This is a significant amount of time, but it should be noted that the amount
of water being heated is also quite large at 450 L. The heat pump is significantly slower to
heat water than a typical gas boiler and the instant LPG instant water heater, and therefore
the farmer should be aware of this and heat water in advance. The heat pump has a slow
rate of temperature loss, which can be seen from the orange line in Figure 7, and therefore
in order to save energy costs, the heat pump system should be run to at least 65 ◦C at the
night rate of electricity. The electric heaters can then be used to heat the water to useable
temperatures shortly before it is needed. In comparison to the other types of water heater,
a gas system would have greater heat losses as gas water-heater tanks are more difficult to
insulate due to the internal combustion. The instant water heater has no standby losses,
which could mean that for small farms with little water usage, such a system may be ideal.
A key performance metric for energy use in water heaters is sizing. If the system is too
large it usually leads to excess energy use over time. As more water is heated than needed,
heat loss from the system can be quite significant and therefore this is another important
factor for a farmer to consider.

Despite the heat pump using more energy towards the end of the cycle, the rate of
temperature increase falls, this means that at higher temperatures, the heat pump uses
more energy and takes longer to heat the water. It should be mentioned that when the heat
pump is used to heat the water, the water heats relatively uniformly. This is because the
system uses a wrap-around condenser which can be seen in Figure 5. The uniform heating
of the tank was checked with a thermocouple which was placed near the bottom of the
tank as seen in Figure 5.
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Figure 7. Heat pump heating and cooling cycles.

With regards to the energy used for the full cycle, the total energy when only the top
heater was used was 12.4 kWh and using both heaters the energy used was 13.82 kWh, see
Table 5. This shows one potential issue with this system, which is that it will not heat the
full tank to 80 ◦C. The top heater heats only roughly the top third of the tank due to thermal
stratification, which means that 1.91 kWh of energy is required to heat the top third of the
tank from 65–80 ◦C, see Table 6. The energy consumption over time for both configurations
is shown in Figure 8. The system has a built-in thermostat which shuts off the system
when it reaches 80 ◦C. This is located near the top of the tank as shown in Figure 5 and
therefore, due to the thermal stratification in the tank caused by the top heater, the whole
tank is not heated to 80 ◦C. Thermal stratification is common in water heaters containing
multiple heating elements, particularly when the tank has a large aspect ratio and is an
important tool used in designing hot water tanks to reduce the need to reheat the whole
tank [29]. One way to solve this issue which would also improve the performance of the
heat pump system would be to mix the water while the emersion heaters are being used,
as this was noted to improve the L/kWh value in Upton’s study [18]. This improves the
performance of the system in terms of L/kWh as it ensures that the full tank is heated to the
set-point temperature. The difference in quantity of useable water is large, especially when
considering that only 1.42 kWh more electricity is used to heat the remaining portion of the
tank. The reason for this is that the useable water temperature in this study is considered
above 70 ◦C, and therefore only the top portion of the tank can be considered as usable
water when only the top heater is used between 65 and 80 ◦C. The remaining energy used
to heat the water to this temperature is not wasted, as the tank has a very low rate of
temperature decline. As cold water enters the system, it will push the hotter water to
the top of the tank, and therefore the top heater can be used again to heat this portion of
the tank.
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Table 5. Full heating cycle energy performance.

Configuration Time (h) Air In (◦C) Energy Consumed (kWh) Useable Water (L) L/kWh

1 7.45 19.34 12.40 220 17.74
2 7.47 19.34 13.83 397 28.70

Table 6. Electric heater energy use.

Configuration Power (W) Time (m) Total Energy (J) Total Energy (kWh)

1 2860 40 6,864,000 1.91
2 4810 41.33 11,927,838 3.31
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Comparison to Other Water Heaters

A system, capable of supplying up to 120 L of water at 85 ◦C in 10 min, is an instant
water heater by LPG Flogas [30]. The system has lower efficiency than the ASHPWH. There
is no information available regarding the efficiency of the system, but as it is a gas system,
an estimate of 90% efficiency has been used. A 90% efficiency will be assumed for the gas
boiler also. The heat pump meanwhile has a COP of 2.27 up to 65 ◦C and then an electric
heater of ~99% efficiency is used to heat the water to the set point temperature. The gas
system however uses a less carbon intensive fuel, which is a clear advantage over the heat
pump system in the current climate. One of the most obvious advantages of the gas system
is that it can produce water much faster than the heat pump, which takes 7.5 h to heat 397 L
of usable water from a starting temperature of 20 ◦C.

The other water heater compared to the heat pump system was a solar flat plate collec-
tor of 9 m2. The method used to size the solar collector was described in the methodology
section and the solar radiation information was taken from the Met Eireann website in the
sunshine section [31]. Solar systems, similar to the heat pump system used in this study do
not heat the water to useable temperatures. The majority of the heating is done by the solar
collector when the sun is shining but a backup heater is used to heat the water up to the
desired temperature. Because a lot of the water heating will be done by the backup heater,
especially in winter and in overcast conditions, it is important that the backup heater is
efficient in terms of both cost and carbon emissions. Two backup heating options will be
considered in this comparison. The more common option is the electric backup heater, but
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perhaps the more efficient and cost-effective option is a gas backup heater. Gas is cheaper
per kWh and is also a cleaner source of energy than electricity. In terms of a comparison
with the heat pump, both systems offer a renewable method of heating water, they both
take a relatively longer time to heat water unless the backup source is used and they are
both relatively expensive in comparison to the gas system. Both the heat pump and the
solar system could be more cost effective using the available government grants, which
would offset some of the difference in price.

First, comparing the performance of the systems with reference to their energy effi-
ciency and their carbon intensities—Table 7 shows the results of the calculations detailed in
the comparison section of the methodology section of the report. It can be seen from Table 7
that regarding efficiency, the heat pump has the highest efficiency in terms of L/kWh,
followed by the solar with electric backup. However, the solar with gas backup is more
efficient than the heat pump with respect to its carbon emissions. It contributes to 25% less
emissions when compared to the heat pump.

Table 7. Comparison of efficiency and carbon intensity and cost.

System L/kWh kgCO2eq Per
Day % Dif. V. HP Running Cost Per

Day (€) % Dif. V. HP

Heat Pump 28.70 4.57 - 1.24 -
Electric Heater 16.74 7.85 72% 2.13 72%

LPG Instant Water Heater 15.22 5.98 31% 3.05 146%
Gas Boiler 15.22 5.24 15% 1.91 54%

Solar with Gas Backup 23.18 3.44 −25% 1.13 −9%
Solar with Electric Backup 26.91 4.88 7% 1.33 7%

The carbon intensity of natural gas is much less than that of the carbon intensity of
electricity, which is why the solar with gas backup is less carbon intensive than the solar
with electric backup. The solar with electric backup is more carbon intensive and less
fuel efficient than the heat pump, which is perhaps why it was deemed an unsuitable
investment option by Upton et al. [32]. The solar with electric backup was pointed to as
the most efficient option by Ibrahim et al. [25], but this is not the case in Ireland as Table 7
shows. In a country where the carbon intensity of electricity is lower and the solar radiation
is more constant throughout the year, it is possible that the solar with electric backup could
be the most efficient option.

It appears from the analysis of the results in Table 7 that the best overall option by
efficiency and carbon emissions is the solar with gas backup. The installation of this sort
of solar system may be unfeasible for a lot of farmers due to high initial costs, and if this
is the case the heat pump is the next best option. Because the heat pump can be installed
almost anywhere, and as it has a lower initial cost it would still be a very good option. The
gas system is also a good option as it compares very closely in terms of emissions with the
heat pump, which may not have been expected prior to the analysis. It should be pointed
out that this comparison is a high-level overview and does not go into the details that may
arise, like heat loss from the tanks and variability in terms of ambient temperature and
solar radiation. The heat pump is still likely to be related to less emissions over its life cycle
due to the ever-decreasing carbon intensity of electricity, which fell from 635 gCO2/kWh
to 331 gCO2/kWh from 2005 to 2020.

In terms of comparing the cost of the systems, Table 7 shows the results of the calcula-
tions discussed. All running costs shown in Table 7 are in euros. The cost of operating the
systems per litre and per day assuming that the amount of usable water heated is 397 L per
day is shown and this is extrapolated out to show the yearly cost under these conditions. It
can be seen that again the solar with gas backup performs better than the heat pump, but
the heat pump outperforms the other systems. If it was possible to operate the heat pump
on only night rate electricity it would be 17.5% cheaper to operate than the solar with gas
backup, but it is unlikely that this would be possible for dairy farmers unless there is only
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one milking carried out per day. Because the solar with gas backup system would be more
expensive to purchase and install than the heat pump, it is possible that the heat pump
would yield a better return on investment over its life cycle.

The solar with electric backup and the gas system are more expensive to operate than
the heat pump and they are also less efficient and more carbon intensive than the heat
pump, which means that they are probably not as good an investment idea as the heat
pump. It should also be pointed out that for small farms where hot water use is less than
around 200 L per day the instant gas heater could be a very good option. The overall cost
difference over the year period will decrease, and as the heat pump is more expensive to
purchase than the gas system it could be a better investment for the farmer.

The heat pump system offers some advantages over the water heaters traditionally
used in dairy farms. Its greater efficiency and cheaper running costs should serve as
motivation to implement these systems in dairy farms in Ireland and in other countries
with cool temperate climates. The higher efficiency of heat pumps is such that if 25% of
Irish dairy farmers switched from electric emersion heaters to heat pumps as much as
4.7 ktCO2eq. could be saved per year. This would be a saving of roughly 3.2% of total
emissions from electricity use in dairy farms in Ireland. There are also some disadvantages
to the system such as long heating cycle times, but the inconvenience of this can be negated
by setting the system to heat water on a specific schedule to suit the milking times in the
dairy farm.

4. Conclusions

There are many ways to reduce the total carbon emissions that are released for the
production of energy, and all avenues to reducing these emissions should be explored.
Jevons paradox is apparent in our energy systems today, as we improve the efficiency
of each of the energy consuming systems we use, but the number of systems that we
use continues to increase. This is why it is important to reduce our emissions in all
ways including the production and use of electricity. The agriculture sector is the largest
contributor to Ireland’s GHG emissions, and although only 4% of these emissions are
energy related, an effort should be made to reduce these energy-related emissions where
possible. Within the dairy farming sector, which is the most carbon-intense sector within
agriculture, the third largest user of energy is water heating. The two larger energy
users, milk cooling and milk pumping have been made more efficient by using up-to-date
technology such as variable speed drives and plate pre-coolers. The same effort should
be made to reduce the carbon emissions related to water heating, and it appears that an
ASHPWH is a viable option to do this for all dairy farmers. The ASHPWH tested in this
study had a COP of 2.27, which was comparable with what was seen in the literature,
considering the water was heated to 65 ◦C in this study. The ASHPWH when completing a
full cycle in configuration 1 was able to produce 28.7 litres of useable water per kWh of
energy used, while configuration 2 was able to produce 17.74 L/kWh. It was also noted
that adding a mixer to the tank which would be used to de-stratify the tank could be used
as a method to heat the full tank to the set-point temperature. The efficiency of heat pumps
varies based on many external factors such as ambient temperature and humidity, and
therefore its performance will change seasonally.

The heat pump system was compared to some of the current options used in dairy
farms and some of the other potential renewable energy methods which could be used to
reduce carbon emissions from water heating. The heat pump system performed better in
terms of cost and emissions than the current methods used in dairy farms. One system that
stood out by its comparative performance versus the heat pump was the solar water heater
with a gas backup. This system was marginally cheaper to run than the heat pump but
was 25% less carbon intense due to its less carbon intense fuel and benefit of using solar
which has zero emissions. This system would be more expensive to implement than the
ASHPWH which could serve as a barrier to entry for dairy farmers. It could be the topic of
further research to investigate using a life-cycle analysis which system would be best out

105



Sustainability 2021, 13, 5736

of ASHPWH and solar with gas backup in regard to cost and carbon emissions, as these
seem to be the best of the options considered in the literature.
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Abstract: The objective of the present study was to mitigate ammonia (NH3), greenhouse gases
(GHGs), and other air pollutants from lactating dairy cattle waste using different freestall manage-
ment techniques. For the present study, cows were housed in an environmental chamber from which
waste was removed by either flushing or scraping at two different frequencies. The four treatments
used were (1) flushing three times a day (F3), (2) flushing six times a day (F6), (3) scraping three
times a day (S3), and (4) scraping six times a day (S6). Flushing freestall lanes to remove manure
while cows are out of the barn during milking is an industry standard in California. Gas emissions
were measured with a mobile agricultural air quality lab connected to the environmental chamber.
Ammonia and hydrogen sulfide (H2S) emissions were decreased (p < 0.001 and p < 0.05) in the
flushing vs. scraping treatments, respectively. Scraping increased NH3 emissions by 175 and 152%
for S3 and S6, respectively vs. F3. Ethanol (EtOH) emissions were increased (p < 0.001) when the
frequency of either scraping or flushing was increased from 3 to 6 times but were similar between
scraping and flushing treatments. Methane emissions for the F3 vs. other treatments, were decreased
(p < 0.001). Removal of dairy manure by scraping has the potential to increase gaseous emissions
such as NH3 and GHGs.

Keywords: ammonia emissions; dairy cow; flushing; freestall barn; scraping

1. Introduction

The United States has more than 14 million dairy animals that produce approximately
145,000,000 ton of manure per year and 1,663,735 ton of nitrogen per year [1]. California is
the leading producer of fluid milk and produces 20% of all dairy products in the U.S., with
the majority of production concentrated in the San Joaquin Valley. This large concentration
of dairy cattle contributes to one of the worst air quality regions in the U.S. [2–4]. Dairies
are a source of air pollutants such as NH3, a precursor to particulate matter formation and
smog forming volatile organic compounds (VOC) [5].

In 2016, the California Air Resources Board (CARB) released the Proposed Short Lived
Climate Pollutant (SLCP) Reduction Strategy to reduce CH4 emissions from dairy manure
(i.e., urine and feces) management. In response to the SLCP reduction strategy, Senate
Bill 1383 was passed in 2016, which requires a reduction of CH4 emissions by 40% below
2013 levels by 2030. The majority of these reduction strategies consist of dairies converting
from current liquid manure storage systems such as lagoons to dry manure storage, which
would utilize scraping rather than flushing of freestall barns where the cows are housed.
This conversion of manure management would eliminate so-called manure storage lagoons,
which are considered to be a large CH4 contributor, and encourages the use of anaerobic
digesters to handle scraped manure [6].

The plan of action proposed by CARB to reduce CH4 emissions from manure may
have unintended consequences affecting other criteria pollutants, such as NH3 emissions
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from dairies. Ammonia is a precursor to the formation of PM2.5, which is a small aerosol
that can subsist in the atmosphere for as long as 15 days. When PM2.5 is inhaled it can carry
pathogens that infiltrate the alveoli of the lungs and enter the blood stream, causing illness
and respiratory disease [7,8]. This is problematic for the San Joaquin Valley as it exceeds
the regulatory limits for PM2.5 and ozone (O3) and is classified as a serious nonattainment
area by the California Air Resources Board [9].

Within livestock production, dairies were identified as the largest source of NH3
emissions in California [10]. Sheppard et al. (2011) produced a model simulation that
suggests up to 53% of the excreted total ammonia nitrogen (TAN) from a lactating cow will
be emitted to the atmosphere as NH3 during the housing, storage, and land spreading of
manure [11]. Harper et al. (2009) reported estimates of excreted nitrogen (N) to be 7.6 ±
1.5% of input feed N based on data from three different dairies in Wisconsin from barns,
manure treatment, and storage [12].

Further research is needed to better understand the full impacts of CH4 mitigation
strategies to comply with public policy including a better understanding of the variables
effecting NH3 emissions. It was hypothesized that scraping dairy freestall lanes would
increase NH3 emissions compared to flushing. The objective of the present study was to
quantify NH3 emissions, greenhouse gases, and other air pollutants as a result of scraping
versus flushing manure removal strategies commonly utilized in dairy freestall barns.

2. Materials and Methods
2.1. Environmental Chamber Design

The study was conducted in an environmental chamber (4.4 m × 2.8 m × 10.5 m)
under an IACUC approved protocol (#18818) at the University of California, Davis, Swine
Teaching and Research Center. The environmental chamber, which is designed to work for
various livestock species, was equipped to house 3 dairy cows under freestall conditions.
The environmental chamber has a total volume of 142 m3, a chamber residence time
of approximately 3 min at the continuous ventilation rate of 51,848 L/min, and an air
exchange rate of 20 times per hour. The chamber was air conditioned and set to 20 ◦C
to maintain cow comfort. Industry standard freestall stanchions were assembled on the
west end of the chamber to allow for the animals to maintain normal resting behaviors.
Feed bunks and water troughs were located on the east end of the chamber that allowed
for ad libitum access. The environmental chamber was certified by the Association for
Assessment and Accreditation of Laboratory Animal Care International (AAALAC). Cows
were housed at the University of California, Davis’s Dairy Teaching and Research Facility
when emissions measurements were not being collected in the environmental chamber.
Emission measurements were collected on Monday, Wednesday, and Friday over 5 and a
half weeks from the three cows assigned to the chamber on each testing day. Animals were
milked at 04:00 h at the dairy facility and immediately transported to the environmental
chamber for the 11 h data collection followed by transportation back to the dairy for the
evening milking at 16:30 h. Cows were monitored in the chamber from approximately
05:00 to 16:00 h.

2.2. Animals and Diets

Twelve multiparous lactating Holstein cows were blocked by days in milk, milk
production, parity, and pregnancy status before being randomly assigned to one of four
groups (n = 4). Cows were fed the standard UC Davis dairy ration ad libitum during the
testing period, upon arrival at the environmental chamber. While animals were housed
at the UC Davis dairy, they were fed at: 04:00, 12:00, 16:00, and 22:00 h. The diet was
analyzed by Cumberland Valley Analytical Services, Inc. (Hagerstown, MD, USA) for dry
matter (DM), crude protein (CP), ash, acid detergent fiber (ADF), and neutral detergent
fiber (aNDF). The chemical composition and ingredients of the total mixed ration (TMR)
are shown in Tables 1 and 2, respectively. During gas emissions monitoring days, feed
refusals were removed at the end of the day to assess group daily feed intake while in
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the chamber. Cows were milked twice daily at 04:00 and 16:30 h. Milk yield records for
all animals were maintained for the duration of the study. Average feed intake across
treatments was 32.70 ± 7.94 kg.

Table 1. Chemical composition of the total mixed ration.

Measures Total Mixed Ration (% DM) 1

Crude Protein 20.4
Ash 6.85

Neutral Detergent Fiber 31.8
Acid Detergent Fiber 23.7

1 DM = dry matter.

Table 2. Ingredients of basal total mixed ration.

Feed Ingredients As Fed (kg/d/cow)

Grain 1 11.91
Alfalfa Hay 11.34

Whole Cotton Seed 2.27
Almond Hulls 2.27

Strata 2 0.1
Milk Mineral 0.34

EnerGII 3 0.29
Salt 0.07

Wheat Hay 0.91
1 Grain mix contained: 20.50% rolled barley, 20.50% rolled corn, 21.03% dried distillers grains, 21.96% wheat
mill run, 14.48% beet pulp, and 1.53% canola meal. 2 A calcium salt of fatty acids containing a blend of palmitic,
stearic, and oleic fatty acids with a 16% eicosapentaenoic acid (EPA)/docosahexaenoic acid (DHA) omega-3 fatty
acids (Virtus Nutrition, Corcoran, CA, USA). 3 A calcium salt of fatty acids containing 50% palmitic and 35% oleic
fatty acids (Virtus Nutrition, Corcoran, CA, USA).

2.3. Treatments

The present manure removal study was designed as a Latin square with four treat-
ments including: (1) flushing 3 times a day (F3, Control), (2) flushing 6 times a day (F6),
(3) scraping 3 times a day (S3), and (4) scraping 6 times a day (S6). Each of the treatments
occurred on different data collection days for a total of 16 days. The treatments were
applied three times a day, at 08:30, 12:00, and 15:30 h, or six times a day at 06:45, 08:30,
10:15, 12:00, 13:45, and 15:30 h. Flushing consisted of spraying water on the concrete
floor until all of the visible manure was flushed down the drain. The scraping treatment
used metal scrapers to manually clear the manure into the drain. Each manure removal
treatment took approximately ten minutes to complete and clean the pen. The drain in
the chamber was plugged to keep urine and feces in the chamber and sewage gases from
entering the chamber during the testing period. The drain plug was removed for cleanings
and replaced after.

2.4. Equipment

A mobile agricultural air quality laboratory (MAAQL) was used to measure all emis-
sions from the environmental chamber. This MAAQL contained gas analyzers, an air
sampling system, and a data acquiring system to collect real-time air emission data from
the environmental chamber. The environmental chamber had one incoming and one
outgoing air duct. Teflon tubing (12.7 mm ID) transported air from inside the chamber
through the air duct immediately above the ceiling and into the MAAQL. The Thermo 17i
NO/NOx/NH3 analyzer (Thermo Scientific, Waltham, MA, USA) was used to measure
NH3, nitric oxide (NO), and oxides of nitrogen (NOx). Methane was measured using the
Thermo 55C CH4 analyzer (Thermo Scientific, Waltham, MA, USA). Hydrogen sulfide
(H2S) was measured using the Thermo 450i sulfur dioxide (SO2)/H2S analyzer (Thermo
Scientific, Waltham, MA, USA). Nitrous oxide (N2O) was measured using the Thermo 46i
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N2O analyzer (Thermo Scientific, Waltham, MA, USA). Ethanol (EtOH), carbon dioxide
(CO2), NH3, and methanol (MeOH) were measured with the INNOVA model 1412 Photoa-
coustic Gas Monitor (INNOVA AirTech Instrument, Ballerup, Denmark). Table 3 shows
detection limits and upper monitoring ranges of all gas analyzers. Samples were analyzed
for 15 min each, beginning with the inlet air duct, and then the outlet air duct, and were
repeated for the 11 h testing period.

The concentrations of N2O, NO, NOx, SO2, and methanol (MeOH) were detectable,
but the inlet and outlet values were too close to derive meaningful emission rates of these
gases. Therefore, their results therefore were not reported.

Table 3. Gas analyzers, gases monitored, detection limits, and detection ranges of the Mobile Agricul-
tural Air Quality Laboratory (MAAQL) used to measure emissions from the environmental chamber.

Gas Analyzer Gases 3 Detection Limits Upper Range

Thermo 17i
NO/NOx/NH3

analyzer 1

NO 1.25 ng/L 24.96 µg/L
NOx 1.54 ng/L 30.78 µg/L
NH3 0.71 ng/L 14.14 µg/L

Thermo 55C CH4
analyzer 1 CH4 13.31 ng/L 665.56 µg/L

Thermo 450i
SO2/H2S analyzer 1

SO2 3.99 ng/L 26.62 µg/L
H2S 2.12 ng/L 14.14 µg/L

Thermo 46i N2O
analyzer 1 N2O 0.04 µg/L 36.61 µg/L

Innova 1412
photo-acoustic

multi-gas analyzer 2

CO2 2.75 µg/L 1.83 g/L
EtOH 0.15 µg/L 1.91 g/L
NH3 0.71 µg/L 0.71 g/L

MeOH 0.11 µg/L 1.33 g/L
N2O 0.05 µg/L 1.83 g/L

1 Analyzers by Thermo Scientific, Waltham, MA, USA. 2 Analyzer by INNOVA AirTech Instrument, Ballerup,
Denmark. 3 NO = nitric oxide; NOx = oxides of nitrogen; NH3 = ammonia; CH4 = methane; SO2 = sulfur dioxide;
H2S = hydrogen sulfide; CO2 = carbon dioxide, EtOH = ethanol; MeOH = methanol; N2O = nitrous oxide.

2.5. Emissions Calculations

Concentration data of the air samples from the environmental chamber over each
15 min period were truncated to remove the first five minutes and last two minutes of the
sample to prevent carry over. The following equation was used to calculate emission rate
mg/h of gases from the environmental chamber:

Emission Rate (mg/h/head) = {[(MIX) × (FL) × (60)]/MV} × (MW) × (Conv)/Head (1)

where MIX is the net concentration (inlet concentration—outlet concentration) in either
ppm (parts per million) or ppb (parts per billion), FL is the continuous ventilation rate of
51,848 L/min, 60 is the conversion from minute to hour, MW is the molecular weight of the
gas in grams per mole, Conv is a conversion factor of 10−3 for concentration in ppm and
10−6 for concentration in ppb, and V is the volume of one molar gas at temperature T in
liter/mole and is calculated as:

V = [(Vs) × T)]/Ts (2)

where Vs is the standard volume 22.4 L at 0 ◦C, Ts is the standard temperature 0 ◦C that
equals to 273.15 K, T is the air temperature in K equaling to T in ◦C +273.15.
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2.6. Data Analysis

Emission rates from the different manure removal methods were compared to evaluate
their respective environmental impacts. All emissions data were analyzed using the
lmerTest package in R [13]. The model used to evaluate emissions data is:

Yijkl = µ + Bi + Rj + Fk + Hl + eijkl (3)

where Yijkl is the dependent variable, µ is the overall mean, Bi is the block, Rj is the method
of removal (scraping versus flushing), Fk is frequency of removal (three times versus six
times), Hl is the hour of measurement, and eijkl is the error term associated with the model.
Block was a random effect, with all other variables as fixed effects. The interaction of
the main effects of method of removal * frequency of removal, was originally evaluated
but removed from the model as this interaction was not significant. The milk data was
analyzed using the lmerTest package in R [13]. The model for the milk data is:

Yijkl = µ + Ci + Bj + Dk + Tl + eijkl (4)

where Yijkl is the dependent variable, µ is the overall mean, Ci is the cow, Bj is the block, Dk
is the date of milking, Tl is the time of milking, and eijkl is the error term associated with
the model. Cow was a random effect, with all other variables as fixed effects. Bi, Rj, Fk, and
Hl were categorical variables. Means are presented as least squares means (LSM) and were
determined using the lsmeans package in R [14]. Pairwise comparisons of treatment LSM
were determined by a Tukey test using the multcompView package in R [15]. Differences
were declared significant at p ≤ 0.05 and showed a trend at 0.05 ≤ p ≤ 0.10.

3. Results and Discussion
3.1. Milk Production

Least squares means for milk yield were 42.4, 46.2, 42.7, and 39.9 kg (±6.14 kg; p = 0.91)
for each of the four groups of cows (blocks) during the duration of the study. Dry matter
intake (DMI) for the 11 h period animals were housed in the environmental chamber
was similar across treatments with group DMIs of 30.7, 31.1, 34.5, and 34.5 kg (±4.31 kg;
p = 0.25). A difference in milk yield could lead to differences in feed intake, affecting both
manure output and gaseous emissions from manure and enteric sources [16,17].

3.2. Ammonia Emissions

Total NH3 emissions from scraping were greater than flushing treatments (p < 0.001;
Table 4). Scraping increased NH3 emissions by 175 and 152% for S3 and S6, respectively,
as compared to the control (F3; Table 4). The most common California industry practice
of clearing freestall lanes is by flushing 2 to 3 times a day, which occurs while the cows
are in the milking parlor. Scraping treatments left behind a film of manure that coated
the concrete freestall lane in the environmental chamber. The urea being excreted in the
animal’s urine comes in contact with this manure film and is rapidly converted by the
urease naturally present in the manure to NH3 and volatized [18]. In contrast, flushing
does not allow for the manure to create a film, which reduces the opportunity for urea to
come into contact with urease. The presence of water with the flush treatment may also
affect the amount of NH3 that is volatilized. In the presence of water, NH3 and ammonium
(NH4

+) exist at an equilibrium in solution that is dependent on pH and temperature [19].
An increase in the concentration of NH4

+/NH3 in the manure, an increase of temperature,
or a disturbance to the manure, such as wind speed, can increase the volatilization of
NH3 [19–21]. The scraping treatments cause a physical disturbance to the manure and do
not dilute the manure, which likely led to the greater NH3 emission seen in these treatments.
Flushing results in a lowering of urea and TAN concentrations in slurry by diluting and
removing urine from the floor surface which reduces NH3 emissions [22]. Kroodsma et al.
(1993) found that scraping manure from a concrete stall did not reduce NH3 emissions
while flushing reduced NH3 by 70% [23]. Urea is usually hydrolyzed within 2 h after
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urine is excreted on floors, but can continue to volatize for 15 h if left undisturbed [22,24].
Flushing more frequently dilutes the urine and removes it before the majority of the urea is
hydrolyzed to NH3. However, since flushing on commercial dairies occurs primarily when
the cows are in the milking parlor, increasing the frequency of flushing would be difficult
to implement with current management practices.

Table 4. Least squares means, pooled standard errors (SEM), and p-values for the 3 versus 6 times flushing or scraping
treatments, respectively, for ammonia, methane, hydrogen sulfide, ethanol, and carbon dioxide emissions (n = 4). Emission
measurements reported are on a per cow basis in either mg or g/h. A negative reduction potential equates to an increase
in emissions.

Treatment LSM 1

SEM
p-Value

F3 2 F6 S3 S6 S vs. F 3 3 vs. 6 4 Time

Ammonia
Emission Rate (mg/h) 622.42 a 479.33 a 1712.90 b 1569.80 b 154.70 <0.001 0.12 <0.001
Reduction Potential (%) 23% −175% −152%
Methane
Emission Rate (g/h) 23.32 a 26.29 b 26.60 b 29.56 c 1.69 <0.001 <0.001 0.97
Reduction Potential (%) −13% −14% −27%
Hydrogen Sulfide
Emission Rate (mg/h) 2.26 6.16 6.94 7.84 1.56 0.0496 0.29 0.13
Reduction Potential (%) −173% −207% −247%
Ethanol
Emission Rate (g/h) 1.65 ab 2.17c 1.55 a 2.07 bc 0.13 0.426 <0.001 <0.001
Reduction Potential (%) −31% 6% −25%
Carbon Dioxide
Emission Rate (g/h) 920.94 a 1056.81 b 1072.79 b 1208.79 c 58.42 <0.001 <0.001 0.98
Reduction Potential (%) −15% −16% −31%

1 F3 = flush 3 times; F6 = flush 6 times; S3 = scrape 3 times; S6 = scrape 6 times. 2 F3 treatment is industry standard and considered the
Control. 3 S = scrape; F = flush. 4 The difference between increasing the frequency of flush or scrape from 3 to 6 times. Means with the same
letter (abc) are not significantly different (p > 0.05).

Ammonia emissions also changed over the 11 h period the cows were in the envi-
ronmental chamber (p < 0.001; Figure 1). Both frequencies of the scraping treatments
showed increased NH3 emissions over the 11 h treatment period showing a compounding
effect even after scraping occurred (Figure 1). Comparatively, the flushing treatments
show a decrease in NH3 emissions directly after flushing treatments occurred (Figure 1).
The increase in concentration of NH3 emissions over time for the scraping treatment is
consistent with the literature [25,26].

Rotz et al. (2014) measured NH3 emissions from dairies using both scrape and flushing
systems in New York, Wisconsin, and Indiana [27]. Both the model simulation and the
measured annual average NH3 emissions were lower in flush barns compared with scrape
barns. Vaddella et al. (2011) compared NH3 emissions from simulated flushed manure
storage with scraped manure storage and controlled for surface-area to volume ratio and
found greater NH3 emissions in the scraped versus flushed manure.
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Figure 1. Average ammonia (NH3) emissions for the four treatments F3 = flush 3 times; S3 = scrape 3 times; F6 = flush 6
times; S6 = scrape 6 times; over time in hours (n = 4). Emission measurements reported are on a per cow basis mg/h. Error
bars represent the standard error for each point. The arrows correspond to the frequency of the four treatments applications
(number of flushing or scraping events) that occurred in the environmental chamber. Solid arrows correspond to times the
F6 and S6 treatments were applied, and dashed arrows correspond to times F3 and S3 treatments were applied.

3.3. Methane Emissions

In the present study, all treatments compared with the Control (F3) had negative
reduction potentials (increased emissions) for CH4 emissions (p < 0.001; Table 4). Both
F6 and S3 treatments were similar. Surprisingly, the S6 treatment had larger (p < 0.001)
CH4 emissions as compared to other treatments. The primary source of CH4 emissions
during the testing period would be from enteric sources, which cannot be differentiated
from manure CH4 emissions inside the environmental chamber.

Sun et al. (2008) conducted a similar study in the same facility as the present study
and found that minimal CH4 emissions were attributed to fresh manure sources [28]. Sun
et al. (2008) measured emissions in two phases: first with a cow plus manure, followed by
manure only. Methane emissions substantially increased with the addition of the cows to
the chamber and subsequently returned to near empty chamber concentrations when the
cows were removed [28].

Methane emissions from livestock waste are produced by the decomposition of volatile
solids in manure primarily from systems that promote an anaerobic environment, such
as lagoons [29]. The production of CH4 is dependent on methanogens, which thrive in
anaerobic environments. Under aerobic conditions such as in an environmental chamber,
there is little to no CH4 production [29].
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In the present study, cows were blocked in order to decrease variability in enteric
CH4 emissions. Blocking for milk yield groups cows with a similar dry matter intake,
which has a linear relationship with CH4 emissions [30]. Future research should remove
the interference of enteric CH4 emissions to determine if scraping fresh manure increases
CH4 emissions.

3.4. Hydrogen Sulfide Emissions

In the present study, individual treatments and frequency of treatments showed
similar H2S emissions; however, scraping resulted in higher H2S emissions (p < 0.05) than
flushing. Hydrogen sulfide emissions can be particularly dangerous in enclosed animal
facilities. Without proper ventilation, a buildup of H2S can cause mild eye irritation, and
in large enough concentrations cause respiratory failure and death [31]. The majority of
California dairy freestall barns are open air so health concerns from H2S exposure are
minimal. However, H2S emissions should be carefully monitored in enclosed animal
facilities particularly when the manure is disturbed for cleaning. Mixing or disturbing the
surface of manure will lead to an increase in H2S emissions because H2S is contained in gas
bubbles suspended in the manure, which burst when mixed [25,32,33]. Maasikmets et al.
(2015) measured a farm with solid manure storage compared to a farm with liquid manure
storage and found the solid manure storage to have a higher concentration of H2S [34].
The concentration of H2S was highest in the morning when there was little air movement
inside the barns. With less air flow there is less dilution of the air pollutants, allowing
for measurements at higher levels. Animal diets also play a key role in the production of
H2S in the manure. Cattle fed a higher concentrate diet, or a diet containing more sulfur
substrate, will have manure that produces greater H2S emissions than cattle fed a high
forage diet or low sulfur substrate diet [32].

3.5. Ethanol Emissions

Ethanol emissions were similar for flushing vs scraping; however, flushing and scrap-
ing six times versus three times increased EtOH emissions (p < 0.001; Table 4). Ethanol
emissions changed over the 11 h period in the environmental chamber (p < 0.001; Figure 2).

Ethanol is the primary VOC produced on dairies and is a precursor for O3 forma-
tion [35]. Previous studies showed some enteric emissions of ethanol [28]; however, the
majority of ethanol emissions comes from the manure. Another possible source of EtOH
emission is the total mixed ration (TMR). Chung et al. (2004) quantified non-enteric VOC
emissions sources from dairies and showed the highest emissions sources for EtOH to be
from silage and silage-based TMR piles [36]. The TMR fed in the present study did not
contain silage or other fermented feedstuffs; therefore, VOC emissions from the TMR is
expected to be negligible as compared to a silage based TMR. The most common VOCs
associated specifically with flush lanes are 2-butanone and toluene, with EtOH being a
lesser source [36]. The highest emissions rates from feed occur during the feed out phase,
due to greater oxygen exposure [37]. Ethanol is the major contributor of VOCs from animal
feed at >70% of the total VOCs [35]. It is likely that the EtOH measured in the chamber dur-
ing the current study was a combination of enteric processes, TMR, and manure. Further
research should determine the effect of agitation on manure EtOH emissions to confirm
the findings of the present study, that an increase in frequency of manure removal (i.e.,
agitation by either flush or scraping) increases EtOH emissions.
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Figure 2. Ethanol (EtOH) emissions for the four treatments F3 = flush 3 times; S3 = scrape 3 times; F6 = flush 6 times;
S6 = scrape 6 times; over time in hours (n = 4). Emission measurements reported are on a per cow basis g/h. Error bars
represent the standard error for each point. The arrows correspond to the frequency of the four treatments applications
(number of flushing or scraping events) that occurred in the environmental chamber. Solid arrows correspond to times the
F6 and S6 treatments were applied, and dashed arrows correspond to times F3 and S3 treatments were applied.

3.6. Carbon Dioxide Emissions

In the present study, CO2 increased with scraping and increased frequency of treat-
ments (p < 0.001; Table 4). Carbon dioxide emissions can be from animal manure as
products of microbial degradation, and from respiratory and enteric emissions [38]. Carbon
dioxide from animal manure is a release of carbon sequestered by photosynthesis and is
part of the cycling of carbon from the atmosphere to plants to animals and back to the
atmosphere over a short period of time. For this reason, the USEPA does not consider CO2
from animal feeding operations a contributor to the buildup of GHG in the atmosphere [38].

3.7. Relation to Manure Management

The present study has shown that converting from a flush to a scrape manure removal
system can result in the unintended consequences of increasing NH3 emissions. However,
manure removal in the housing portion of the dairy is just one portion of the whole manure
management system and a lifecycle assessment of the entire manure management train
should be conducted.

Covered lagoon anaerobic digesters fit the current manure management system for
California dairies better than a higher solids content digester, as this allows farmers to
continue using a flush system. However, in either anaerobic digester system, the total
ammoniacal nitrogen (TAN) is increased as well as the pH in the digested manure, which
results in potentially higher NH3 volatilization from digested manure [39]. Anaerobic di-
gesters reduce the amount of easily degradable carbon in the manure through fermentation,
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which reduces CH4 production from the effluent as well as the potential of N2O emissions
during soil application [40–42]. Montes et al. (2013) determined that N2O emissions could
be reduced by up to 70% from soil applied digested manure compared to fresh manure [43].
Given the changes in composition and gaseous emissions from digested manure, it is
imperative to do a whole gaseous emissions balance for the varying manure management
strategies to determine the most sustainable option for dairy farmers.

4. Conclusions

Flushing versus scraping manure from dairy freestall lanes was found to be advanta-
geous for reducing both NH3 and H2S emissions. The control (F3) treatment showed the
lowest CH4 emissions compared with other treatments, which should be researched further
to determine if increased agitation of manure or flushing of manure increases CH4 emis-
sions. Mitigation of CH4 from dairy manure sources is vitally important, particularly in
California where legislation requires it. For future research, we suggest conducting lifecycle
assessments to predict emissions from the entire manure management train, from removal
in the barn to storage/treatment, and finally land application. Mitigation strategies such as
switching from flush to scrape to reduce CH4 emissions in dairy housing have the potential
to increase other important pollutants such as NH3. The present study shows that NH3
emissions are lower in flush vs. scrape systems. To align manure removal with storage,
a flush system followed by anaerobic digestion should be considered. This combination
would optimize mitigation of two of the most important gases emitted from dairies, CH4
and NH3. Potentially, the use of covered lagoon anaerobic digesters would best fit this
combination. This is particularly important for areas like the San Joaquin Valley where
NH3 and PM2.5 emissions are consistently above the regulatory limits. This research is
directly related to the development of a sustainable dairy system, as manure management
directly contributes to the environment and economic pillars of sustainability through
mitigation of gaseous emission and economic feasibility for dairy producers.
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Abstract: In recent years, several secondary plant metabolites have been identified that possess
antimethanogenic properties. Tannin-rich forages have the potential to reduce methane emissions in
ruminants while also increasing their nutrient use efficiency and promoting overall animal health.
However, results have been highly inconclusive to date, with their antimethanogenic potential and
effects on both animal performance and nutrition being highly variable even within a plant species.
This variability is attributed to the structural characteristics of the tannins, many of which have
been linked to an increased antimethanogenic potential. However, these characteristics are seldom
considered in ruminant nutrition studies—often because the analytical techniques are inadequate
to identify tannin structure and the focus is mostly on total tannin concentrations. Hence, in
this article, we (i) review previous research that illustrate the variability of the antimethanogenic
potential of forages; (ii) identify the source of inconsistencies behind these results; and (iii) discuss
how these could be optimized to generate comparable and repeatable results. By adhering to this
roadmap, we propose that there are clear links between plant metabolome and physiology and
their antimethanogenic potential that can be established with the ultimate goal of improving the
sustainable intensification of livestock.

Keywords: proanthocyanidins; condensed tannins; secondary plant metabolites; methane; ruminants;
climate change

1. Introduction

Intensification and global expansion of livestock production systems have led to
significant increased emissions of agricultural carbon dioxide (CO2), nitrous oxide (N2O),
and methane (CH4), with agriculture contributing to almost 15 % of the total anthropogenic
greenhouse gas (GHG) emissions [1,2]. A major part of these emissions is in the form
of CH4 (44%), while the rest is divided between N2O (29%) and CO2 (27%) (proportions
expressed in terms of CO2-equivalent (CO2-e)). From 1990 to 2012, global CH4 emissions
have increased by 11% from 1869 million tonnes to 2080 million tonnes CO2-e. Methane
has a shorter atmospheric lifespan (12 years) compared to N2O (114 years) and CO2
(up to thousands of years), and developing mitigation strategies for CH4 abatement will
help reach the global GHG-reduction targets and temperature stabilization goals [2,3]. In
addition to this potential for temperature stabilization, a reduction in CH4 emissions could
further allow a reduction in existing atmospheric CH4, as the remaining CH4 emissions
are naturally removed from the atmosphere within a short timespan [4–6]. Methane is
released as a product of microbial degradation of feed macromolecules in the digestive
tract of ruminants [7]. Ruminal methane emissions are the result of an inefficient pathway
in ruminant digestion of feed and reducing these emissions would also be efficacious
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in preventing metabolizable energy losses; these comprise between 2 and 15% of the
digestible energy intake depending on the forage quality [8–10]. Hence, the development
and adoption of strategies and approaches to reduce CH4 emissions from livestock systems
would have both environmental benefits and lead to improved feed utilization and animal
productivity. Since CH4 production cannot be eliminated entirely without the ruminant
losing its ability to digest fibre, the focus should be on increasing nutrient use efficiency in
ruminant livestock [11].

One strategy with promising potential is the use of tannin-rich forages (TRFs). Tan-
nins are polyphenolic plant secondary metabolites, which can precipitate or crosslink the
proteins, thus making them less prone to proteolysis [12,13]. While several TRFs have
been investigated for their antimethanogenic potential in numerous in vivo and in vitro
trials, the results have so far been highly inconsistent. One such TRF is sainfoin (Onobrychis
viciifolia). A study by Chung [14] indicated no difference between methane emissions from
sainfoin and alfalfa hay in terms of dry matter intake (DMI), but identified 25% emission
reductions from sainfoin based on the organic matter digested. In contrast, Huyen [15]
showed that sainfoin silage diets decreased CH4 emissions (per unit DMI) by 5.8% com-
pared to grass and maize silage. On the other hand, other studies reported increments in
CH4 emissions when diets of sainfoin hay [16] and sainfoin silage [17] were fed. Similar
discrepancies can be found in their effect on reducing bloat [18,19] and shifting nitrogen
(N) excretion from urine to faeces [14,15,20,21]. These inconsistencies are still difficult
to explain, although they may be partly explained by the lack of precise structural char-
acterizations of tannins. Some studies have shown the intraspecies variation of tannin
concentration and structures in sainfoin, indicating the complexity of tannin composition
in forages [22,23], as well as the impact of the structures on antimethanogenic proper-
ties [24,25]. The co-presence of other secondary plant metabolites such as flavanols and
saponins can also exert potential mutualistic or antagonistic effects [10,26]. Variations
can also arise as a result of the growth conditions of the tested plants, which differed
greatly across the reported experiments, and these can affect their secondary metabolite
synthesis [27–30].

In this review, we (a) identify the potential of TRFs, specifically those containing con-
densed tannins (CTs, syn. proanthocyanidins), to affect rumen productivity and methano-
genesis; (b) illustrate how the structural diversity within CTs is likely to contribute to
explaining the inconsistencies observed; and (c) provide a roadmap to assess the bioactive
potential of CT in livestock production systems. We aim to integrate the research on TRFs’
potential to reduce methane emissions by understanding tannin synthesis, their mode of
action in the animal and thereby, to indicate suitable analyses to improve their interpretabil-
ity. If applied in practice, following this roadmap will increase the potential to extrapolate
findings of antimethanogenic potential of forages.

2. Understanding Tannins and Their Functional Attributes

Previously, the sole function of tannins was regarded to be a part of a plant’s defence
mechanism against herbivory [13,31–33]. This trait conferred antiherbivory effects through
(a) the ability of CT to precipitate proteins, thus rendering them unavailable for animal
nutrition, and (b) they can have oxidative activities, which create oxidative stress in the
herbivore gut [34].

In terms of their role in herbivore diets, plant tannins have surpassed their reputation
of being purely antinutritional compounds and several of their beneficial functions have
been identified. Tannins have been shown to possess the potential to reduce the impact of
drought by acting as antioxidants and detoxifying reactive oxygen species produced as
a result of drought stress [28,35]. Additionally, tannins and other polyphenols have been
found to reduce the carbon and N mineralization rates in soil, by inhibiting the activity of
soil microorganisms and enzymes [29,36]. At an individual plant level, this can result in
long-term nutrient availability due to slower litter decomposition [29], while at the plant
community level, this will enable better adaption of microorganisms to adapt to TRFs, thus
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generating a general “home field advantage” for one species [36], as well as increasing
soil carbon stocks [37–40]. With the discovery of the additional functions of tannins, TRFs
have emerged as a promising solution to help reduce CH4 emissions in ruminants, while
concomitantly providing a series of additional environmental or animal health benefits. A
selection of relevant properties will subsequently be discussed in more detail.

2.1. What Are Tannins?

Tannins are the end products of energy demanding and extensive biosynthetic path-
ways, indicating that they play an important role in plant metabolism. They can be
broadly divided into two groups—hydrolysable tannins (HTs) and CTs—depending on
their structure [31,41]. Hydrolysable tannins contain central polyol esterified with gallic
acid molecules [12,42]. They can be further divided into three groups: simple gallic acid
derivatives, gallotannins (GTs), and ellagitannins (ETs). The two first classes contain only
galloyl groups attached to the central core (glucose/polyol): simple gallic acid derivatives
having only monogalloyls groups, but GTs having digalloyl or even trigalloyl groups in
series attached to the polyol. In ETs, two of the galloyls are C-C linked to make the charac-
teristic hexahydroxydiphenoyl (HHDP) group that can be modified even further [12,42,43].
Condensed tannins are the second most abundant polyphenols after lignins, and consist of
two or more flavan-3-ol monomeric units. The most common flavan-3-ol subunits of CTs
are characterized based on the number of hydroxyl groups on the A and B rings, and the
relative stereochemistry between the B and C rings (Figure 1).
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Figure 1. Structure of condensed tannin subunits [44].

Catechin and epicatechin have two hydroxyl groups present adjacent to each other on
the B ring of flavon-3-ol subunits, and are categorized as procyanidin (PCs) units when
found in CT structures. Gallocatechin and epigallocatechin have three hydroxyl groups
adjacent to each other on the B ring and are categorized as prodelphinidin (PDs) units in
CTs [33,45–47]. Additionally, both PCs and PDs can differ in their relative orientation of the
C-2/C-3 carbon substituents of the C-ring, where catechin and gallocatechin have a trans-
configuration, whereas epicatechin and epigallocatechin have a cis-configuration [48,49].
These subunits are connected through interflavan linkages, the most common of which
are B type linkages. In B type linkages, the bonds between the subunits are formed either
between the C-4 carbon of the C ring and the C-8 carbon of the subsequent flavan-3-ol
subunit (4→ 8) or between the C-4 carbon and the C-6 carbon (4→ 6) [50,51]. When the
covalent bond is formed between two flavon-3-ol subunits via a C-2 oxygen atom and a C-7
carbon in addition to the 4→ 8 B linkage, the linkage is known as A type (Figure 2) [49].
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The proportions of PC and PD subunits, and also the type of linkages within CTs,
vary substantially both across and within plant species [53,54]. These variations combined
with the varying degrees of polymerization can lead to a multitude of combinations in
structures and hence, a wide range of bioactive properties of CTs [55]

2.2. Functional Attributes of Tannins

The bioactive properties of tannins are either a result of their protein precipitation
capacity (PPC), or their anti- or pro-oxidant behaviour. The effect of tannins on biological
systems is found to be dependent on pH, with protein precipitation capacity being generally
efficient in slightly to moderately acidic environments, whereas the oxidative activity is
expressed in alkaline environments or by oxidative plant enzymes, such as polyphenol
oxidases [56].

The fate of ingested tannins in herbivores is dependent on the physiological conditions
of their gut. Tannins when consumed by herbivores with high gut pH, such as in caterpillars,
undergo auto oxidation to produce semiquinone radicals and quinones. These oxidation
products can bind to the nutrients in the gut lumen of the caterpillar and cause damage
to the surrounding gut tissues [57]. In contrast, the effect of tannins on mammalian
herbivores is dependent mainly on its PPC, as the mammalian gut has acidic to neutral
gut conditions which provide an ideal environment for tannin–protein interactions [34].
When supplied in moderate quantities, the protein binding ability of tannins can improve
nutrient utilisation in ruminants; however, in insects, both CTs and HTs had no impact
on protein utilization [58,59]. Additionally, the efficacy of these effects is dependent on
the structure of tannins. Ellagitannin-rich plants were found to be more potent in terms of
their oxidative behaviour compared to plants rich in galloyl glucoses or CTs [57], and CTs
are found to precipitate proteins more actively than ETs [33].

The anthelmintic and antimethanogenic bioactivity of CTs in ruminants is linked to
their precipitation capacity [60,61] and their antioxidative behaviour [34,49,62]. Condensed
tannins are known to form insoluble complexes with proteins by binding to the protein’s
surface and forming a coat and this leads to its precipitation [63,64]. These complexes
are generally based on non-covalent interactions such as hydrophobic interactions and
hydrogen bonding [65]. However, there have been reports on ionic interactions and
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covalent bonds with amino acids or sulphur on proteins [66]. Additionally, under low pH
and oxidative conditions, tannins can form covalent bonds with proteins [38,65,67,68].

Independent of the bond type, within CTs, a higher PD percentage has been associated
with a higher PPC, which is likely a result of the additional hydroxyl groups at carbon 5 of
the B ring [49,69,70]. In addition to the PD/PC ratio, the cis/trans ratio, polymer size, and co-
presence of galloyl groups have been identified as having effects on the PPC [71]. However,
these results have been inconsistent, which is likely a result of multiple structural features
being responsible for the tannins’ astringency concomitantly and potentially imparting
contrasting effects [59,72,73]. The polyphenolic polarity, as defined by the octanol-water
partition coefficient (KOW), can also influence the PPC of tannins [68]. Tannins with
high KOW values (e.g., acacia (Acacia mearnsii) leaves, KOW = 13.92) are fat soluble and
bind non-specifically to the proteins. They have the tendency to be adsorbed by animal
tissues and exert toxic effects. Tannins with low KOW values such as chestnut (Castanea
sativa) extracts (KOW = 1) bind more efficiently with proteins and lead to better nutrient
utilization in animals [59]. However, the nature of these interactions is also dependent on
the proteins. For example, the PCs were found to have a stronger affinity for larger proteins
with open structures such as BSA (66 kD) compared to lysozyme (14.4 kD), which has a
compact structure and is smaller in size [50,59,66,68]. Additionally, the isoelectric point
(pI) of proteins has generally been identified to affect the tannins’ protein precipitation
behaviour [38], and proteins aggregate faster when the pH is close to their pI [68]. The
reaction conditions also play a significant role in the strength of tannin–protein complexes.
The variability in dietary composition with differences in protein chemistry (for example:
proline content), amino acids, and CT composition, makes it exceptionally difficult to
predict the response of CT–protein interactions. Finally, it should be mentioned that there
appears to be at least a partial specificity, with plant tannins showing a higher precipitation
of plant proteins, compared to animal protein. Accordingly, in a study by Zeller [51],
tannins from birdsfoot trefoil (Lotus corniculatus) were better at precipitating proteins from
lucerne (Medicago sativa), compared to BSA. Hence, the protein source should also be
accounted for in the estimation of the PPC [74].

The link between PPC, oxidative properties, and the observed bioactivity of tannins is,
however, still not clear because of the inadequate tests in many reported studies. Therefore,
complementing their protein precipitation assays with the analysis of their anti-/pro-
oxidative behaviour can provide a better overview and improve understanding of CT–
animal interactions.

2.3. Potential of Incorporating Tannin Rich Forages in Ruminant Nutrition

As explained previously, tannins have long been considered to be non-specific anti-
nutritive factors and potentially toxic, as they protect dietary protein from degradation, and
because of their pro-oxidant properties [65]. These characteristics are undoubtedly true, as
tannins have, indeed, been found to form strong, yet pH-dependent and reversable bonds
to proline rich proteins and affect protein digestibility [75]. Some browsing herbivores have
developed the ability to produce proline-rich salivary mucoproteins as an evolutionary
adaption to overcome the deleterious effects of tannins [66]. Herbivore palatability of
TRFs is determined on the basis of astringency resulting from the interactions between CTs
and the herbivore’s salivary proteins. Tanniferous forages are often considered to be less
palatable and therefore, less acceptable. At a CT concentration above 5% of the herbage
dry matter (DM), intake and palatability of TRFs may be depressed and feed intake is
reduced. However, reported results shows this is highly variable [49]. Despite its high
CT concentration, sulla (Hedysarum coronarium) has been found to be highly acceptable by
sheep [76]. Similarly, the acceptability (and assumed palatability) of sainfoin was found
to be comparable to conventional temperate forages such as alfalfa and ryegrass/clover
mixtures [77]. Sainfoin has also been reported to be more palatable than birdsfoot trefoil
despite its higher tannin concentration [77,78].
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2.3.1. Impact of Tannins on Enteric Fermentation

Feed constituents such as carbohydrates, proteins, and other organic polymers are
degraded to their monomer components in the presence of rumen microbes under anaerobic
conditions [7,79,80]. Tannin-rich forages have been reported to cause alterations in rumen
microflora, increase nutrient utilization efficiency, improve animal health, and consequently,
influence their environmental effect [15,46,81,82]. The presence of tannins in the feed has
been found to slow down the degradation of the dietary proteins by forming tannin–
protein complexes in the rumen [83]. These complexes are then transported from the
rumen (pH = 6–7) to the small intestine (pH > 7), where they are partially dissociated
under alkaline conditions. Through this process, the excess protein is initially protected
from inefficient degradation in the rumen, so it reaches the small intestine as rumen
bypass protein. As a result, there is an increased amino acids absorption throughout the
entire digestive tract for tannin-containing feeds compared with non-tannin-containing
feeds [32,59,84]. The decrease in excess protein degradation in the rumen also results in a
decrease in methanogenesis and consequently, lower CH4 emissions. Concomitantly, the
non-ammonia N transported to the small intestine leads to a higher production of milk,
meat, and wool. This deviation further decreases the urinary N and slightly increases
faecal N [10,59,78,85,86]. The decrease in urinary N can lead to lower indirect N losses to
the environment from the urine patches, as these spatially concentrated excretions have a
high risk of volatilization, nitrification, and denitrification (Figure 3) [15,87].
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In temperate forage systems, the forage-protein concentrations in are generally higher
than in tropical forages. Hence, the N use efficiency in temperate forages is often low, and
in some instances, as low as around 10–20% [78,88]. Accordingly, reductions in available
protein can be achieved without adversely affecting milk yields by increasing the N use
efficiency, thereby concomitantly reducing the nitrogen emissions to the environment.
However, the effects of tannins in the gastrointestinal tract of ruminants are complex. For
example, CTs in birdsfoot trefoil have a strong effect on the proteolytic bacteria in the
rumen of sheep. As a result, plant protein degradation in the rumen is decreased and
non-ammonia N flow to the small intestine is increased, resulting in higher utilizable crude
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protein (uCP) in the small intestine [89,90]. However, even within the Lotus genus, big
trefoil (Lotus pedunculatus) and birdsfoot trefoil have different modes of action in their effect
on nitrogen flows. A direct comparison of these species shows that CTs from big trefoil
were more effective in the degradation of Rubisco compared to those of birdsfoot trefoil.
Similarly, CTs from big trefoil were able to inhibit the degradation of protein in the rumen
by forming strong tannin–protein complexes, whereas birdsfoot trefoil tannins reduced
degradation of proteins by directly inhibiting the proteases [91]. Additionally, big trefoil
was found to have a stronger potential to reduce CH4 emissions than birdsfoot trefoil [59].

As a result of this complexity, in vivo experimentation has not yet been able to suc-
cessfully show both a reduction in CH4 emissions and incremental improvement in N use
efficiency simultaneously from tannin-containing forages. To illustrate the existing research
gaps, it is important to understand how tannins influence rumen microbiota, as well as
the interactions between hydrogen producers (bacteria, protozoa, fungi) and consumers
(methanogens) [92].

2.3.2. Mode of Action to Lower Methane Emissions

Several mechanisms have been hypothesized by which tannins might decrease CH4
emissions in ruminants. Efficient nutrient utilization is considered to be one of the most
likely explanations, and this might increase animal productivity and reduce CH4 produc-
tion per unit of animal product. The inclusion of tannins in feed has been found to improve
nutrient utilization in the ruminants, thereby reducing metabolic energy losses that would
otherwise occur through CH4 emissions [79,93,94].

Another factor which could be linked to CT’s potential in reducing CH4 emissions
is its affinity to form complexes with lignocellulose and preventing fibre degradation,
thereby leading to lower microbial fermentation [95]. Microbial fermentation leads to the
formation of volatile fatty acids (VFA) such as acetate, propionate, and butyrate, with CO2
and H2. These metabolic byproducts are either absorbed by the rumen wall and used
as a source of energy for animals or used as substrates by microorganisms [7,79,94,96].
Tannins have been known to reduce the CH4 emissions of ruminants either by directly
inhibiting the ruminal methanogenic population [92,97], or by hindering the methanogen-
protozoa symbiosis [49]. Approximately 37% of the CH4 from the ruminants is produced
by protozoa-associated methanogens. In the methanogen-protozoa symbiosis, hydrogen
(H2) required by methanogens to produce CH4 is provided by rumen protozoal population
via transfer of H2 produced in their hydrogenosomes. The subsequent utilization of H2
by methanogens benefits the protozoal population as H2 hinders their metabolism [10,98].
As the accumulation of H2 in the rumen can impede fermentation, methanogens play
an important role in feed digestibility by utilizing the rumen borne H2. Hence, before
adapting feeding strategies to achieve defaunation of the rumen, it is important to provide
alternative H2 sinks to maintain the animal’s productivity and improve the utilization of
metabolizable energy from the feed [99,100].

Here, tannins might be part of the solution as well, as some studies have hypothesized
that tannins influence the VFA profile in rumen. They promote the shift towards the
production of more propionate compared to acetate, which acts as a hydrogen sink. The
reduced availability of H2, which is the main substrate for CH4 production, results in a
reduction in methanogenesis [86,100,101]. The shift in acetate and propionate production
could be attributed to changes in the composition of microbial communities and their
activity [95]. However, the mechanism by which tannins influence methanogenesis and
shift the VFA profile is still not well understood.

3. Current Findings on the Antimethanogenic Potential of TRFs

Recent studies have shown that the effect of tannins on ruminant nutrition is highly
dependent on the tannin type, structural characteristics, dosage supplied, rumen morphol-
ogy, and rumen physiology [102,103]. Numerous plant species containing tannins have
been studied to determine their efficacy in ruminant nutrition, either as forages or feed
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additives. These species include acacia, quebracho (Schinopsis balansae), chestnut, valonea
(Quercus Aegilops), leucaena (Leucaena leucocephala), desmodium (Desmodium ovalifolium),
sainfoin, birdsfoot trefoil, big trefoil, Chinese bushclover (Lespedeza cuneata), Japanese
clover (Lespedeza striata), white clover (Trifolium repens), and sulla [59,86,101].

Antimethanogenic potential was found to vary across the species. Promising tem-
perate forage species include sainfoin, birdsfoot trefoil, big trefoil, and sulla, and among
tropical forages are leucaena, desmodium, and Chinese bushclover [24,62,104,105]. A study
of Friesian dairy cows found that cows that grazed on birdsfoot trefoil produced not only
17.5% less CH4 emissions (per unit DMI) but also 32% less CH4 emissions/kg milk solids
when compared with cows grazing on perennial ryegrass (Lolium perenne) [106]. Similarly,
leucaena, a tropical leguminous shrub, has been found to reduce CH4 emissions in sheep
and heifers without affecting DMI or organic matter intake in the animals [107,108]. In
another study, when supplied with 80% leucaena in the diet compared with a basal diet of
Pennisetum purpureum, CH4 emissions were reduced by 61% in heifers without negatively
affecting DMI and VFA production [109]. The overall performance of the lambs (approx. 6
months age) was improved when CTs were included in their basal diet (wheat straw, oat
hay, and concentrate mixture). Condensed tannins in the diet were supplied as leaf meal
mixture of Ficus infectoria and Psidium guajava (70:30). The diet with 2% CTs was able to
suppress CH4 emissions by approx. 26%. Additionally, improved N metabolism, wool
yield, and growth performance of lambs was reported. Inclusion of CTs in the feed did not
affect the intake or apparent palatability of the feed [110].

Similarly, in a study conducted on adult sheep, hazel (Corylus avellana) leaves when
supplemented at 50% of the total diet were able to reduce CH4 emissions by 35% (per unit
OM intake) compared to the control (ryegrass hay and lucerne pellets). Concomitantly, a
substantial decrease in urinary N proportion of total N intake was observed without any
negative effects on forage intake, apparent palatability, or body weight of the sheep [111].
However, despite the promising findings indicated by these studies, the antimethanogenic
potential of the forages is not clearly linked to the tannin concentration, as evidenced by
the high variability in results from different studies (Table 1). As summarized in Table 1,
the variation in CH4 abatement by forages also depends on the phenological stage at which
they are harvested and by the method of forage preservation. In addition to the changes
in forage chemical composition, phenological stage also affects the CT composition and
structural features. The bioactivity of sainfoin CTs was found to decrease with maturity,
as shown by the increase in phenological stage. This could be attributed to the lower
proportion of extractable CTs (ECTs) resulting from increase in CT polymerization with
maturity [112]. Similarly, when TRFs are ensiled, the process can rupture plant cells,
allowing the CTs to release and bind to other molecules. This decreases the proportion
of free CTs (ECTs) and hence, there is reduced bioactivity of CTs in conserved forages
compared to fresh forages in terms of their ability to reduce CH4 emissions [21].

Furthermore, the mode of action by which these forages reduce CH4 emissions remains
largely unclear. Tannins from chestnut, quebracho [113], and leucaena [114,115] have been
found to reduce CH4 by reducing different methanogenic populations in the rumen. There
was a significant effect of high molecular weight (MW) CT fractions from Leucaena on
richness and species diversity of rumen methanogenic and bacterial population in rumen.
The study showed that CTs with high MW had a pronounced inhibitory effect on proteolytic
bacteria, Prevotella spp., and Methanobrevibacter population [97,116].
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Table 1. A short overview of methane production potential of tropical and temperate forages.

Plant
Species Age Fraction Preservation ECT *

(%)
Animal

(Rumen Fluid)
Methane

(g/kg DM)
Study

(Duration) Reference

Acacia.
angustissima

var hirta
(STX)

Mature Leaves Fresh 4.9 Steers 0.6 In vitro (48 h) [90,117]

Acacia
angustissima

var. hirta
(STP5)

Mature Leaves Fresh 4.4 Steers 0.8 In vitro (48 h) [90,117]

Desmanthus
illinoensis
(Michx.)
MacMill

Mature Leaves Fresh 5.1 Steers 24.9 In vitro (48 h) [90,117]

Desmodium
paniculatum

var.
paniculatum

Mature Leaves Fresh 10.3 Steers 7.9 In vitro (48 h) [90,117]

Lespedeza
cuneata Mature Leaves Fresh 4.7 Steers 15.1 In vitro (48 h) [90,117]

Lespedeza
stuevei Mature Leaves Fresh 9.9 Steers 4.9 In vitro (48 h) [90,117]

Leucaena
retusa Mature Leaves Fresh 2.4 Steers 40.7 In vitro (48 h) [90,117]

Mimosa
strigillosa Mature Leaves Fresh 9.9 Steers 7.6 In vitro (48 h) [90,117]

Neptunia lutea Mature Leaves Fresh 7.0 Steers 19.7 In vitro (48 h) [90,117]

Onobrychis
viciifolia acc
LRC 3519

Early stage Herbage Fresh 2.5 Cross bred heifers 28.2 In vivo (24 h) [14]

Onobrychis
viciifolia acc
LRC 3519

Late stage Herbage Fresh 0.7 Cross bred heifers 24 In vivo (24 h) [14]

Onobrychis
viciifolia acc
LRC 3519

Mature Herbage Hay 0.6 Cross bred heifers 22.5 In vivo (24 h) [14]

Medicago
sativa Early stage Herbage Fresh 0 Cross bred heifers 26.6 In vivo (24 h) [14]

Onobrychis
viciifolia cv.

Perly
Mature Herbage Silage 3.7 Brown Swiss

cows 18.75 In vitro (24 h) [17]

Onobrychis
viciifolia cv.
Shoshone 1

Early
Flowering Herbage Hay 3.9 Holstein dairy

cows 12.9 In vitro (24 h) [118]

Lotus
corniculatus
cv. Norcen 1

Early
Flowering Herbage Hay 0.4 Holstein dairy

cows 11.7 In vitro (24 h) [118]

Lotus
corniculatus

cv. Ober-
haunstadter

1

Early
Flowering Herbage Hay 0.7 Holstein dairy

cows 11.8 In vitro (24 h) [118]

Lotus
corniculatus

cv. Bull
Mature Herbage Silage 2.2 Brown Swiss

cows 17.64 In vivo (24 h) [17]

Lotus
corniculatus
cv. Polom

Mature Herbage Silage 0.8 Brown Swiss
cows 18.75 In vivo (24 h) [17]

Lotus
corniculatus Vegetative Herbage Silage 2.5 Friesian dairy

cows 26.9 In vivo (24 h) [119]

Lolium
perenne Mature Herbage Fresh 0 Friesian dairy

cows 24.15 In vivo (24 h) [106]

Lotus
corniculatus Mature Herbage Fresh 0.2 Friesian dairy

cows 19.9 In vivo (24 h) [106]

Lotus
pedunculatus Mature Herbage Fresh 8 Sheep 14.5 In vivo (24 h) [119]

Hedysarum
coronarium Mature Herbage Fresh 2.8 Friesian and

Jersey dairy cows 19.5 In vivo (24 h) [120]

1 Refers to feed supplied in total mixed ration, * Extractable condensed tannins.
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Similarly, birdsfoot trefoil and sainfoin were found to inhibit the proteolytic bacterial
population [49]. A study analysing the effect of different tannin sources on CH4 emissions
found that CT-rich (acacia and quebracho tannins) and HT-rich (chestnut and valonea
tannins) affect rumen fermentation differently. At concentrations above 5% DM, in addition
to a significant decrease in CH4 emissions, there was also a negative effect on total VFA
production. CT-rich extracts reduced the acetate/propionate ratio significantly at a con-
centration higher than 5%. However, the ratio was not affected by HT extracts, indicating
that they had a stronger impact on methanogen population in comparison with substrate
fermentation. Only valonea extracts (5% w/w) were able to reduce CH4 emissions without
any negative impact on fermentation and VFA profile. This indicates that classification
based solely on tannin concentration or the type of tannins (HTs and CTs) present in the
feed is not sufficient to determine their potential to reduce CH4 emissions [86]. Similarly, a
study was performed on CT-rich forages from Texas to determine the effect of different
functional features (PPC and antioxidative activity) on CH4 emissions. No effect of PPC
was found on CH4 abatement, whereas the correlation between antioxidative property of
tannins and decrease in CH4 emissions was significant. In contrast to previous studies, the
decrease in acetate/propionate in this study was not correlated with a decrease in CH4
emissions [90]. The results from these studies further reinforce the need for CT structural
characterization in addition to concentration, in order to make an accurate assessment of
their impact on ruminant nutrition.

4. Existing Research Gaps and Future Directions

As discussed in the previous sections, several studies have tried to explore the proper-
ties that affect tannin astringency. However, the variations in the results obtained, and their
lack of reproducibility, hinder their field-scale applicability. Furthermore, their structural
complexity and the varied forage chemical composition among different species present
difficulties for understanding the implications that CTs have for ruminant nutrition and
particularly their antimethanogenic potential. Although several studies have identified
a large variability in both the concentration and structure of CTs across species and their
cultivars [22,32,74], few studies have analysed the implications of this variability on the ob-
served bioactivity. In the following sections, we present a brief overview about the factors
responsible for current situation, with an apparent incongruity regarding the influence of
tannins on ruminant nutrition. We also discuss the frequently used analytical techniques
for qualitative and quantitative analysis of tannins and the underlying problems associated
with them. Our aim here is to illustrate the importance of optimized tannin analyses and
inclusion of tannin structural features in animal studies to overcome inconsistent animal
responses. By avoiding these factors, which cause substantial variation in the reported
studies, we can focus more precisely on CT–animal interactions.

4.1. Experimental and Analytical Incongruities

Tannin concentration and composition in plant has been reported to be substantially
influenced by changes in environmental conditions, as well as by plant species and its
phenological stage [40]. The preparation and handling of tannin extracts can also cause
alterations in quantification of tannins [121]. In order to ensure accurate determination of
tannin concentration and composition in a plant tissue, handling and storage protocols
should be followed, as CT concentration is highly influenced by the environmental factors.
Quantitative analyses are essential for determining CT bioavailability in the samples and
spectrophotometric assays are routinely utilized due to their rapid and low-cost analysis.
Due to their structural complexity, the number of derivatisation and analytical techniques
are few and they have certain limitations. Substantial information about the activity of CTs
can be obtained by analysing specific structural traits of tannins as it is difficult to isolate
individual large polymeric CT units compared to dimers or trimers [122]. The complexity
of CT structures means that they are frequently analysed by a method where multiple
techniques with different functions are integrated together.
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4.1.1. Growth Conditions of Experimental Plants

Tannin concentrations in plants can be up to 20% of their total dry weight [38]. Al-
though, CTs are found in different parts of the plant and they are predominantly con-
centrated in young leaves and flowers [105,123]. The concentration of tannins in tropical
plants is, on average, higher than in temperate plants, yet there is substantial variation
across seasons and environmental factors [62]. Drought, nutrient availability, and other
conditions during plant growth have also been shown to affect CT concentration and
composition. Although the effect of these abiotic stresses on the CT composition has not
been well researched [27,28,124], they have been shown to produce incremental effects
in CT concentrations [84,125]. Accordingly, it was observed that the concentration of
CTs in sulla was higher in the summer than in spring [54]. Similarly, Quercus rubica had
higher tannin concentration and less polymerized tannins when grown in dry conditions
compared with wet conditions [62]. Thus, it is important to account for and report the
precise experimental conditions because of their potential to affect the observed tannin
concentration, composition, and bioactivity [126].

4.1.2. Sample Preservation and Storage

After harvest, sample preservation plays an important role in the quantification of
CTs, as their extraction and quantification are heavily influenced by biotic factors. For
precise tannin concentration and composition analysis, samples should be freeze-dried,
rather than air or oven dried. In a direct comparison, hay-drying of samples from purple
prairie clover (Dalea purpurea Vent.) resulted in a slight decrease in ECTs from 70.2 to
64.1 g kg DM−1, while the protein-bound CTs increased from 9.0 to 12.4 g kg DM−1. With
ensiled samples, the differences were even more pronounced, and in these samples, ECTs
decreased to 27.4 g kg DM−1, while protein-bound CTs increased their concentration to
44.3 g kg DM−1 [127]. Thus, while the total CT concentration did not differ, without freeze
drying at least a part of the CTs, it can change from the available form to the protein-bound
form, which is often not accounted for in the studies analysing bioactivity of tannins.
Similarly, when comparing different drying methods for the concentration of HTs in white
birch (Betula pubescens), oven drying reduced the ET concentration significantly from 10.9
to 8.4 g kg DM−1, while simultaneously increasing the concentration of insoluble ET from
0.8 to 2.4 g kg DM−1. In this study, neither storing the samples at −20 ◦C for 3 months
prior to drying nor vacuum or air drying resulted in a decrease in ellagitannins or total
HTs despite a minor but non-significant decrease in air dried samples [121]. This indicates
that the adverse effect from air and oven drying increases with the air temperature, yet the
short-term effect at room temperature appears to be negligible. The effect of temperature
during post drying storage is less clear, and storage at 25 ◦C for three weeks reduced
tannins in walnuts by 20–40% (dependent on the subsequent extraction technique), with
large parts of the reduction having occurred in the first week [128]. However, with regard
to the HTs from birch, a one-year storage period at room temperature (22 ◦C) yielded lower
tannin concentrations compared to samples that were stored in a freezer, with 17.4 and
19.1 g kg DM−1, respectively. This value was still higher than the HT concentration in the
samples stored in a refrigerator at 4 ◦C, which yielded 15.7 g kg DM−1 [121]. Contrasting
results were obtained by Kardel [129], where samples stored in a refrigerator for one year
had on average 3.5% higher CT concentrations than samples stored at room temperature.
In this study, also storing the samples in an oven at 60 ◦C for 5 days had no measurable
impact on CT concentrations.

4.1.3. Tannin Extraction

While the vast majority of studies use aqueous acetone to extract tannins of any kind,
with either 70 or 80% acetone, there is no clear indication about the superiority of any
extraction method yet. Some studies have also used methanol or hot water extraction
as well. Accordingly, the extraction yields with hot water were 6% higher on average,
compared to a water/methanol (1:1) extraction solvent, and 13% higher compared to
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an acetone/water/formic acid (70:29.5:0.5) solvent [129]. This study only determined
the tannin concentration and did not evaluate potential changes in the structure due to
the high temperatures. Contrary to these findings, Salminen [121] found that aqueous
acetone extraction yielded on average 41% more extractable HT, compared to aqueous
methanol extraction, although the study did not test hot water extraction. Pure acetone,
however, yielded the lowest HT concentrations, with a reduction of almost 75% compared
to acetone/water (70:30). The extraction yield of the 70% acetone was increased even
further by 29%, if ascorbic acid was added to the acetone water mixture, presumably
because it prevented oxidation of the HTs [121]. This is in accordance with the findings of
Chavan [130] and Hagerman [131] for CTs, where 70% acetone also provided the highest
extraction yields compared to all methanol mixtures and acetone mixtures with higher
acetone concentrations. Acidification of aqueous acetone extraction solvent with 1mL of
concentrated HCl further increased the extraction yields by around 10%.

Some recent studies have, however, indicated in general much lower performance
from maceration-based techniques compared to techniques such as ultrasonic baths,
microwave-assisted extraction (MAE), and Soxhlet extraction. Aspé [132] identified much
larger cell wall destruction from these last three techniques, which resulted in generally
much higher extraction yields compared to maceration techniques, where only minor cell
wall damage has occurred. According to Chupin, et al. [133], MAE effectiveness depends
on the particle size and increases with small particles. However, they generally did not
identify an effect of MAE on the structure of the tannins.

In addition to the solvent, the extraction conditions can also affect the efficiency of
extraction. Extraction at 4 ◦C in darkness led to around 14–17% higher recovery of CTs
compared to extraction at room temperature, also in dark conditions [134].

4.1.4. Major Analytical Techniques I: Spectrophotometric Assays

Spectrophotometric assays are routinely used in studies due to their rapid and low-
cost analysis. Vanillin and HCl-butanol assays are conventionally employed to quantify
CTs. Both these assays have been widely used in the majority of studies due to their acces-
sibility and low cost for quantifying CTs. In principle, results from the HCl-butanol assay
are more reproducible than the vanillin assay. Vanillin assay with methanol has been found
to lack specificity as in addition to CTs, it complexes with flavan-3-ols and dihydrochal-
cones [84,135]. In the HCl-butanol assay, CTs are depolymerized oxidatively to form bright
coloured anthocyanidins in the presence of mineral acids [135]. The HCl- butanol assay
in some instances lacks specificity and leads to over- or underestimation of results as the
colour is dependent on the interflavonoid linkages and 5-OH groups [126]. For accurate
quantification by the HCl-butanol assay, freeze-dried samples should be preferred as under
heat treatment, tannins can bind to other macromolecules which could undergo oxidation.
Macromolecules containing phenolic groups can be oxidised to form quinones which
can lead to condensation reactions between tannins and other macromolecules, thereby
preventing the release of anthocyanidins from the modified tannins [84]. Furthermore,
the addition of iron increases the specificity of this assay [135]. The addition of acetone to
the assay also leads to the complete dissociation of CTs from the plant material and this
inclusion has further refined this method [136]. A wide range of studies use tannic acid,
catechin, or leucocyanidin as standards for these assays. This is also one of the sources for
which there is a huge variation in the results, as seen in Table 2 [84,129].

132



Sustainability 2021, 13, 2743

Table 2. Variability of condensed tannins concentration in frequently studied species across different studies.

Species Condensed Tannins (% DM) Coefficient of Variation (%) References

Acacia angustissima 7.4–8.9 9.3 [117,137]
Acacia nilotica 0.46–8 67.4 [137–140]
Acacia senegal 0.07–7.8 138.9 [137,139]
Acacia tortilis 4.7–5.4 9.8 [137,139]

Lespedeza cuneata 0.83–5.1 36.2 [117]
Leucaena leucocephala 0.52–18 112.7 [109]
Mimosa caesalpinifolia 1.8–12.4 105.5 [117,141]

Hedysarium coronarium 0.4–3.8 68.1 [76,142,143]
Onobrychis viciifolia 2.4–14.1 113.1 [14,18,78,144]
Lotus corniculatus 1.4–7.6 45.3 [78,106,145–148]
Lotus pedunculatus 0.25–0.8 50.9 [119,147,149]

Onobrychis viciifolia (Silage) 2.6–3.7 17.4 [17,21]
Lotus corniculatus (Silage) 2.2–3.4 22.3 [17,119]

4.1.5. Major Analytical Techniques II: Liquid Chromatography Coupled with
Mass Spectrometry

High-Performance Liquid Chromatography (HPLC) has been proven to be a compe-
tent and rapid method for the analysis of polyphenols apart from the highly polymerized
oligomers [48,150]. Reverse phase LC (RPLC) is a commonly used chromatographical
technique to analyse CTs, ranging from monomers to tetramers and in some cases, their
isomers distinctly [151]. With increased CT polymerization, the intelligibility of the chro-
matogram in RPLC decreases due to the presence of unresolved peaks. The combination
of fluorescence detection with RPLC leads to increases in selectivity and sensitivity of
the method [152]. A UV-DAD detector is most frequently complemented with LC for
the determination of CTs. It also helps in the direct classification of polyphenols into
different subgroups such as flavonoids, ellagitannins, gallic acid derivatives, and caffeic
acid derivatives, etc. [153]. Recently, to increase the specificity and resolution of the LC
analysis, separation techniques have been coupled with ESI-MS or matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) MS [154]. These are used extensively
for the analysis of CTs in plant and food material such as cocoa, grapes, wine, and birch
species, etc. [155,156]. Soft ionization methods such as ESI or MALDI are used to ionize
non-volatile analytes such as biopolymers and detect highly polymerized CTs. MALDI-MS
has identified procyanidins of degree of polymerization (DP) of 15 in unripe apples, for
seed coats of soyabeans until DP of 30 [157]. Similarly, the combination of Hydrophilic
Interaction Chromatography (HILIC) x RPLC with fluorescence detection and electrospray
full scan mass spectrometry (ESI-MS) resulted in high resolution analysis. This method was
able to detect procyanidins with DP value of 16 and gallolylation degree of 8 in the grape
seed extracts [158]. These methods are constantly evolving and are now able to provide
rapid quantitative and qualitative results. One such method is the Engstrom method
which utilizes ultra-high performance liquid chromatography (UPLC) separation coupled
with DAD and negative ion ESI-MS to generate a polyphenolic profile directly from plant
extracts. In addition to the quantification of different polyphenolic groups, it provides an
insight into the composition of flavonols, CTs, HTs, and structural features of condensed
tannins [159,160]. These methods provide a great deal of information on tannin structural
diversity, but due to high operational costs, their use is not yet widespread.

4.2. Influence of CT Structural Features on Ruminant Nutrition Is Still Ambiguous

The additive influence of CT structural features on the antimethanogenic potential of
CT forages remains largely unexplored. Although research on CT structure and functional
features has progressed immensely [64,158,160], only a small number of studies have as-
sessed their impact on CH4 abatement. These studies have shown that CT composition,
and the concentration of CTs present in forages, are both significant determinants of their
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antimethanogenic potential [24,90,95,161]. One of the major reasons is that CTs exist as
highly polymerized structures, so large polymers cannot be easily purified as individual
compounds and are studied in terms of certain structural features such as molecular weight,
polymer size, and prodelphinidin proportion [33]. High structural variability across and
within the species adds to the difficulty for assessing their structure–activity relationship.
This has been shown in studies on sainfoin cultivars where antimethanogenic potential was
found to be highly variable. Hatew [24] studied the intraspecies variability by analysing
46 different accessions of sainfoin with CT concentrations ranging from 0.6 to 2.8% of DM
for their antimethanogenic potential. Emissions were analysed based on CT structural
properties, i.e., mDP (12 to 84), percentage of trans isomers (12 to 34%), and PD (52.7 to
94.8%) in CT. These properties have been associated with the astringency of CTs. It was
observed that PD percentage was a primary CT structural characteristic responsible for
reducing CH4 emissions in this in vitro study [24]. Weight-average Mw of CTs was shown
to have little impact on reduction in CH4 production (R2 = 0.0009) from North American
native forage plants [117]. Nevertheless, it is important to note that the variation in CH4
reduction potential of different species also arises from plant morphology, CT interaction
with feed components, and the presence of other plant secondary metabolites [162,163].
The impact of CT structural features was found to be more pronounced in the studies
conducted on CT extracts from plants. The additive effect of other secondary metabolites
and forage quality parameters could be voided by the addition of purified CT extracts
in the feed. Studies have shown that inclusion of CT extracts (40 mg/g DM) from leu-
caena (hybrid-Bahru) and mangosteen (Garcinia mangostana L) peel could reduce CH4
emissions by 45 and 35 percent, respectively. In both studies, Panicum maximum substrate
was used as control. The inhibitory effect of mangosteen peel extracts (Mw = 2081) was
milder than leucaena (Mw = 2737) owing to its lower MW but it was associated with fewer
negative effects on in vitro DM degradability and lower protein binding affinity [164,165].
When the antimethanogenic potential of leucaena extracts with differing average molec-
ular weights was tested, extracts with the highest MW were able engender CH4 to the
maximum [161,166]. Table 3 summarizes the data from two different in vitro studies where
at the same concentration, the effect of the molecular weight was more pronounced and it
had a strong negative correlation with CH4 emissions.

Table 3. Influence of molecular weight on methane emissions from two in vitro studies using Kedah-Kelantan cattle
rumen fluid.

Extracts CT 1

(%)
MW

2

(Da)
Total Gas

(mL g−1 DM)
Methane

(mL g−1 DM) Reference

Leucaena leucocephala hybrid-Rendang 3 1265.8 57 8.07 [161]
Leucaena leucocephala hybrid-Rendang 3 1028.6 61.6 9.2 [161]
Leucaena leucocephala hybrid-Rendang 3 652.2 67 9.35 [161]
Leucaena leucocephala hybrid-Rendang 3 562.2 67.3 10.27 [161]
Leucaena leucocephala hybrid-Rendang 3 469.6 69.7 11.06 [161]

Leucaena leucocephala hybrid-Bahru 3 1348 49.8 4.6 [166]
Leucaena leucocephala hybrid-Bahru 3 857 51.8 5.6 [166]
Leucaena leucocephala hybrid-Bahru 3 730 56 7.8 [166]
Leucaena leucocephala hybrid-Bahru 3 726 55.5 9.7 [166]
Leucaena leucocephala hybrid-Bahru 3 494 57.5 9.5 [166]

Correlation between molecular weight and methane production −0.72
1 CT: Condensed tannins, 2 MW: Molecular weight of condensed tannins.

Some studies have also analysed the impact of multiple structural features simul-
taneously from CT extracts. Extracts from multiple sainfoin cultivars and diverse CT
sources were analysed for CT structural features such as PD percentage, cis flavan-3-ols
percentage, and average polymer size (mean degree of polymerization). PD percentage and
average polymer size were found play an important role in determining antimethanogenic
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potential of CTs, in addition to the actual CT concentration [25,95]. This shows that high
reproducibility of the results can be attained by incorporating the structural features of CTs
in ruminant nutrition studies.

4.3. A Roadmap to Close the Missing Links and Possible Future Directions

As discussed above, there is an apparent incongruity between measured tannin
concentrations and their bioactive effects. This may be explained by a combination of
four factors: (a) the variability of tannins and their composition is large both within and
amongst species, and it is affected, at least partially, by the environment; (b) most studies
have used too few plants and have been conducted under non-controlled environmental
conditions or not comparable conditions, to capture the variability of the tannins; (c) many
studies have used inadequate or unsuitable analytical techniques (often due to lack of
alternatives or resources), which do not capture the structural characteristics; and (d)
the studies that investigated the antimethanogenic potential of CTs while accounting for
structural attributes are still limited.

To overcome these inconsistencies, in future studies, every aspect that might affect
the results, from the growing conditions to growth stage of the plant at harvest, and from
sampling to extraction should be carefully considered in future studies. In the absence
of laboratory infrastructure for the structural characterisation of CTs, assays to determine
their astringency could be employed. Protein precipitation and radial diffusion assays are
frequently used to measure the protein binding ability of tannins [167–169]. Furthermore,
assays that determine their antioxidative and oxidative (at high pH) behaviour could also
be utilized. They have been associated with the negative impact of tannins on the rumen
microbial population [90] and their antiherbivore effect [33], respectively. Additional
treatments with polyethylene and polyvinylpolypyrrolidone in vitro studies could be
employed to elucidate the tannin effect on CH4 emissions, as they bind specifically to
tannins. These studies could be instrumental in distinguishing between the effect of
tannins and forage chemical composition on CH4 emissions. In vitro fermentation/CH4
production techniques could be useful for screening these forages and determining their
adequate supplementation. Using CT extracts of tanniferous forages in in vitro studies
can illustrate the structure-activity relationship of CTs with methane emissions more
distinctly. Condensed tannin supplementation has been found to impact the diversity and
composition of the rumen microbial community [170]. Understanding the dynamics of
microbial populations in rumen, and how CT-containing forages influence their abundance
and diversity, can provide significant insights into their mode of action. Employing novel
techniques such as metagenome and metatranscriptome analysis of the rumen microbiome
under CT treatment can help in identifying the microbial population and the functional
shifts in rumen microbiome which lead to CH4 abatement [171]. As we gather more
information about the relationship between the structure of CTs and their bioactivity,
there are prospects for breeding plants with desired concentrations and composition of
CTs [105,172]. Molecular approaches have already made it possible for white clover to
reach moderate levels of CT in its leaves [173] and efforts are also being made in directions
to improve the persistence of TRFs, as may be seen for birdsfoot trefoil [174]. Several
questions still remain unanswered, and these are critical for ensuring a comprehensive
understanding of the fate of CTs in biological systems.

• How do different environmental conditions influence the structural features of CTs?
• To what extent are the structural features responsible for the functional attributes of

tannins (PPC and oxidative property) and whether these assays could be utilized as
an indicator of their antimethanogenic activity?

• How does the presence of other secondary plant metabolites affect the influence of
tannins on CH4 emissions?

• How does tannin supplementation affect mineral and vitamin bioavailability in rumi-
nants? Which properties are primarily responsible for these interactions?
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• How do forage conservation methods (ensiling vs. hay drying vs. fresh material)
influence the palatability/acceptability and DMI by livestock, and anthelmintic and
antimethanogenic potential of TRFs?

• To what extent are the anthelmintic effects of tannins sustained during long-term
trials? Is it possible for gastrointestinal parasites to develop resistance to tannins?

• How do the PPC and oxidative capacity of tannins influence their antimethanogenic
potential? What is the magnitude of their effect on antimethanogenic potential?

• How do different tannin sources influence rumen microbiome diversity and abun-
dance and whether these effects are short or long term?

• How do CTs interact with feed constituents and how do structural characteristics play
a role in this?

5. Conclusions

In recent years, there have been remarkable new insights into CT structural diver-
sity and functions with more sensitive analytical methods. However, CT bioactivity is a
complex process which results from a multitude of variations occurring simultaneously
in plants as well as in their effects in animals. The variability in the results from different
studies focuses our attention on the need for developing and adapting a course of action for
the investigation of potential of CTs to reduce CH4 emissions. The comparison of CT finger-
prints of different species could help us understand not only the factors which define their
antimethanogenic potential but also provide a vital framework to assess their interactions
with plant constituents and rumen microflora, benefitting overall ruminant health.
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Abstract: The paper provides findings on the technical efficiency of the European dairy processing
industry, which is one of the most important subsectors of the food processing industry in the
European Union (EU). The ability to efficiently use inputs in the production of outputs is a prerequisite
for the sustainability and competitiveness of the agri-food sector as well as for food security. Thus, the
aim of this paper is to provide a robust estimate of technical efficiency by employing new advances
in productivity and efficiency analysis, and to investigate the efficiency of input use in 10 selected
European countries. The analysis is based on two-stage stochastic frontier modelling incorporating
country-specific input distance function (IDF) estimates and a meta-frontier input distance function
estimate, both in specification of the four-component model, which currently represents the most
advanced approach to technical efficiency analysis. To provide a robust estimate of these models,
the paper employs methods that control for the potential endogeneity of netputs in the multi-
step estimation procedure. The results, based on the Amadeus dataset, reveal that companies
manufacturing dairy products greatly exploited their production possibilities in 2006–2018. The dairy
processing industry in the analysed countries cannot generally be characterized by a considerable
waste of resources. The potential cost reduction is estimated at 4–8%, evaluated on the country
samples mean. The overall technical inefficiency (OTE) is mainly a result of short-term shocks
and unsystematic failures. However, the meta-frontier estimates also reveal a certain degree of
systematic failure, e.g., permanent managerial failures and structural problems in European dairy
processing industry.

Keywords: technical efficiency; four-component model; endogeneity; input distance function; meta-
frontier; stochastic frontier analysis; dairy processing industry; European Union

1. Introduction

A functional, sustainable, competitive, and structurally balanced agri-food sector
has an irreplaceable position in the European economy. The importance of this sector
in modern society is emphasized by global trends, among which population explosions,
migration waves, and climate change can be highlighted. Additionally, the COVID-19
pandemic has strengthened the role of national food security.

The food processing industry is one of the most important sectors of the European
economy. According to Eurostat [1], it is the largest manufacturing sector in the European
Union (EU), representing 14% of total manufacturing employment, 12% of total manufac-
turing turnover, and 10% of value added in 2018. The manufacture of dairy products, with
a 17% share of total food industry turnover, 12% share of value added, and 10% share of
total food industry employment, is one of the most important subsectors of the European
food processing industry.

The development of the European food processing industry in recent decades has been
affected by several economic, social, and technological trends and challenges, especially
the globalization and liberalization of food markets, the global financial crisis, the change
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in consumer preferences towards healthy foods, socially responsible consumption and
organic foods, and the implementation of EU regulations focusing on food safety and
environmental issues [2,3]. Additionally, the COVID-19 pandemic crisis has created a
new era in which the food processing industry is facing various challenges, including the
change of consumer purchasing behaviour, transportation network disturbances, labour
absenteeism, and the closure of various food manufacturing industries [4]. These trends,
connected with a high level of market saturation and concentration of the food retailing
sector [5], contribute to a highly competitive environment. To enhance the sustainability
and competitiveness of companies/sectors, managers and policymakers have dealt with
factors determining productivity, namely, the technology in use, the quality of inputs,
the ability to efficiently use inputs in the production of outputs, and the exploitation of
economies of scale [6].

These factors have also received special attention in the research of the food process-
ing industry over the last decade. For example, Náglová and Šimpachová Pechrová [7];
Čechura and Hockmann [8]; Rudinskaya [9]; Rezitis and Kalandzi [10]; Špička [11], Popović
and Panić [12], and Setiawan et al. [13] investigated the technical efficiency of the food
processing industry. Soboh et al. [14] and Dimara et al. [15] dealt with technical and scale
efficiency, that was investigated also by Baran [16]. Allendorf and Hirsch [5] analysed
technical change and technical efficiency. Čechura et al. [6] assessed the exploitation of
economies of scale and production possibilities, along with the impact of technical change.
Kapelko et al. [3,17,18], Rudinskaya and Kuzmenko [19], and Čechura [20] investigated
productivity dynamics based on technical change, technical inefficiency change, and scale
inefficiency change. The majority of these studies are oriented only to one selected country.
The exceptions are Kapelko [3], who investigated meat manufacturing firms, fruit and veg-
etable processing firms, dairy manufacturing firms, and bakery and farinaceous products
manufacturing firms in 18 European member states; Allendorf and Hirsch [5], who anal-
ysed the dairy and meat processing sectors in eight European countries; Čechura et al. [6],
who investigated the milling, fruit and vegetable, dairy, and meat processing sectors in 24
EU member countries; and Soboh et al. [14], who focused on dairy processing firms in six
European countries.

With regard to the dairy processing industry, several studies that investigate technical
efficiency of European dairy processing industry can be highlighted. Table 1 summarizes
these studies. These studies revealed that evaluated on the sample means dairy processing
companies in majority of analysed countries greatly exploited their production possibilities
in the short-term. However, substantial differences were found between the best and worst
producers as well as among countries representing the potential for costs reduction. The
studies in Table 1 are in agreement on lower technical efficiency of the Eastern European
dairy processing industries compare to the Western European ones. The technical efficiency
development was predominantly positive in recent decades and contributed to productiv-
ity growth. The need of technical efficiency improvements was prompted by an increase in
the price of the main input—milk. Significant short-term changes in technical efficiency
were found in the period of the financial crisis. The shortcoming of these studies is that they
take into account only transient (short-term) technical efficiency (TTE), which varies across
companies because of the shocks associated with new production technologies, human
capital, and learning-by-doing. Persistent (long-term) inefficiency (PTE), which could arise
due to the presence of rigidity within a firm’s organization and production process, is
unrecognized in these studies despite the fact that it can lead to the underestimation of tech-
nical inefficiency. To the best of our knowledge, there are no empirical studies examining
both parts of overall technical efficiency in the European dairy processing industry.
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Table 1. Recent studies of technical efficiency of European dairy processing industry. Source: authors.

Study Countries Years Method

Čechura and
Hockmann [8]

CZ 2003–2012 Stochastic frontier
analysis (SFA)

Čechura et al. [6]
AT, BE, BG, CZ, DE, DK, EE, ES, FI,
FR, UK, GR, HU, IR, IT, LT, LV, NL,

PL, PT, RO, SW, SL, SI, SR
2003–2012 SFA

Kapelko and Oude
Lansink [21]

AT, BE, FI, FR, DE, LU, NL, NO,
CH, BIH, BG, HR, CZ, EE, HU, PL,

RO, SR, SL, SI, IT, PT, ES
2005–2012 Data envelopment

analysis (DEA)

Kapelko and Oude
Lankink [22] ES 2001–2009 DEA

Rezitis and
Kalandzi [10] GR 1984–2007 DEA

Rudinskaya [9] CZ 2005–2012 SFA
Soboh et al. [14] BE, DK, FR, DE, IR, NL 1995–2005 SFA

Špička [11] CZ, PL, SK 2008–2013 DEA

Note: AT denotes Austria, BE denotes Belgium, BG denotes Bulgaria, BIH denotes Bosnia and Herzegovina, CH
denotes Switzerland, CZ denotes Czechia, DE denotes Germany, DE denotes Denmark, EE denotes Estonia, ES
denotes Spain, FI denotes Finland, FR denotes France, GR denotes Greece, HR denotes Croatia, HU denotes
Hungary, IT denotes Italy, LV denotes Latvia, LT denotes Lithuania, LU denotes Luxembourg, PL denotes Poland,
PT denotes Portugal, RO denotes Romania, NL denotes the Netherlands, NO denotes Norway, SK denotes
Slovakia, SI denotes Slovenia, SR denotes Serbia, SW denotes Sweden, UK denotes the United Kingdom.

The aim of this study is to fill the gap in the empirical literature on the efficiency
of the European food processing industry by providing technical efficiency estimates in
selected European countries, along with a meta-frontier analysis for cross-country efficiency
comparison in the dairy processing industry. In particular, we aim to provide a robust
estimate of technical efficiency by employing new advances in productivity and efficiency
analysis, and to investigate the efficiency of input use in the analysed countries. The study
provides an insight into the decomposition of overall technical efficiency into transient
technical efficiency, representing short-term deviations from the frontier, and persistent
technical efficiency, which captures systematic deviations from frontier technology.

The study addresses the following research questions: (i) The first relates to the
impacts and dynamics of the overall technical efficiency. The aim is to assess whether there
is indication that the countries follows a sustainable development path characterized by
reduced waste of resource due to inefficient input use. (ii) The second question deals with
the sources of overall technical efficiency. The study evaluates whether we can observe
systematic failures in the efficiency of input use or whether the deviations from the frontier
technologies are due to the transient reasons. Answering these research questions provides
important information for policy makers. The structure of the paper is as follows: Section 2
presents the theoretical background of our approach; Section 3 then introduces the model,
empirical strategy, and dataset; Section 4 presents the results; and Section 5 discusses our
findings and compares them with other studies.

2. Theoretical Background

Technical efficiency was originally defined by Koopmans [23] as the situation where
an increase in any output is impossible without a reduction in at least one other output or
an increase in at least one input and where a reduction in any input requires an increase in
at least one other input or a reduction in at least one output. Debreu [24] and Farrell [25]
introduced radial measures of technical inefficiency. Fried et al. [26] suggested an input-
conserving orientation. Their measure is defined as the maximum equi-proportionate
reduction in all inputs that is feasible with a given technology and outputs. With an
output-augmenting orientation, the measure is defined as the maximum equi-proportionate
expansion in all outputs that is feasible with a given technology and inputs. A value of
unity indicates technical efficiency because no radial adjustment is feasible, and a value
different from unity indicates the severity of technical inefficiency.

According to Coelli et al. [27], different methods have been considered for the esti-
mation of the technical inefficiency of the production plan. Two widely used approaches
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are data envelopment analysis (DEA), which is non-parametric and deterministic, and
stochastic frontier analysis (SFA), which is, on the contrary, parametric and stochastic.
There are advantages and disadvantages to each approach (e.g., [28]). The DEA approach is
computationally simple, but it is sensitive to outliers since the model ignores measurement
error and other sources of statistical noise—all deviations from the frontier are interpreted
as the results of technical inefficiency [27].

The stochastic modelling of technical efficiency introduced independently by Meeusen
and van den Broeck [29] and Aigner et al. [30] is based on a decomposition of the error term
into a symmetric random error and one-sided technical inefficiency. Since the introduction
of this frontier modelling within the context of panel-data models, there has been consid-
erable research done in order to extend it to generate consistent and unbiased estimates,
see Figure 1. As mentioned by Alem [31], several models have been developed that are
based on assumptions about the temporal behaviour of the inefficiency and account for
heterogeneity, which can be divided into two categories: observed, which is reflected in
the measured variables, and unobserved, which is typically interpreted as the effect of
unobservable factors on the outcome of interest [26,32].

Figure 1. Development of stochastic frontier models. Source: authors.

Initial studies considering heterogeneity assumed that the time-invariant part of the
model represents inefficiency, and the time-varying part represents firm-specific hetero-
geneity. Later, the firm-specific heterogeneity was assumed to be time-invariant, while
the time-variant part was considered as inefficiency [28]. The latest approach emphasises
the importance of considering latent heterogeneity in generating an unbiased estimate
of time-invariant technical inefficiency, as well as the possibility of efficiency improve-
ment [33,34]. In this approach, the overall technical inefficiency of a producer can be
decomposed into transient and persistent parts. Transient technical inefficiency arises
as a result of non-systematic managerial failures that can be resolved in the short term.
According to Pisulewski and Marzec [35] as well as Njuki and Bravo-Ureta [36], the tran-
sient part of inefficiency relates to shocks associated with new production technologies
and human capital. Kumbhakar and Lien [37] add that transient technical efficiency can
represent the managerial ability to learn by doing. Persistent technical inefficiency repre-
sents structural problems in the organization of the production process or a systematic
lack of managerial skills [38]. Moreover, it can be an indicator of a non-competitive market
condition. Badunenko and Kumbhakar [34] state that persistent inefficiency could not exist
in a competitive market, i.e., persistently inefficient firms would not survive in the busi-
ness. The distinction between persistent and transient technical inefficiency has significant
political implications because the persistent part of technical inefficiency is unchangeable
without a new policy or fundamental change in the ownership and management of com-
panies. Transient technical inefficiency can be adjusted over time without a major policy
change [28].
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The properties of the above-mentioned models are described by Kumbhakar et al. [28]
and others. A comparison of the majority of SFA panel-data models, proving the sensitivity
of technical efficiency estimates to the model specification, is presented by Alem [31] and
Rashidghalam et al. [39]. Moreover, Badunenko and Kumbhakar [34] provide a judgement
on the reliability of transient and persistent technical efficiency estimates.

3. Materials and Methods
3.1. Methodology Used in the Study

Two-step stochastic frontier modelling is applied to get a robust comparison of the
efficiency of input use in the dairy processing industry among the analysed countries. The
first step includes the estimation of the country-specific input distance functions, technical
efficiency scores, and efficient output levels of dairy processing companies in 10 European
member states (Austria (AT), Belgium (BE), Czechia (CZ), Germany (DE), Finland (FI),
France (FR), Italy (IT), Spain (ES), Sweden (SW), and the United Kingdom (UK)) using the
SFA approach. The second step includes the meta-frontier estimation and a comparison of
the technical efficiency among the countries.

3.1.1. Input Distance Function

The analysis is based on an assumption that the transformation process is well approxi-
mated by an input distance function (IDF) that measures the largest factor of proportionality
ρ by which the input vector x can be scaled down in order to produce a given output vector
y with the technology existing at a particular time t [40]. The IDF is formally defined as

DI(y, x, t) = max
{

ρ :
x
ρ
∈ L(y)

}
(1)

where x denotes the input vector, y denotes the output vector, t is a time variable, and L(y)
represents the input requirement set. For any input-output combination (x,y) belonging
to the technology set, the input distance function takes a value no smaller than unity.
According to Karagiannis et al. [41], a value of unity simply indicates that the input-output
combination (x,y) belongs to the input isoquant, which represents the minimum input
quantities that are necessary to produce a given output vector y.

In other words, if DI(y, x, t) = 1, the given output vector y is produced with the
minimum amount of inputs at a given time and with the given technology, and the firm is
technically efficient [40]. That is, the IDF provides a measure of technical efficiency since it
is reciprocal to the Farrell [25,41] input-based technical efficiency:

TEI = 1/(DI(y, x, t)) (2)

According to Greene [42], the IDF exhibits the following properties: symmetry, mono-
tonicity, linear homogeneity, and concavity in inputs and quasi-concavity in outputs. For
the interpretation of the empirical estimates, the duality between the cost and input distance
functions is another important property:

C(w, y, t) = min
x

{
wx : DI(y, x, t) ≥ 1

}
(3)

where w denotes a vector of input prices. The minimisation problem provides the relation
between the derivatives of the IDF and the cost function [43]. In particular, the derivative
with respect to the jth input gives:

δDI(x∗(w, y, t), y, t)
δxj

=
wj

C(w, y, t)
= r∗j (x, y, t) (4)
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That is, the derivative of the input distance function with respect to a particular input is
equal to the cost-deflated shadow price of that input. More conveniently, in terms of the
log derivative of the distance function, we can rewrite this expression to

δ ln DI(x∗(w, y, t), y, t)
δ ln xj

=
wjx∗j (w, y, t)

C(w, y, t)
= Sj,t (5)

where Sj,t is a cost-share of the particular input.
With respect to the output vector y, application of the envelope theorem to the min-

imisation problem C(w, y, t) = min
x

{
wx : DI(y, x, t) ≥ 1

}
leads to

δ ln DI(x∗(w, y, t), y, t)
δ ln ym

= − δ ln C(w, y, t)
δ ln ym

= emi,t (6)

Hence, the elasticity of the IDF with respect to the mth output is therefore equal to
the negative of the cost elasticity of that output, and as such it indicates the importance of
output in terms of cost [44].

In this study, we assume that the transformation process can be well approximated by
the IDF in a translog functional form. This second-order local approximation of any twice-
differentiable function satisfies Diewert’s minimum flexibility requirement for flexible
form [35]. The translog input distance function for output (y), J-inputs (x), and time (t) is
defined as

lnDit
I = α0 + αmlnyit + 1/2αmm(lnyit)

2 + ∑J
j=1 γmj ln yit ln xj,it + ∑J

j=1 β j ln xj,it+

+1/2∑J
j=1 ∑K

k=1 β jk ln xj,it ln xk,it+δtt + 1/2δttt2 + δmtlnym,itt + ∑J
j=1 δjt ln xj,itt

(7)

where subscripts i, with i = 1,2, . . . ,N, and t, with t = 1, . . . ,T, refer to a certain company
and time (year), respectively. α, β, γ, and δ are vectors of the parameters to be estimated.
The symmetry restrictions imply that βjk = βkj. The time trend included in the IDF allows
for capturing the joint effects of embedded knowledge, technology improvements and
learning-by-doing in input quality improvements [45]. Here, δt and δtt capture the global
effect of technical change on the IDF, while δmt and δjt measure the bias of technical change.

The IDF is homogenous of degree 1 in inputs. According to Sipiläinen [46], it requires

∑J
j=1 β j = 1;∑J

j=1 β jk = 0; ∑J
j=1 γmj = 0; ∑J

j=1 δjt = 0. (8)

Implying the homogeneity property of the IDF [47], which is imposed by normalising
all the inputs by one input, we can rewrite the IDF as

lnDit
I − ln x1,it = α0 + αmlnyit + 1/2αmm(lnyit)

2 + ∑J
j=2 γmj ln yit ln x̃j,it + ∑J

j=2 β j ln x̃j,it+

+1/2∑J
j=2 ∑K

k=2 β jk ln x̃j,it ln x̃k,it+δtt + 1/2δttt2 + δmtlnym,itt + ∑J
j=2 δjt ln x̃j,itt

(9)

where ln x̃j,it = ln xj,it − ln x1,it
Moreover, all variables in logarithm are normalized by their sample mean. In this

case, the first-order parameters can be interpreted as output elasticity and input cost shares,
evaluated on the sample mean, respectively.

After introducing a statistical error term (vit) and latent heterogeneity (µi), and re-
placing ln DI

it with inefficiency terms, persistent technical inefficiency (ηi) and transient
technical inefficiency (uit), that is ηi + uit = ln DI

it, the IDF takes the form of a generalized
true random effects model (GTRE, [33]):

− ln x1,it = α0 + αmlnyit + 1/2αmm(lnyit)
2 + ∑J

j=2 γmj ln yit ln x̃j,it+

+∑J
j=2 β j ln x̃j,it + 1/2∑J

j=2 ∑K
k=2 β jk ln x̃j,it ln x̃k,it+δtt + 1/2δttt2+

+δmtlnym,itt + ∑J
j=2 δjt ln x̃j,itt− ηi − uit + µi + vit

(10)
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where vit ∼ N(0, σ2
v ), uit ∼ N+(0, σ2

u), ηi ∼ N+(0, σ2
η), µi ∼ N(0, σ2

µ).

3.1.2. Heterogeneity in Technology

The literature provides broad evidence for significant heterogeneity in dairy processing
technology. Since we are estimating a joint country input distance function for the entire
food processing industry (due to a data limitation, the low number of observations in
an industry does not allow us to estimate country IDF for the dairy processing sector in
the majority of countries), we need to consider two types of heterogeneity for processing
technology, i.e., the potential existence of inter- and intra-sector heterogeneity. The intra-
sector heterogeneity is captured by µi in (10). To capture the inter-sector heterogeneity, first-
order parameters in (10) are expanded based on dummy variables for four major sectors
in the food processing industry (namely the manufacture of dairy products, processing of
meat, milling, and manufacture of bakery and farinaceous products):

αms = αm + ∑s αsds, ∀m
β js = β j + ∑s βsds, ∀j
δts = δt + ∑s δsds

(11)

where d represents dummy variables which account for inter-sectoral differences in tech-
nology.

3.1.3. Estimation Strategy

Since the endogeneity problem usually frustrates researchers in productivity and
efficiency analysis and leads to inconsistent estimates, this study uses methods which
control for the potential endogeneity of netputs and thereby allow us to obtain consistent
estimates of technology as well as efficiency measures. The study addresses two potential
sources of endogeneity (due to the heterogeneity and due to simultaneity of input with
technical efficiency) by using the system generalized method of moments (GMM) estima-
tor. In particular, the GMM estimator allows us to deal with the endogeneity bias that
arises when one or more explanatory variables are correlated with the error term. This
correlation can have different origins, e.g., measurement errors, omitted variables bias, and
simultaneity [48].

Moreover, the study compares the GMM estimates with the generalized true random
effects model estimates. Analogically to the random effect model, the GTRE assumes that
µi are independent of explanatory variables. The violation of this assumption can originate
from the heterogeneity bias as a kind of omitted variable bias, which is a typical problem
of hierarchical data. To deal with this heterogeneity bias, the study applies Mundlak’s [49]
formulation and adds group-means for each time-varying explanatory variable in the
first-order level.

Since the GMM model deals with both sources of endogeneity, it represents our model
of first choice. If the GMM model does not provide consistent estimates, the GTRE model
with Mundlak’s adjustment is our second choice. The standard GTRE model allows for an
overall model comparison.

The estimation of the GTRE model and the GTRE model with Mundlak’s adjustment
is undertaken as a multistep procedure. We follow Kumbhakar et al. [50] and rewrite the
model in (10) as

− ln x1,it = α∗0 + αmlnyit + 1/2αmm(lnyit)
2 + ∑J

j=2 γmj ln yit ln x̃j,it+

+∑J
j=2 β j ln x̃j,it + 1/2∑J

j=2 ∑K
k=2 β jk ln x̃j,it ln x̃k,it+δtt + 1/2δttt2+

+δmtlnym,itt + ∑J
j=2 δjt ln x̃j,itt + αi + εit

(12)

where α∗0 = α0 − E(ηi)− E(uit), αi = µi − (ηi)− E(ηi)) and εit = vit − (uii − E(uit)).
This specification ensures that αi and εit have zero mean and constant variance. The

multistep procedure consists of three steps. In step 1, standard random effect panel

151



Sustainability 2021, 13, 1830

regression is used to estimate β, γ, δ, αm, and theoretical values of αi and εit, denoted by
α̂i and ε̂it. In step 2, the transient technical inefficiency, uit, is estimated using ε̂it and the
standard stochastic frontier technique with assumptions: vit ∼ N(0, σ2

v ), uit ∼ N+(0, σ2
u).

In step 3, the persistent technical inefficiency, ηi, is estimated using and the stochastic
frontier model with the following assumptions: ηi ∼ N+(0, σ2

η), µi ∼ N(0, σ2
µ). These steps

are done in the SW STATA 14.0.
Furthermore, the total technical efficiency (OTE) is quantified based on

Kumbhakar et al. [50]:
OTEit = exp(−η̂i)× exp(−ûit). (13)

The GMM model extends this estimation procedure. The study follows the four-step
procedure of Bokusheva and Čechura [51]. In step 1, the two-step system generalized
method of moments estimator [52,53] is used to obtain consistent estimates of the IDF
parameters. The Arellano and Bover [52]/Blundell and Bond [53] approach builds a system
of two equations, the original equation (in levels) and the transformed one (in differences),
and employs two types of instruments: level instruments for the differenced equations
and lagged differences for the equations in levels [54]. The validity of these instruments is
tested by the Hansen J-test [55], which analyses the joint validity of the instruments, and the
Arellano-Bond test [56], which analyses the autocorrelation in the idiosyncratic disturbance
term (vit) that could render some lags invalid as instruments. In step 2, residuals are
used from the system GMM level equations to estimate a random effects panel model
employing the generalized least squares (GLS) estimator. The transient and persistent
technical inefficiency is estimated in steps 3 and 4 based on the same procedure as described
above. These estimates are also done in the SW STATA 14.0.

3.2. Data Used in the Study

The study uses an unbalanced panel data set drawn from the Amadeus database
collected by Bureau van Dijk—Moody’s Analytics company. The database contains in-
formation on around 21 million European companies and provides detailed information
about company financials in a standard format, financial strength indicators, sectoral ac-
tivities, and corporate structures. Moreover, the database is unified between different
countries to guarantee the comparability of data. The scope of the database and the com-
parability of data are the reasons why this database is widely used in economic research.
These are examples of studies of technical efficiency of dairy processing industry based on
Amadaus database: Kapelko and Oude Lansink [21], Čechura et al. [6], Soboh et al. [14],
and Špička [11].

This study uses information from the final accounts of companies whose main activ-
ity was food processing (Division C10: Manufacture of food products according to the
Statistical classification of economic activities in the European Community, abbreviated
as NACE) in the period from 2006 till 2018. Moreover, the study is concentrated on an
analysis of C10.5: Manufacture of dairy products (including subgroups: 10.51, 10.52). The
study focuses on 10 countries which together represents 76% of European food processing
turnover according to Eurostat [1]. Specifically, the analysis uses the following data: output
(y), labour (xL), capital (xC), and material (xM). The output is represented by operating
revenue (turnover) deflated by the sectoral index of food processing prices (EU level or
country level if it was disposable; 2010 = 100) and changes in a company’s stock. Labour
is represented by the cost of employees deflated by the index of producer prices in the
industry (country level; 2010 = 100). Capital is the book value of fixed assets deflated by the
index of producer prices in the industry (country level; 2010 = 100). Finally, material is the
total cost of materials and energy deflated by the index of producer prices in the industry
(country level; 2010 = 100). The source of price indexes is the EUROSTAT database.

Since not all information can be found in the database, only those companies with
non-zero and positive values are used for the variable of interest. Moreover, companies
with less than three consecutive observations are rejected from the dataset. This procedure
decreases the problem associated with the entry and exit of producers from the database
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and allows the use of the GMM estimator with a sufficient number of lagged instruments.
The study is constrained by that to the use of an unbalanced panel data set containing
11,605 food processing companies with 95,003 observations in the first step: country-specific
IDF estimation. The second step: meta-frontier IDF estimation uses only data of dairy
processing companies, and the structure of this data sub-set is presented in Table 2.

Table 2. Structure of the data set. Source: Amadeus database and Eurostat.

Country AT BE CZ DE ES FI FR IT SW UK Total

I 15 40 58 80 114 36 211 97 22 62 735
N 131 336 498 658 1108 285 1940 915 150 496 6517

RS1 48 40 43 32 41 84 33 58 54 60 48
RS2 44 74 79 59 82 97 48 95 70 90 63

Note: I is the number of dairy processing firms (10.5), N is the total number of observations (10.5) RS1 is the
revenue share (in %) of Amadeus sample food processing firms on the total revenue of food processing firms, RS2
is the revenue share (in %) of Amadeus dairy processing firms on the total revenue of dairy processing industry;
AT denotes Austria, BE denotes Belgium, CZ denotes Czechia, DE denotes Germany, ES denotes Spain, FI denotes
Finland, FR denotes France, IT denotes Italy, SW denotes Sweden, UK denotes the United Kingdom.

4. Results

The country-specific IDF estimates (country-specific IDF estimates are available on
request from the authors or in [57]) reveal that the technology of the food processing
industry exhibits common patterns in the analysed European countries. Common features
are found in the case of cost elasticity, as well as in the cost structure. As expected, and in
line with the information provided by the dataset, the highest cost shares have material
inputs between 0.50 and 0.64. The labour cost share is approximately 30%, with the lowest
cost share in Germany (25.8%) and the highest in France (38.3%). The rest is represented by
the share of capital. Moreover, food processors in general cannot benefit greatly from the
exploitation of economies of scale since the size seems to be optimal in the majority of cases.
The elasticities of output, which reveal whether the technology exhibits increasing, constant,
or decreasing returns to scale (i.e., whether a proportionate increase in all inputs results in a
larger, equal, or less than proportionate increase in the aggregate output, respectively [58]),
are close to one in the majority of countries, evaluated on the sample mean. The deflection
towards a higher absolute value than one is a characteristic of the Nordic countries (Finland
and Sweden).

As far as heterogeneity is concerned, the results do not reveal any significant het-
erogeneity effect on output elasticities for the majority of countries. In other words,
inter-sectoral heterogeneity in cost elasticity is not a common feature of European food
processing sectors. When the focus is primarily on the manufacture of dairy products, an
exception can be found in Spain, where an absolute value of output elasticity slightly higher
than one reveals that dairy processors exhibit moderate economies of scale, evaluated on
the country sample mean. Inter-sectoral heterogeneity is not a statistically significant
feature of food processing industries, even in the case of cost shares. This fact holds true
especially for labour. The heterogeneity parameters of labour are statistically significant (at
the 10% level) only in the Spanish and Swedish dairy industries (without a common pat-
tern). More frequent occurrence of significant inter-sectoral heterogeneity is revealed in the
case of material cost shares. The dairy processing sector is characterized by higher material
cost shares in the majority of countries compared to the rest of the food processing sectors.

The common patterns of the food processing industry in the analysed European
countries are also revealed in the term of technical change. The technology exhibits positive
technical change in most of the analysed countries, and this is accelerating over time.
With a focus on the dairy processing industry and an evaluation on the country sample
means, a technological regression is revealed only in Belgium and Finland. This may
indicate a low level of innovation (especially process one) in these countries and may imply
significant structural weakness [59]. In general, the lack of innovation activities may result
in lower competitiveness. On the contrary, a successful innovation process resulting in cost
diminution is an important source of competitive advantage. These results have important
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political implications. Strengthening the innovative activity of companies is unlikely to
be possible without investment incentives and continued support for the building of an
innovation-friendly business environment. Supporting the innovation activity of food
processors is an important source not only of profitability and competitiveness but also of
food security, safety, and sustainability.

Table 3 summarises parameter estimates of the stochastic meta-frontier input distance
function models in the three alternative specifications for the dairy processing industry in
10 European countries. Considering theoretical consistency, the IDF estimates should satisfy
the properties of monotonicity and concavity in inputs. The violation of these assumptions
may result in misleading values of computed elasticities and technical efficiency scores. The
monotonicity assumption is met if the IDF is non-increasing in output and non-decreasing
in inputs. In order to verify this property, it is sufficient that the first-order parameters
are negative for the output (βm ≤ 0) and positive for the inputs (βj ≥ 0 for j = L,K) and
βL + βM < 1, where L stands for labour and M represents material [60]. Concavity in inputs
requires that the Hessian matrix of second-order derivatives of the IDF of the function
with respect to the inputs is negatively semidefinite, according to Diewert and Wales [61].
This is fulfilled on the sample mean, if βjj + β2

j –βj ≤ 0 j = L,M. Table 3 proves that these
conditions hold for all model specifications, evaluated on the sample mean.

Table 3. Meta-frontier model estimates. Source: authors’ own calculation.

10.5 GTRE GTRE with Mundlak GMM

Variable Coef. St.Er. P > |z| Coef. St.Er. P > |z| Coef. St.Er. P > |t|

ln_y −0.9601 0.0064 0.0000 −0.8886 0.0207 0.0000 −0.9801 0.0039 0.0000
ln_xL 0.2976 0.0161 0.0000 0.3039 0.0230 0.0000 0.2620 0.0088 0.0000
ln_xM 0.6483 0.0146 0.0000 0.6375 0.0222 0.0000 0.6864 0.0084 0.0000

t −0.0074 0.0008 0.0000 −0.0090 0.0009 0.0000 −0.0069 0.0010 0.0000
ln_y_2 −0.0032 0.0057 0.5740 −0.0007 0.0053 0.8890 0.0045 0.0052 0.3920

ln_xL_2 0.0538 0.0072 0.0000 0.0582 0.0077 0.0000 0.0656 0.0127 0.0000
ln_xM_2 0.1322 0.0098 0.0000 0.1326 0.0090 0.0000 0.1472 0.0080 0.0000
ln_xLxM −0.0847 0.0079 0.0000 −0.0863 0.0077 0.0000 −0.0949 0.0103 0.0000

t_2 0.0005 0.0004 0.1400 0.0000 0.0003 0.9240 0.0009 0.0005 0.0780
ln_yt 0.0005 0.0005 0.2800 0.0008 0.0005 0.0950 0.0004 0.0010 0.6780

ln_xLt −0.0001 0.0011 0.9380 0.0003 0.0011 0.7700 −0.0014 0.0030 0.6390
ln_xMt −0.0001 0.0012 0.9650 −0.0004 0.0012 0.7760 0.0033 0.0026 0.1920
ln_yxL −0.0055 0.0073 0.4570 −0.0016 0.0069 0.8200 0.0008 0.0079 0.9180
ln_yxM −0.0080 0.0059 0.1760 −0.0101 0.0057 0.0750 −0.0246 0.0069 0.0000
_cons −0.0714 0.0136 0.0000 −0.0772 0.0135 0.0000 −0.0915 0.0095 0.0000

ln_y_gmean −0.0867 0.0200 0.0000
ln_xL_gmean −0.0049 0.0201 0.8080
ln_xM_gmean −0.0013 0.0232 0.9550

t_gmean 0.0007 0.0066 0.9110

Mean Std.D. Mean Std.D. Mean Std.D.
Overall TE 0.9553 0.0139 0.9624 0.0099 0.9200 0.0179

Transient TE 0.9561 0.0139 0.9629 0.0099 0.9500 0.0177
Persistent TE 0.9992 0.0000 0.9994 0.0000 0.9684 0.0044

Note: GMM model–AR (2) = −0.06 and Hanset test = 347.25 (No. of instruments–226).

The first-order parameters of the IDFs are highly significant even at the 1% significance
level and have a similar pattern, indicating the high material intensity of the dairy industry.
The share of material in the total input is about 60%, the share of labour is about 30%, and
the output elasticity varies between (−0.98) and (−0.89). The time parameter (δt) has a
low negative value representing the cost decrease with a decelerating rate (δtt > 0) over the
analysed period. However, the second-order time parameter (δtt) is statistically significant
only at the 10% significance level in the GMM model. The parameters of biased technical
change are not statistically significant even at the 10% significance level. The rest of the
second-order parameters have a similar pattern as well.

The results reveal high overall technical efficiency. Evaluated at the sample averages,
the overall technical efficiency is between 92% and 96%, that is, dairy processors can reduce
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their costs from 4% up to 8%, subject to the model specification, to produce the same
volumes of outputs. As far as the standard deviations are concerned, we may observe that
the dairy producers operate very close to the estimated mean value of technical efficiency.
Figure 2 shows that the models provide a similar overall technical efficiency distribution.

Figure 2. Kernel density comparison (overall technical efficiency). Source: authors’ own calculation.

Persistent technical inefficiency is estimated only in the GMM model and is quite low.
That is, with similar estimates of transient technical efficiency, we do not see significant
differences in overall technical efficiency among the model specifications. These results
suggest that the efficiency estimates seem to be robust.

Table 4 provides the statistical characteristics of the country-specific overall technical
efficiency and its decomposition into transient and persistent parts. The overall technical
efficiency estimates indicate that, evaluated at the country sample means, dairy processing
companies can reduce their costs from 5% up to 24% while producing the same volumes
of output.

Table 4. Country-specific overall technical efficiency and its decomposition (GMM). Source: authors’ own calculation.

Country
Overall Technical Efficiency Transient Technical Efficiency Persistent Technical Efficiency

Mean Std.Dev. Min. Max. Mean Std.Dev. Min. Max. Mean Std.Dev. Min. Max.

Austria 0.7548 0.0541 0.5414 0.8577 0.8319 0.0438 0.6454 0.9153 0.9066 0.0300 0.8234 0.9371
Belgium 0.9297 0.0158 0.794 0.9684 0.9309 0.0159 0.7949 0.9695 0.9988 0.0000 0.9988 0.9988
Czechia 0.9121 0.0185 0.723 0.9686 0.9123 0.0185 0.7232 0.9688 0.9997 0.0000 0.9997 0.9997
Finland 0.9028 0.0219 0.784 0.9635 0.903 0.0219 0.7842 0.9637 0.9997 0.0000 0.9997 0.9997
France 0.9320 0.0243 0.3968 0.9947 0.9328 0.0243 0.3971 0.9954 0.9992 0.0000 0.9992 0.9992

Germany 0.9303 0.0271 0.4859 0.9846 0.9307 0.0271 0.4862 0.9851 0.9995 0.0000 0.9995 0.9995
Italy 0.8393 0.0345 0.5913 0.9398 0.9227 0.0279 0.6312 0.9783 0.9095 0.0240 0.8168 0.9620
Spain 0.9267 0.0249 0.6573 0.9806 0.9269 0.0249 0.6574 0.9808 0.9998 0.0000 0.9998 0.9998

Sweden 0.9466 0.0192 0.8194 0.9892 0.9483 0.0192 0.8209 0.991 0.9982 0.0000 0.9981 0.9982
United

Kingdom 0.9427 0.0266 0.7332 0.9847 0.9434 0.0266 0.7337 0.9854 0.9993 0.0000 0.9993 0.9993

As far as intra-sectoral differences are concerned, the overall technical efficiency is
relatively dense around the mean and the distribution is skewed to higher values. In the
majority of the analysed countries, the interquartile ranges are quite narrow, see Figure 3.
The outliers in boxplots indicate high polarization between the most technically efficient
producer and the least technically efficient one. The highest polarization is evident in
Austria. On the other hand, the lowest polarization can be seen in Czechia and Finland.
As the overall technical efficiency is associated with cost savings, it can be assumed that
Austria, with the highest polarization, will face structural changes in the future. That is,
we can expect changes in business activities or even the cessation of production for firms
with the lowest technical efficiency and resource reallocation to more successful producers.
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Figure 3. Country-specific overall technical efficiency (GMM). Source: authors’ own calculation. Note: AT denotes Austria,
BE denotes Belgium, CZ denotes Czechia, DE denotes Germany, ES denotes Spain, FI denotes Finland, FR denotes France,
IT denotes Italy, SW denotes Sweden, UK denotes the United Kingdom.

The overall technical efficiency consists of the transient and persistent technical effi-
ciency. The persistent part of overall technical efficiency indicates systematic failures or
structural problems and unsuitable factor allocations, which are difficult to change over
time, as well as non-competitive market conditions. However, the persistent technical
efficiency is statistically significant only in the cases of Austria and Italy. Table 4 shows
that the average persistent technical efficiency scores are about 91% in these two countries.
A slightly higher variability for persistent technical efficiency is revealed in Austria. How-
ever, the Italian dairy sector is characterized by the highest polarization between the most
efficient producer and the least efficient. This suggests that many firms systematically fail
to catch up to best practices and thus show considerable resource inefficiency as compared
to firms operating on the technological frontier.

Table 4 also provides country-specific transient technical efficiency scores. The intra-
sectoral differences of transient technical efficiency are pronounced especially in Austria,
Italy, and Germany. However, the highest polarization is revealed in France, followed by
Germany, where the developments of transient technical efficiency over time have a similar
pattern and the lowest values are connected with the 2009 crisis; see Figure 4. The fluctua-
tions of technical efficiency in the short-term may also be the result of shocks associated
with the introduction of new technologies or changes in human capital. Considering the
development presented in Figure 4, we can conclude that the most important feature is an
increasing trend in transient technical efficiency in the analysed period.
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Figure 4. Country-specific transient technical efficiency development (GMM). Source: authors’ own calculation. Note: AT
denotes Austria, BE denotes Belgium, CZ denotes Czechia, DE denotes Germany, ES denotes Spain, FI denotes Finland, FR
denotes France, IT denotes Italy, SW denotes Sweden, UK denotes the United Kingdom.

Table 5 presents meta-frontier technical efficiency estimates and indicates that the
overall technical efficiency is high in all countries and there are no considerable differences
among them. The lowest value of overall technical efficiency can be observed in Sweden,
evaluated on mean values. Moreover, the Swedish dairy industry can be characterized
by the highest variability measured by standard deviation. On the contrary, the highest
average value of overall technical efficiency is found in France and Finland.

Table 5. Meta-frontier overall technical efficiency and its decomposition (GMM). Source: authors’ own calculation.

Country
Overall Technical Efficiency Transient Technical Efficiency Persistent Technical Efficiency

Mean Std.Dev. Min. Max. Mean Std.Dev. Min. Max. Mean Std.Dev. Min. Max.

Austria 0.9202 0.0092 0.8608 0.9392 0.9511 0.0093 0.8888 0.9682 0.9675 0.0017 0.9631 0.9701
Belgium 0.9181 0.0200 0.7490 0.9537 0.9495 0.0155 0.8379 0.9873 0.9669 0.0101 0.8696 0.9750
Czechia 0.9191 0.0217 0.6862 0.9639 0.9492 0.0220 0.7069 0.9894 0.9682 0.0033 0.9586 0.9832
Finland 0.9212 0.0183 0.8179 0.9741 0.9498 0.0181 0.8326 0.9871 0.9699 0.0051 0.9562 0.9868
France 0.9212 0.0152 0.5673 0.9715 0.9506 0.0153 0.5903 0.9963 0.9690 0.0034 0.9611 0.9844

Germany 0.9185 0.0254 0.6251 0.9673 0.9494 0.0249 0.6484 0.9893 0.9674 0.0059 0.9318 0.9831
Italy 0.9206 0.0139 0.7570 0.9576 0.9505 0.0141 0.7785 0.9832 0.9686 0.0027 0.9627 0.9757
Spain 0.9197 0.0145 0.7566 0.9578 0.9503 0.0147 0.7784 0.9820 0.9678 0.0030 0.9591 0.9754

Sweden 0.9171 0.0314 0.7384 0.9732 0.9454 0.0317 0.7705 0.9945 0.9700 0.0062 0.9520 0.9785
United

Kingdom 0.9190 0.0195 0.7105 0.9613 0.9495 0.0191 0.7491 0.9825 0.9679 0.0044 0.9484 0.9806
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Figure 5 illustrates the competitive position of selected countries in terms of a country-
average technical efficiency comparison with the average value of the whole set. As can be
seen, the Swedish, Belgian, and German dairy processing industries are failing to catch up
with the best-practice technology. While in Belgium and Germany the dairy processing
industry lags behind in both transient (TTE) and persistent (PTE) technical efficiency, in
Sweden the transient technical inefficiency poses a greater problem for the dairy processing
industry than the persistent component.

Figure 5. Meta-frontier technical efficiency comparison (GMM). Source: authors’ own calculation.
Note: AT denotes Austria, BE denotes Belgium, CZ denotes Czechia, DE denotes Germany, ES
denotes Spain, FI denotes Finland, FR denotes France, IT denotes Italy, SW denotes Sweden, UK
denotes the United Kingdom.

The loss of resources due to structural problems and permanent managerial failures in
the production process is pronounced in all countries and reaches a similar level. However,
it holds in all cases that the persistent inefficiencies are not large, evaluated on the sample
means. On the other hand, the outliers in boxplots (Figure 6) indicate high polarization
between the most long-term technically efficient producer and the least technically efficient
one in Belgium, Germany, and the United Kingdom. In other words, it reveals the exis-
tence of firms that are systematically failing to catch up to best practices and thus show
considerable resource inefficiency. Different paths can be followed to eliminate this waste
of resources and promote the sustainability of the dairy processing industry. According to
Pisulewski and Marzec [35], management should focus on changes in the organization of
the production process and managerial competency. According to Dimara et al. [15], policy
makers should provide access to biotech innovations and food supply networks.
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Figure 6. Meta-frontier persistent technical efficiency comparison (GMM). Source: authors’ own calculation. Note: Reference
line represents the sample average transient technical efficiency score; AT denotes Austria, BE denotes Belgium, CZ denotes
Czechia, DE denotes Germany, ES denotes Spain, FI denotes Finland, FR denotes France, IT denotes Italy, SW denotes
Sweden, UK denotes the United Kingdom.

5. Discussion

The country as well as meta-frontier technical efficiency estimates revealed high
overall technical efficiency for all countries. The only exception is the country estimate
for Austria. These results are consistent with the literature devoted to technical efficiency
analysis in the food processing industry. For example, Čechura et al. [6] found high
technical efficiency in the food processing industry in the analysis of entire EU food
processing sectors. In addition, their meta-frontier analysis provides similar results as well.
The authors show that the differences in average technical efficiency are not large for all EU
member countries, including Serbia, even when there are huge differences between the best
and worst food processors. High technical efficiency of the top 10% of food processors is a
common feature for all countries in all analysed sectors. Similar findings were provided for
Czechia by Čechura and Hockmann [8] and Špička [11]. On the other hand, lower technical
efficiency scores were estimated for the Czech food processing industry by Náglová and
Šimpachová Petrová [7]. The differences are due to the use of both a different data set and
a different model specification. The authors analysed the manufacturing of food products
and beverages. Moreover, they did not consider heterogeneity among sectors, which
may result in higher inefficiency scores. The treatment of the unobserved heterogeneity
component in the model specification is a potential source of the slightly lower technical
efficiency scores obtained by Soboh et al. [14] as well.

Our technical efficiency complements the research of technical efficiency in the food
processing industry by the decomposition of overall technical efficiency into transient and
persistent components. Transient technical efficiency dominates in the technical efficiency
country estimates. That is, the overall technical efficiency estimated for each country is
largely due to the transient technical efficiency. Persistent technical efficiency is pronounced
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only in Austria and Italy. These findings suggest that in the majority of countries, the
inefficiencies in input use do not have a systematic character. This holds true for the food
processing sector as a whole, since the country estimates are based on a joint IDF function
for the four processing sectors. That is, the estimated inefficiencies have non-systematic
sources such as non-systematic managerial failures, market shocks, shocks associated with
new production technologies, and human capital. However, the meta-frontier estimates
that compare the dairy frontier technologies among the countries show a certain degree
of systematic failure. In particular, the average persistent technical efficiency is high and
similar for all countries. The same holds true for transient technical efficiency. Thus, the
meta-frontier analysis shows high overall technical efficiency in the dairy processing sectors
in all analysed countries. These findings are fully in line with the meta-frontier analysis
provided by Čechura et al. [6].

6. Conclusions

The study aimed to (i) assess whether there is indication that the countries follows
a sustainable development path characterized by reduced waste of resources due to inef-
ficient input use and (ii) whether we can observe systematic failures in the efficiency of
input use or whether the deviations from the frontier technologies are due to the transient
reasons. The results revealed that both components of overall technical efficiency are high.
That is, we cannot observe considerable systematic failures in efficiency of input used as
well as inefficiencies due to the transient reason, evaluated on sample means. This suggests
that the European dairy processing industry as a whole seems to be highly competitive
and the companies highly efficient. On the other hand, the figures show that there are
companies that are falling behind and may leave the market.

The findings of this study seem to be of high relevance for policy makers since there is
still limited knowledge about the inefficiency of input use in the processing industry and
their sources and thus the potential contribution the sustainability improvements in the
whole food value chain.

There are some limitations of the conducted research. This is especially related to
the fact that the Amadeus data allows to work only with aggregate output and thus
the diversification or economies of scope cannot be considered. On the other hand, the
advantages are the employment of new advances in productivity and efficiency analysis
and thus the robust estimate of technical efficiency in European dairy industry.

Future research should focus on investigation of the socioeconomic and environmental
factors that can explain differences in persistent as well as transient inefficiency between
dairy processing companies. Understanding these factors has important political implica-
tions especially in food processing industry that face the challenge of ensuring a sufficient
food supply from limited resources for a growing population. Industrial policy agents
can use the knowledge of these factors to make a business environment that improves
sustainability and competitiveness of food processing industry.
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Abstract: Increasing pressures surrounding efficiency and sustainability are key global drivers in
dairy farm management strategies. However, for numerous resource-based, social, and economic
reasons sustainable intensification strategies are herd-size dependent. In this study, we investigated
the environmental impacts of Latvia’s dairy farms with different management practices. The herd
size-dependent management groups varied from extensively managed small herds with 1–9 cows,
extending to stepwise more intensively managed herds with 10–50, 51–100, 100–200, and over
200 milking cows. The aim is to compare the environmental impacts of different size-based production
strategies on Latvia’s dairy farms. The results show that the gross greenhouse gas emissions differ
by 29%: from 1.09 kg CO2 equivalents (CO2e) per kg of raw milk for the farms with 51–100 cows,
down to 0.84 kg CO2e/kg milk for farms with more than 200 cows. However, the land use differs
even more—the largest farms use 2.25 times less land per kg of milk than the smallest farms. Global
warming potential, marine eutrophication, terrestrial acidification, and ecotoxicity were highest
for the mid-sized farms. If current domestic, farm-based protein feeds were to be substituted with
imported soy feed (one of the most popular high-protein feeds) the environmental impacts of Latvian
dairy production would significantly increase, e.g., land use would increase by 18% and the global
warming potential by 43%. Environmental policy approaches for steering the farms should consider
the overall effects of operation size on environmental quality, in order to support the best practices
for each farm type and steer systematic change in the country. The limitations of this study are
linked to national data availability (e.g., national data on feed production, heifer breeding, differences
among farms regards soil type, manure management, the proximity to marine or aquatic habitats)
and methodological shortcomings (e.g., excluding emissions of carbon sequestration, the use of
proxy allocation, and excluding social and biodiversity impacts in life-cycle assessment). Further
research is needed to improve the data quality, the allocation method, and provide farm-size-specific
information on outputs, heifer breeding, manure storage, and handling.

Keywords: LCA; dairy; environmental impacts; intensification

1. Introduction

Dairy production systems are important and complex sources of environmental im-
pacts including global warming, nutrient losses, water and land use [1]. The sustainable
intensification of animal production is generally promoted as a way to mitigate these
environmental impacts while increasing productivity [2,3]. Nevertheless, the dairy sector
has shown a global trend toward intensification [4].

During the last decades following the global trend, dairy cow management systems
in Latvia are intensifying rapidly [5–7], i.e., the role of grazing has decreased, and indoor
feeding and high protein diets have increased. This intensification process has been in
parallel with the concentration of the dairy industry, where small farms leave the market
whereas the most competitive farms continue growing and increasing their herds [7].
Nevertheless, the dairy systems in Latvia are still very diverse and are largely determined
by the number of cows in a herd. Eighty-four percent of the dairy farms are small—less
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than 10 animals per farm—producing 18% of the country’s raw milk. Most of them are
self-sufficient farms that do not deliver dairy products to the market. A similar situation
exists in many Eastern European countries as well as in developing countries [8–10].

Data obtained from a survey in Latvia shows significant differences in milk yield
depending on the size of the herd (see Table 1). Milk yield depends on diet and the cows’
ability to consume dry matter (DM) [11]. While consumption of DM is affected by the
quality and digestibility of feed and the optimum ratio of roughage and feed concentrate
in the feed ration [12], diets, on the other hand, are linked to the size of the herd affecting
the milk yield. The average milk yield of the farms that graze their dairy cows is lower
than that of the farms who do not graze their dairy cows [13].

Table 1. Description of the technical management routes.

Factors Dairy Farm
(1–9)

Dairy Farm
(10–50)

Dairy Farm
(51–100)

Dairy Farm
(101–200)

Dairy Farm
(>200)

Total/
Average Sources

Number of farms 14,463 2295 306 131 91 17,286 CSB [6]
Number of cows 33,717 45,514 20,758 17,605 36,430 154,024 CSB [6]

The average
number of cows on

the farm
2 20 68 134 400 Calculated

% of total (farms) 84% 13% 2% 1% 1% Calculated
% of total (cows) 22% 30% 13% 11% 24% Calculated

Average milk yield
kg/cow/day 19.5 20.1 23.3 27.1 29.4 Calculated from

ADC [14]
Average milk yield

kg/cow/year 5961 6139 7116 8269 8979 7147 ADC [14]

Average fat
content (%) 4.17 4.17 4.18 4.13 4.04 4.07 Calculated from

ADC [14]
Average protein

content (%) 3.26 3.25 3.3 3.33 3.36 3.32 Calculated from
ADC [14]

Total milk yield
(kg/year) 201.0 279.4 147.7 145.6 327.1 1 101 Calculated

% of total milk
yield 18% 25% 13% 13% 30% Calculated

Fat and protein
corrected milk

(FPCM)
(kg/cow/year)

6066 6242 7272 8419 9064 7218 Calculated

Apart from the milk yields and diets of different size dairy farms, they also differ
by other parameters, e.g., the milking technologies and cowsheds (heat-insulated and
uninsulated) used [13], as well as the cow breeds. Two dairy cow breeds account for almost
75% of the total dairy cows in Latvia—Latvian Brown, and Black and White Holstein.
However, there is no reliable data that shows how these factors create differences in
a farm’s output among different farm sizes.

Empirical research on the environmental effects of intensification shows that increased
dairy production per ha leads to increased impacts per ha, but environmental impacts per
kg of raw milk are not as clear [15]. Other studies show that increasing milk production
per ha may lead to reduced global warming potential (GWP) per kg of milk [16,17] and
improvements in feed efficiency, fertility, and cow longevity are important parameters to
reach increased milk yield and lower climate and land footprints per kg of milk [18,19].

This study aims to compare the environmental impacts of raw milk production by
different size dairy farms in Latvia. The goal was to use the life-cycle impact assessment
(LCA) method to gain insights into differences among farms in terms of their environmental
impacts. In addition, the effect of protein feed substitution is also assessed. These results
will help better tailor environmental policies to different size farms, and thus decrease the
environmental impacts of dairy farming.
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2. Materials and Methods

Life-cycle assessment (LCA) is a widely acknowledged and standardized method to
evaluate environmental impacts during the entire life cycle of a product (ISO, 2006). There-
fore, we developed the LCA model to capture the most important interactions in complex
dairy production systems and determine cradle-to-farm gate (all processes involved in
milking farms and production of inputs used in farms) environmental impacts of milking
cows in Latvia.

Thus, the model describes the diversity in diets and the main inputs (energy, water,
and minerals) for different milking farm management strategies in Latvia. More specifically,
the system boundaries of this study include the following processes and flows: emissions
from manure storage and application and enteric fermentation by ruminants, direct and
indirect emissions from animal feed, energy, and water use. Diet composition is an input to
this module which includes the cultivation and processing emissions of all feed resources,
such as grass (including grazing and hay), alfalfa and maize silage, fodder, roots, as well as
molasses, rapeseed expeller and meal, salt, minerals, and vitamins. However, infrastructure
and machinery are excluded from the scope of this study.

Although heifers are an important part of the dairy production system, the growing of
heifers could not be included in this study as the database used does not have information
on heifer rearing processes. Heifer rearing would need a specific study because there are
also big differences in the existing production practices. Small farms mostly grow the
heifers in the same farm, heifer farming being a side role of the farm. Big farms, however,
mostly buy heifers externally from farms that specifically concentrate on heifer farming.

In LCA, the environmental impact is expressed per functional unit, which in this study
was one kg of fat and protein corrected milk (FPCM) leaving the farm-gate, which allows
us to compare the environmental impacts of different farming systems—the farms with
different herd sizes. The following equation was used to calculate FPCM [20]:

FPCM (kg/a) = milk (kg/a) × ((0.1226 × fat %) + (0.0776 × protein %) + 0.2534)) (1)

Dairy farms generate several outputs to the technosphere. The herd at the average
Latvian dairy farm consists of nine dairy cows. Dairy cows which are severely injured
or old are slaughtered and hardly any male animals are kept, while most female calves
are kept and raised for herd replacement. Most of the male calves and a small number
of the female calves which are not needed for herd replacement are sold shortly after
birth. Therefore, the environmental impacts in this study have been allocated across these
co-products utilizing a proxy mass-based allocation approach—raw milk (85.95%), cows
for slaughter (12.35%), and calves (1.7%) [21]. In this study these percentual allocations are
applied equally across all the farms as we are missing farm-size-specific information.

Most of the data were collected from secondary sources (see Table 1). Data on herd
sizes were obtained from the Central Statistics Bureau (CSB) database [6]. Information
about the protein and fat content in the milk for different size farms, used to calculate the
FPCM, was obtained from the national Agriculture Data Center (ADC) [14]. These are
reliable data sources that are also used in the national inventory to calculate agricultural
gross greenhouse gas (GHG) emissions [22].

Diet composition as kg dry matter per cow (see Table 2) and average daily nutrient
provision in feed rations for cows in different size farms (see Table 3) were obtained from
the survey done by Degola et al. [23], where they obtained data about feed intake values
in different size herds from 24 animal feeding experts from the Latvian Rural Advisory
and Training Centre. It should be mentioned that the dietary intakes in Table 2 represent
average data for each of the fodder in a particular farm group. In smaller farms, there is a
wide diversity in feeding strategies, and thus the daily intake in DM differs from the daily
DM consumption per cow in Table 3. However, feed related impact calculations are based
on the total daily DM consumption from Table 3. Emission factors of feed production were
obtained from a life-cycle inventory data from the EcoInvent 3 database [21].
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Table 2. Average daily feed intake per cow in different management groups (kg DM).

Dairy Farm
(1–9)

Dairy Farm
(10–50)

Dairy Farm
(51–100)

Dairy Farm
(101–200)

Dairy Farm
(>200)

Grass 8.1 3.3 2.5 1.8 2.6
Haylage/grass silage 5.3 7.1 6.7 5.2 6.6

Alfalfa silage 9.6 8.4 8.3 6.1 4.7
Straw 1.2 0.6 0.4 0.8 0.7

Corn silage - 1.1 1.2 2.8 4.2
Fodder oat 0.9 1 1 1.1 1.2
Fodder pea 2 2.1 2.2 2.5 2.7
Mixed roots 1.8 1 - - -

Molasses 0.3 0.4 0.4 0.4 0.5
Expeller and meal 0.5 0.8 1 1.6 1.4

Source: Degola, Cielava, Trūpa and Aplocin, a [23].

Table 3. The average daily nutrient provision in feed rations for cows in different management groups.

Dairy Farm
(1–9)

Dairy Farm
(10–50)

Dairy Farm
(51–100)

Dairy Farm
(101–200)

Dairy Farm
(>200)

Daily DM consumption, kg 16.7 20.9 23.5 22.3 24.6
Crude protein, g 2388 2743 2528 2745 3259

Crude fats, g 594 537 668 701 724
Crude fiber, kg 5.6 5.8 4.5 7.0 5.5

Nitrogen free extract, kg 10.3 10.5 9.9 11.0 13.1

Source: Degola, Cielava, Trūpa and Aplocin, a [23].

We also had to use several assumptions to differentiate the farms. For heating energy
use we assumed that the smallest farms (1–9 cows) were using non-heated barns, while
other farms (>9 cows) were using wood biomass for the milking room heating [24]. Elec-
tricity consumption was differentiated based on the assumption that smaller farms are not
using power for ventilation, milk cooling, and milking (see Table 4). However, we have
to acknowledge that some of the information is missing and not covered by this study,
e.g., the proximity of the farms to marine or aquatic habitats or a difference in soil quality,
fertility, type, and topography among farm sizes.

Table 4. The annual energy consumption in different management groups.

Dairy Farm
(1–9)

Dairy Farm
(10–50)

Dairy Farm
(51–100)

Dairy Farm
(101–200)

Dairy Farm
(>200)

Electricity consumption,
kWh/cow 246 289 421 487 524

Heat consumption,
MJ/cow - 179 417 483 520

The cumulative life-cycle inventory data were assessed at the mid-point level using
the ReCiPe 2016 (H) V1.02 method. Following the most relevant environmental impact cate-
gories for dairy production proposed by the European Dairy Association [25], assessments
were made of:

• Gross GWP— GHG emissions from cattle (feed production, enteric fermentation, and
manure), excluding carbon sequestration, expressed in kg CO2 equivalents (CO2e);

• Acidification terrestrial—NOx, NH3, or SO2 related emissions expressed in kg SO2
equivalents (SO2e);

• Marine eutrophication—emissions of nitrogen to water and soil expressed in kg N
equivalents (Ne);
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• Freshwater eutrophication—emissions of phosphorus to water and soil expressed in
kg P equivalents (Pe);

• Land use—dairy products being at the top of the food pyramid play important role in
the competition for arable land through feed production and grazing areas, and thus
have a significant impact on terrestrial species via change of land cover and the actual
use of the new land expressed in m2 of crop equivalents (cropeq.) [26];

• Water use—the use of water (m3) in such a way that it is evaporated, incorporated
into products, transferred to other watersheds, or disposed into the sea [26];

• Fossil resource scarcity—the dairy supply chain is still heavily reliant on fossil fuel
use in feed production, transport, as well as on-farm activities. Fossil resource scarcity
(kg oileq.) is defined as the ratio between the energy content of the fossil resource x
and the energy content of crude oil, and is based on the higher heating value of each
fossil resource (crude oil, natural gas, hard coal, brown coal, and peat) [26].

Additionally, we analyzed freshwater ecotoxicity as we believe it is one of the key
issues for sustainable agriculture and that dairy farmers can perform actions to reduce the
toxic impact of dairy production on ecosystems [11]. Sometimes insecticides are also used
directly on the animal to protect them from insects during hot summer days. However,
because of the lack of reliable data, this is not included in the study.

With regards to the GWP, in this study, we tried to cover all the major emissions,
but because of the lack of reliable data, soil carbon sequestration is not included in the
calculation of the carbon footprint of crop production in this study. Similarly, nitrogen
fixation by plants is excluded from the study as it is a soil quality dependent process and
soil data for the different farm types is not available.

Annual methane emissions from enteric fermentation per cow were calculated
using the following equation, provided by the United Nations Food and Agriculture
Organization (FAO) [2]:

Annual CH4 emission = ((DMa × Ym/100)) × (18.55/55.65) (2)

where:

- DMa is the annual consumption of dry matter;
- The methane conversion factor (Ym) value of 6.5 is realized at a digestibility of 65%

(according to the IPCC 2006 guidelines at Tier 2 level);
- The factor 55.65—the energy content of methane (MJ/kg CH4).
- The factor 18.45—Energy intensity of feed (MJ/kg DM).

Methane emissions from enteric fermentation were calculated to be from 85.8 in the
small farms to 148 kg CH4 cow−1 year−1 in the largest farms (>200 cows). The average
annual national methane emission factor was calculated to be at 118 kg CH4 cow−1, while
the national methane emission factor used for the year 2016 in the National Inventory was
136 kg CH4 cow−1 year−1 [22]. Latvia uses a higher emission factor for dairy cows based
on a different feeding situation that is not fully characterized as stall-fed (set for Tier 1).
Besides, the digestibility used for calculations of emission coefficient is lower (65% against
70% for Tier 1).

Methane emissions depend on the composition and amount of manure produced
(anaerobic conditions, found at the bottom of deep lagoons, increase methane emissions)
and the type of storage used [2]. Methane productivity is also determined by the quantity of
volatile solids in the manure which depends on the digestibility of feed—low digestibility
feed results in a high amount of volatile solids in manure which are then converted to
methane. In Latvian small farms, milk cows are still mainly stanchioned, producing
farmyard manure, but with increasing intensification there is a gradual transition to the
producing of liquid manure [27]. It is expected that the diets of cows (high levels of grass
and silage) on the smaller farms will result in higher N excretion because the amount and
form of the N excreted is affected by the concentration and ruminal degradability of crude
protein in the diet. However, it should be noted that these factors are not fully considered
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in this study as there are no data available on manure management for the different sizes of
farms in Latvia. Therefore in this study, annual methane emissions of manure management
and N excretion rates for dairy cows were taken from the national inventory and are set as
17.28 kg CH4 cow−1 year−1 and 113.9 kg N cow−1 yr−1 respectively [22].

3. Results

The analysis of the environmental impacts of milking cows by farms practicing differ-
ent management systems in Latvia shows that the relationship between farm management
practices/size and environmental impacts is not straightforward, i.e., in some impact cate-
gories (water footprint and land use) the small farms create the most burden, but in other
categories (e.g., global warming, marine eutrophication, fossil resource scarcity, terrestrial
acidification) the highest impacts are caused by the mid-sized farms (see Table 5).

Table 5. Results of the characterization: comparison between environmental pressures of different size dairy farms in Latvia
per kg of FPCM.

Impact Category Unit Dairy Farm
(1–9)

Dairy Farm
(10–50)

Dairy Farm
(51–100)

Dairy Farm
(101–200)

Dairy Farm
(>200)

Coefficient
of Variation

GWP kg CO2e 0.88 1.02 1.09 0.93 0.84 10%
Terrestrial

acidification kg SO2e 0.015 0.016 0.016 0.014 0.013 8%

Freshwater
eutrophication kg Pe 0.0002 0.0002 0.0002 0.0002 0.0001 22%

Marine
eutrophication kg Ne 0.0018 0.0025 0.0037 0.0027 0.0018 28%

Freshwater
ecotoxicity

kg 1,4
Di-chloro-
benzene
(DCBeq.)

0.0061 0.0073 0.0068 0.0057 0.0042 18%

Land use m2 cropeq. 1.71 1.42 1.35 1.03 0.76 26%
Fossil resource

scarcity kg oileq. 0.054 0.060 0.062 0.051 0.039 15%

Water use m3 0.099 0.049 0.040 0.030 0.028 53%

For all the farms, the largest GWP is associated with enteric fermentation and manure
(see Figure 1). For smaller farms, these factors account for 61% of the GWP, but for farms
with 200 or more cows these factors account for 68% of all the impact per kg of raw milk
produced. The second most important process is alfalfa-grass silage, which peaks (15% of
GWP) in the mid-sized farms. The next most important factor is concentrates (in our case
pea and oat), which combined accounted for 9 to 15% of GWP. These feed-related GHG
emissions are mostly from the energy used in field management and harvest. Emissions
associated with electricity production are responsible for 2 to 3% of GWP, but in this case,
smaller farms have relatively smaller electricity consumption than larger farms. Results
for GWP depend mainly on different diet efficiencies and energy use. Global warming
potential in our study varies from 1.1 kg CO2e/kg of milk from the farms with 51–100 cows
to 0.84 kg CO2e/kg of milk from farms above 200 cows. Thus, the national average gross
GWP is 0.9 kg CO2e/kg of raw milk, but GWP per cow is between 5200 kg of CO2e in the
smallest farms and 7700 kg of CO2e in the farms with 51 to 100 cows (see Table 6). The
total cradle-to-farm gate GWP of the milking cows in Latvia is estimated to be 1 million
tons of CO2e.
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Figure 1. Global warming potential (t CO2e/t milk) for different dairy systems in Latvia.

Table 6. Annual GWP and land use for different management groups.

Impact Category Units Dairy Farm
(1–9)

Dairy Farm
(10–50)

Dairy Farm
(51–100)

Dairy Farm
(101–200)

Dairy Farm
(>200) Average/Total

GWP—Total 1000 t CO2e 176.0 284.4 160.6 134.7 275.7 1031
GWP per cow kg CO2e 5219 6248 7736 7654 7568 6696

Land use—Total million m2 342.8 396.1 200.1 150.2 248.2 1 337
Land use per cow m2 10,167 8703 9640 8532 6812 8683

One of the important impact categories is land use, which from all the parameters
analyzed has the highest coefficient of variation among the different farm sizes (26%).
Land use linearly decreases from 1.02 ha per cow in the smallest farms to 0.68 ha in
the largest farms (see Table 6). To produce 1 kg of raw milk the smallest farms require
1.71 m2 (including pastures), but the largest farms require only 0.76 m2 of land. The main
contributors to the land use in the smallest farms are grass (50%) and protein feeds (27%),
but as the farms intensify the role of grass decreases. Therefore, for the largest farms, the
main contribution to land use is from protein pea (29%), grass (21%), alfalfa-grass silage
(17.5%), and oat (14%). The method used to assess land use does not specify different land
use categories, such as more or less productive agricultural lands.
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Water footprint includes green (rainfall) and blue (freshwater stored in lakes, rivers,
and aquifers) water use. The water footprint per kg of milk significantly decreases as
farms get larger because the main contributor to water footprint is green water for grass
production—which ranges from 88.6% in the smallest farms to 59.6% in the largest. Blue-
water footprint (mostly used as drinking water for cows) accounts only for 1.7% of the
water footprint in the smallest farms, increasing to 6.3% in the largest.

The differences in terrestrial acidification among the different size farms are minor
(the coefficient of variation is 8%; see Table 4), but the impacts are highest for the farms
with 10–50 cows and decreases for the largest farms. The largest contributor to terrestrial
acidification for all the farms is ammonia emissions accounting for 53–67.5% of all impacts,
but the next most important process is the growing of grass in pastures on the dairy farms
due to manure from cows which is responsible for 17–24%. As ammonia accounts for most
of the terrestrial acidification, the rankings are likely related to the amount and ruminal
degradability of the protein as well as a level of milk production. As a result, it would seem
that the amount of acidification could be constant across herd sizes if diets and cow genetic
potential were equalized.

In the case of marine and freshwater eutrophication, the largest environmental impacts
are on farms with 10–100 cows. The differences in these parameters among different man-
agement groups are large, with the coefficient of variation being 22% and 28%, respectively.
Nitrogen flows into marine waters is estimated to be from 0.0037 kg Ne per kg of raw milk
from the farms with 51–100 cows to 0.0018 kg Ne in the largest farms (see Table 4). The
main contributor to marine eutrophication from milk production on the larger farms is
alfalfa-grass silage feed (46% of all the impact from the farms with 51–100 cows to 30% in
the largest farms), followed by grass grown at the farm (18–26%). However, for the smaller
farms, the main processes contributing to marine eutrophication are grass and oat, which
combined contribute more than 70% of all impacts. With regards to freshwater eutrophica-
tion, the two management groups which include the smallest farms (up to 50 cows) have the
highest impact—0.00023 kg Pe/kg of FPCM. However, the main contribution to freshwater
eutrophication from all the farms is from grass, followed by oat and alfalfa-grass silage.

Additionally, for freshwater ecotoxicity the largest environmental impact is from farms
with 10–50 cows. The largest contributors are concentrates (oat ~30% and pea (24–31%))
(see Table 4). Alfalfa-grass silage is also responsible for a significant part of freshwater
ecotoxicity—contributing 18% of all the terrestrial ecotoxicity impact from the smallest
farms to 13% from the largest farms.

The results of our study demonstrate that the production of one kg of milk needs
37–62 g of oil equivalent fossil resources (see Table 4). In this case, the highest fossil
resource intensity is for farms with 51–100 cows. The main contributors are production of
alfalfa-grass silage (13–26%), protein feeds (17–25%), and fertilizer (P) (10–15%).

Additionally, we looked at changes in the environmental impacts of supplementary
protein substitution. In this case, we analyzed substituting pea in the combined feed with
soy, as it is increasingly entering the market as a high-protein feed for dairy cows in Latvia.
For this, we used global process data on the environmental impacts of soy meal production
from the Ecoinvent database [21]. Results demonstrated that most of the environmental
impacts would increase, e.g., GWP for the farms with 10–50 cows would increase by 57%
and for the largest farms by 32% (see Figure 2), but on average GWP per kg of milk would
increase by 43%. As a result of the substitution, the land use in the smallest farms would
increase by 12% and for other farms by 19%, on average increasing the land use of raw
milk production by 18%. These increasing impacts are mostly linked to the soy production-
related land-use change, domestic transport, and industrial processing [28]. However, it
can also be assumed that introducing soybean meal to the diets of the dairy cows would
decrease the protein supplement fed to keep the diets isonitrogenous.
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Figure 2. Impact on land use and GWP per kg of FPCM if pea in cow diet was substituted by soy.

4. Discussion and Conclusions

Our results show that the environmental impacts of milking cows are different on
farms with different management strategies. For some of the impact categories, e.g., global
warming, marine eutrophication, terrestrial acidification, and ecotoxicity, the highest
environmental impacts are for mid-sized farms with 10 to 50 cows. In general, the trend
of most environmental impacts is decreasing as the farms increase in size, thus partly
confirming that many of the environmental impacts assessed here decrease with increasing
milk yields [29–31]. However, the smallest farms perform worse than the mid-sized farms
with 10–50 cows only in two out of eight environmental impact categories.

The largest farms (>200 cows), through increasing protein content in their feed and
choosing more productive breeds, have managed to significantly increase their milk yields
and thus, also improve the environmental performance on certain environmental impact
categories of production. Our results demonstrate that dairy system intensification gener-
ally provides a significant decrease in all of the impact categories assessed, when measured
per kg of raw milk. The most significant reduction was observed for water and land
use. These results are somewhat different from others that argue that intensification de-
creases eutrophication and land use per kg of raw milk but has no clear effects on other
impact categories.

In our study, for all the farms enteric fermentation had the largest impact on the GWP,
followed by feeds (alfalfa, protein feeds, and grass) and electricity consumption. Increasing
the consumption of concentrated feeds in the largest herds lead to higher milk yields and
thus, helped to decrease relevant environmental impacts. The global warming potential
of the raw milk at the farm gate in different LCA studies varies significantly—from 0.9 to
2.4 kg CO2e per kg of milk [27,32]. Results from our study are on the bottom line of this
spectrum. This could be explained with the scope of the study excluding heifer rearing,
which could increase the global warming potential of the milk by roughly 1/5 [33].

Differences in the environmental impacts of different farms can be explained by
differences in feeds and diets of lactating cows as well as by differences in energy use
of these farms, as the smallest farms are less energy-intensive in their performance but
are more reliant on grazing (grass consumption). Higher milk yields are obtained in the
larger farms, which have been achieved by incorporating proteins that are more resistant
to ruminal degradation—soy or pea protein may be more efficiently used than proteins in
forages like alfalfa.
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It should be also noted that dairy cows in traditional systems provide other essential
services, e.g., biodiversity protection and the conservation of cultural landscapes [34].
Unfortunately, as in the current study, these grazing benefits (e.g., carbon sequestration,
biodiversity) are excluded due to the lack of approved assessment methods, and thus
intensive systems are likely favored [35]. As a result, our study highlights the potential con-
flict between GHG emission and land use efficiencies and other environmental objectives,
similar to Edwards-Jones et al. [36], and further emphasizes the need for the development
of scientifically robust methods to assess carbon sequestration, biodiversity, and social
impacts. Carbon sequestration is not covered by this study, but it is clear that optimized
grazing, pasture improvement, and the restoration of degraded pastures are critical in
increasing grassland carbon sequestration [37].

In addition, the specification and characterization of land and water use by different
areas and crops could provide more insights. Grass production often takes place in areas
unsuitable, or at least economically not profitable, for other crop production. Thus, the
higher land use of small farms (of which 50% is of grass) may not reflect the higher land
use of highly productive agricultural land. Similarly, the method used to assess water use
in the paper does not reflect water availability or scarcity. Thus, also regarding water use,
the higher impact of small farms may not reflect an actual higher water consumption of
scarce water resources.

We can also assume that smaller farms tend to use cultivated local protein feeds which
have a relatively lower environmental impact than the soybean byproducts commonly
used in larger conventional farms. From this study, the total national pea consumption
is estimated to be 157 thousand tons of peas a year. According to the FAO data in 2017
only 29.5 thousand tons of dry pea were produced in Latvia [38]. However, not all of the
on-farm production of peas for domestic consumption is included in the national statistics.

It should be also considered that soy (one of the most popular high-protein feeds)
production results in other social-ecological impacts [39], e.g., land acquisitions [40] and
biodiversity loss [41], which are not properly covered by this study. In assessing soy
production-related climate impacts, it would be also important to include LUC-related emis-
sions. Additionally, local characterizations of water use to reflect a scarcity of water would
improve the understanding of the water use of different crops from different countries.

One of the main policy recommendations from this study is to differentiate the pol-
icy approach to different size dairy farms in Latvia. The largest problems are with the
management of farms with a herd size of 10–50 cows as they have some of the highest
environmental impacts because their feeding strategy does not deliver higher milk yields.
These farms should receive better training in feeding strategies as most likely they are
overfeeding their cattle. Farms with a diverse range of cow breeds should also develop
diversified feeding strategies for each of the breeds. The use of an automatic feeding system
normally linked to milking robots could help to do this, as they increase the possibility of
controlling the nutritional value of feed concentrates for each particular cow.

The smallest farms (≤9 cows) on another hand should be supported as self-sufficient
providers and as important mechanisms for landscape and biodiversity conservation. Small
farms with a higher fat content in the milk they produce should be encouraged to focus on
differentiated production, e.g., cheese making. The smallest farms also should be supported
in the use of cultivated local protein feeds and utilize cow manure effectively to create
regenerative benefits in their field area [42]. Small farms are also important in terms of
the efficiency of utilizing local sources of dry matter. Their feeding strategies appeared to
be the most flexible of all the management groups. Thus, small farms also need support
for this purpose. Diverse feeding strategies in small farms also would be a proxy for
enhanced biodiversity.

However, we should also acknowledge that this study has several limitations linked
to national data availability (e.g., national data on feed production, heifer breeding, differ-
ences among farms regards soil type, manure management, and the proximity to marine or
aquatic habitats) and methodological shortcomings (e.g., excluding emissions of carbon
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sequestration, the assessment method of water use, the use of proxy allocation, and the in-
tegration of social and biodiversity impacts in LCA). There is a need for the development of
a national LCA inventory to further improve the quality and possibilities for environmental
impact assessment.
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12. Osı̄tis, U. Govju ēdināšana (Cow Feeding); Latvian Agricultural Advisory and Training Centre: Ozolnieki, Latvia, 2002; p. 45.
13. Nipers, A.; Pilvere, I.; Valdovska, A.; Proskina, L. Assessment of key aspects of technologies and cow farming for milk production

in Latvia. In Proceedings of the 15th International Scientific Conference “Engineering for Rural Development”, Jelgava, Latvia,
25–27 May 2016; pp. 175–181.
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Abstract: Intensive farming is responsible for extreme environmental impacts under different aspects,
among which global warming represents a major reason of concern. This is a quantitative problem
linked to the farm size and a qualitative one, depending on farming methods and land management.
The dairy sector is particularly relevant in terms of environmental impact, and new approaches
to meeting sustainability goals at a global scale while meeting society’s needs are necessary. The
present study was carried out to assess the environmental impact of dairy cattle farms based on
a life cycle assessment (LCA) model applied to a case study. These preliminary results show the
possibility of identifying the most relevant impacts in terms of supplied products, such as animal
feed and plastic packaging, accounting for 19% and 15% of impacts, respectively, and processes, in
terms of energy and fuel consumption, accounting for 53% of impacts overall. In particular, the local
consumption of fossil fuels for operations within the farm represents the most relevant item of impact,
with a small margin for improvement. On the other hand, remarkable opportunities to reduce the
impact can be outlined from the perspective of stronger partnerships with suppliers to promote the
circularity of packaging and the sourcing of animal feed. Future studies may include the impact of
drug administration and the analysis of social aspects of LCA.

Keywords: LCA; climate change; agro-livestock sector; GHG emissions; dairy farming

1. Introduction

Climate change, described as the long-term heating of our planet caused by human
activities since the pre-industrial period, is among the main challenges on a global scale [1].
As it is well known, one of the main causes of increasing temperatures is greenhouse gas
(GHG) emissions in the atmosphere.

GHG concentration affects the global temperature by absorbing strongly radiant
electromagnetic energy at wavelengths capable of emitting quantities of elevated heat [2].

According to their global warming potential, the main gases responsible for the green-
house effect are methane, carbon dioxide, used as a reference for the phenomenon, water
vapor, and nitrous oxide, each with different global warming potential and specific sources.
Methane, for example, is about 21 times more efficient in trapping heat in the atmosphere
compared to CO2, while nitrous oxide is 296 times more efficient, with persistence in the
atmosphere for up to 114 years [3]).

The agro-livestock sector is responsible for a relevant share of these gases due to direct
and indirect emissions, accounting for about 17% of the global GHG emissions in 2018 [4].

In addition to the release of GHG into the atmosphere, farming contributes in part
to the worsening of air quality through the production of mainly nitrogen compounds
from manure, particulates obtained from combustion, and volatile organic compounds
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other than methane (NMVOC), carbon black (BC), heavy metals (i.e., chromium, copper,
nickel, selenium, zinc, lead, cadmium, mercury), dioxins, polychlorinated biphenyls (PCBs),
polycyclic aromatic hydrocarbons (PAHs), hexachlorobenzene (HCB), and of particulates,
both less than 10 microns (PM10) and 2.5 microns (PM2.5), deriving from several farm-level
operations [5].

Livestock production has a significant environmental impact as it affects several
natural resources, including land and soil, water, air, and biodiversity. Nevertheless,
growing populations and economics have led to increased demand for animal products
and the consequent expansion of the livestock sector over the past decades. At the same
time, in developed countries, consumers demand animal products that are both animal
welfare- and environment-friendly [3].

In 2019, world milk production grew to about 852 Mt and was forecast to grow at 1.6%
per year over the next decade, faster than most other main agricultural products [6]. Glob-
ally, cattle are the largest contributors to total livestock greenhouse gas (GHG) emissions,
producing about 65% (4.6 Gt CO2eq annually) of sector emissions, with milk production
contributing 20% of total sector emissions [7]. Besides direct emissions, livestock systems
are responsible for indirect emissions arising from land-use change, fertilizer use, energy,
and transport emissions related to livestock operations and supply chains [8]. The three
largest sources of GHG from milk production are emissions from manure management
(CH4 and N2O), emissions from feed production, processing, and transport (CO2 and N2O),
and emissions from enteric fermentation (CH4), the latter accounting for more than half the
total of emissions [9].

Although absolute emissions from the dairy sector have increased in the last decades
due to production growth in response to the increasing demand, dairy farming is becoming
more efficient considering that emissions per unit of product are decreasing [8].

Strategies to reduce GHG emissions include changes in feeding, breeding, and manage-
ment practices, which essentially lead to the intensification of livestock farming. Strategies
that aim to increase productivity are very promising ways to reduce environmental impact;
however, in most cases, they are likely to negatively impact animal welfare. For example,
intensive housing conditions increase the risk of social stress or hinder the expression of
natural behavior [10].

The rising GHG emissions require shifting production systems toward carbon neu-
trality in order to take action to combat climate change and its impacts, which is one of
the United Nations 2030 agenda for sustainable development goals (SDG 13). Moreover,
sustainable food production systems and resilient agricultural practices are among the
targets to achieve the “zero hunger” goal (SDG 2) and to promote new consumption and
production models (SDG 12) by changing the way we produce and consume, mainly in the
agri-food sector where these elements are so close, in the farm-to-fork perspective. At the
same time, progress toward the sustainable use of natural resources is key to protecting
biodiversity and ecosystems (SDG 15). Improving animal health and welfare and reduc-
ing GHG emissions through new farming techniques to meet societal demands on safe
and sustainable food and contribute to climate change mitigation are among the nine key
objectives of the 2023–2027 European common agricultural policy.

The relationship between livestock production and climate change is two-sided. Cli-
mate change, deriving from global warming, adversely impacts livestock production, with
direct effects on animal health, reproductive efficiency, production performances, and
behavior, but also indirect effects deriving from changes in the quality and quantity of feed,
water availability, ecosystem alterations leading to changes in the biology and distribution
of pathogens and vector-borne diseases [11]. An increase in temperatures negatively af-
fects milk production, especially in cows with higher milk yield and milk quality, with a
reduction in casein content [12].

Dairy cattle production systems need to adapt to climate change, but, on the other
hand, they must commit to contributing to GHG reduction targets and minimize other
negative environmental impacts while continuing to meet society’s needs. Agriculture

178



Sustainability 2022, 14, 6028

is estimated to generate 11% of all global emissions [13], and dairy farm contribution to
the overall impact of milk products is almost as high as 72% [14]. A special focus on this
production phase is required to meet the global goals.

The dairy sector is an extremely complex system with numerous interacting compo-
nents; consequently, determining the best strategies to reduce GHG emissions will depend
on each farm’s local conditions and objectives. Therefore, a deeper understanding of the
underlying driving factors of dairy cattle farming environmental impact is highly relevant
to support strategies for limiting adverse effects on the environment and protecting the
livestock sector [15].

Studies on the environmental impact assessment of dairy products have increased
dramatically in the last decade and have been reviewed by several authors [16–21]. The
main goals of these studies were either to assess the potential environmental impact of
the product [22–25] or to compare different management systems [26–28]. However, very
few of these have focused on Italian production systems [29–32] and even less on Italian
Protected Designation of Origin (PDO) dairy products (e.g., Parmigiano Reggiano, Grana
Padano) [33]. In Italy, milk production is concentrated in the northern plain regions,
characterized by little rain during summer and a highly urbanized territory with low
availability of agricultural land; cattle are kept mostly indoors, and maize silage is the main
forage crop. Moreover, PDO product specifications impose restrictions on management
strategies, sourcing, and type of animal feed.

Considering the peculiarity of the environmental conditions and farming practices,
this study aimed to set up an LCA model specific for intensive dairy cattle farms involved
in PDO production in Northern Italy. We aimed to evaluate the most relevant items of
environmental impact triggered by this activity, considering its ability to impair animal
health and welfare. To this end, a preliminary assessment was performed on a dairy
cattle farm in the Emilia-Romagna region in Italy. The LCA model was realized using
Simapro 8.5.1, including farm processes and main supplies, in terms of animal feed and
end-of-life processes of the most relevant waste flows.

With the ultimate aim of integrating farm environmental impact and animal health
and welfare, an interdisciplinary research approach combining engineering and veteri-
nary expertise was carried out to evaluate farms operating conditions in terms of animal
management and welfare, and specifically, to assess environmental impacts based on an
LCA approach [34]. This approach offers grounds for future research and development
of targeted sustainability strategies in the sector, specific to the studied geographical area,
with a concrete possibility of application in the field.

2. Materials and Methods

The following sections report a detailed description of the site of the study (Section 2.1)
and the conceptual model developed for the implementation of LCA (Section 2.2).

2.1. Site Description

The present study was carried out on an Italian dairy cattle farm producing Parmigiano
Reggiano and soft cheeses in the Emilia Romagna Region.

Prior to the farm visit, a form for primary data collection was designed. During
the farm visit (July 2020), data were collected on paper and subsequently transferred to
Microsoft® Excel files. Data sources included the farm management software records,
information collected by interviewing the farmer, and invoices.

For data that could not be collected on-farm, default values were defined based on pro-
cesses available on Ecoinvent v.3.5 [35], with geographical reference to the European context,
where possible, or Italian specific data, as in the case of the electricity production mix.

Information on farm size, number of animals, productivity, animal welfare, drug
use, feed management, water consumption, fuel consumption, electric energy, manure
management, and plastic waste were collected (as summarized in Table 1). It was not
possible to quantify the use of chemical fertilizers and bedding material.
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Table 1. Farm-specific primary data used to design the conceptual model for the assessment.

Category Farm-Specific Information Data

Farm size

Site A 2 ha
Site B 0.5 ha
Site C 1 ha
Site D 1.9 ha

Cropland 560 ha

Average number of animals

Milking cows 564
Dry cows 84

Replacements 622
Calves 97
Bulls 1

Animal turnover

Replacement rate 35%
Longevity 2.5 deliveries

Adult mortality 3%
Calf mortality 1.87%

Productivity data Annual milk production 66,000 quintals

Bought-in feed (source
in brackets)

Sunflower seeds (Black Sea) 191,094 kg
Soybean (Modena province) 9148 kg

Maize (Modena province) 181,598 kg
Protein feed

(Cremona province) 22,042 kg

Water consumption (annual) Drinking water 27,963,555.20 L
Cooling water 72,000 L

Fuel consumption (annual) Agricultural e livestock farming
machines 181,995 L

Electric energy (annual) Ventilation system 141,849 kWh
Other operations 516,844 kWh

Manure management
Palatable slurry storage 6 tanks (12,667 m3)

3 cesspits (1001 m3)
Non-palatable slurry storage 9 open pits (12,229 m3)

Plastic waste Plastic wrapping and cleaning
product containers 163,900 kg

The farm is structured in four sites, located between Bologna and Modena provinces.
Site A hosted calves and replacements up to 5 months of age, pregnant heifers (from two
months pregnancy to delivery), and dry cows. Replacements from 5 months of age to the
first month of pregnancy were hosted in site B. Site C hosted mostly primiparous milking
cows, and site D hosted mostly multiparous milking cows. Animals are moved from site A
to site C or D twice a week and from site A to site B twice a month.

The most represented breed was Holstein Friesian, but Italian Red Pied, Jersey, and
Montbéliarde x Swedish Red and White crossbreds were also present.

Average daily milk production amounts to 35.15 kg for multiparous cows and 30.15 kg
for primiparous cows. The milk is destined to produce Parmigiano Reggiano.

Cows are loose housed on deep litter with straw bedding (dry cows and heifers) or in
pens with cubicles covered with sand (milking cows). Dry cows and heifers have access
to external exercise areas. The facilities are equipped with ventilation systems consisting
of ceiling fans for the resting areas and horizontal flow fans for the feeding zones. The
waiting parlor is equipped with a ceiling fan and water sprayers.

Calves up to one month of age are reared in individual pens and then moved to group
pens. They are fed through an automatic calf feeder and weaned at 70 days of age.

Site C and site D scored 70.33/100 and 71.31/100, respectively, for animal welfare in
2018, as certified by the Italian National Reference Center for Animal Welfare (CReNBA).
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The diet consists of 60% fodder and 40% concentrates. Fodder (alfa-alfa, grass hay)
and part of sorghum are self-produced; the other feeds are bought in. Given the production
requirements for Parmigiano Reggiano, corn silage is only fed to heifers (site B). Daily
average dry matter intake is 25 kg for milking cows, 15 kg for dry cows and pregnant
heifers, and 8 kg for replacements.

The water comes from the aqueduct. Site C was also supplied from a well, but it was
not possible to quantify the water used. There is no water recycling system in place.

The slurry is spread on the farm’s land intended for fodder production (470 ha).
Figure 1 reports the data collection at the basis of the conceptual model definition.
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2.2. Conceptual Model for the Assessment

The conceptual model at the basis of the LCA has been defined based on a cradle to
farm gate perspective over a calendar year. Considering the specificity of the farm analyses,
the model has been developed based on primary data, whenever possible, and previous
studies in the field (e.g., Grassauer et al., 2022 [28]).

Several assumptions have been introduced aimed at reducing the uncertainties of
the results and at providing a preliminary assessment of the generated impacts, as pre-
sented below:

- Water for feeding and cleaning purposes was considered as deriving from the drinking
water supply system;

- Electricity consumption was considered entirely covered by energy from the grid,
as the biogas generation plant was inoperative at the time of the study. The Italian
country mix for medium voltage supply included in the Ecoinvent library was selected
as representative for the case;

- The processes related to calf growing were excluded from the model, as meat produc-
tion, i.e., the co-production line, was out of the scope of the present study;

- As manure management consisted in storage and spreading in the farm fields, it was
included exclusively in terms of machinery diesel consumption and equipment involved;

- The use of pharmaceuticals could not be included in the present model due to the lack
of primary data about the impact of the specific drugs;

- Carcass disposal was excluded from the boundaries of the present study.

A specific focus was dedicated to animal feed, which has been represented in the
following terms, considering each upstream process and relative impacts:
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- The growing of sorghum and fodder in local sites was included in terms of machinery
diesel consumption and equipment involved;

- Purchased animal feed was detailed by typology, source location, and transportation
(mean and distance).

Figure 1 shows the conceptual model in the form of a flowchart. The system bound-
aries are marked in light blue. Each process included in the analysis is connected through
green arrows to the main line of “cattle farming” and “milk-production”. The excluded
processes, either input (i.e., pharmaceuticals), outputs (i.e., calves growing), or both (i.e.,
energy production from biogas), are represented out of the system boundaries. Manure
management, which lays on the system’s boundaries, was included in the analysis exclu-
sively in direct terms, as fuel consumed by the farm’s machinery for spreading.

The LCA methodology was applied based on ISO 14040 [34] using the Simapro 8.5.1
software and the Ecoinvent 3.4. database [35]. The Functional Unit (FU) was set as 1 kg
of Fat and Protein Corrected Milk (FPCM) produced in 2019, in accordance with similar
studies in the field [24,25,33], and it is defined by [36] as

FPCM (kg) = raw milk (kg) × (0.337 + 0.116 × fat content (%) + 0.06 × protein content (%))

The average Italian national fat and protein contents reported in the year prior to the
visit (2019) were used as reference values; hence, all milk was converted to FPCM with
3.8% fat and 3.4% protein [37].

Details about the processes included are reported in Appendix A. Table A1 shows the
overall model, Table A2 shows the details regarding animal feed production, and Table A3
shows the details regarding the transport of animal feed.

Considering the relevance of GHG emissions from farming and their impact on the
global warming issue, the selected calculation method was IPCC100a, i.e., the method
developed by the International Panel on Climate Change, which provides the carbon
footprint developed over a time horizon of one hundred years [38,39], but still integrated
into an LCA framework. Previous studies in the field have indicated this as the most
conservative approach [27].

Uncertainty analysis was performed, applying Monte Carlo simulation with a 95%
confidence interval.

3. Results and Discussion

In developed countries, since more and more citizens are concerned about health,
environmental, ethical, and animal welfare issues, consumption of animal products has
been showing a reduction trend [3].

Despite the negative effects on the environment, our planet faces the challenge of
feeding a rapidly growing global population, which is projected to reach 9.73 billion by
2050 and 11.2 billion by 2100 [40], while fulfilling the obligation to reduce greenhouse gas
emissions [17].

For these reasons, the involvement of milk and dairy producers at the local level and
their commitment to sustainability is strategic to meet the global goals.

The farm included in this case study is part of the nearly 3000 farms active in the Parmi-
giano Reggiano production area. It uses the produced milk for making both Parmigiano
Reggiano and soft cheeses [41]. The production of this PDO cheese follows a specification
linked to the characteristics of the production area.

With its 1368 heads, the investigated farm was part of the 4.5% of dairy farms in
Emilia-Romagna with a consistency greater than 500 heads, while most dairy cattle farms
in this region (39.2%) own between 100 and 499 heads [42]. The farm covers an area of
5.4 ha used for animal rearing and 560 ha for agriculture, compared to the national average
of 18 ha, ranking it among the larger farms [43]. In terms of productivity, the farm has an
average milk production of 30–35 kg/cow/day, reaching 38 kg/cow/day in winter. These
values are significantly higher than the national average, which is around 25 kg of milk per
cow per day [42].
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Considering the peculiarities of the farm, also within the framework of the Parmigiano
Reggiano production area, and the high environmental pressure in the region, we developed
a dedicated LCA model, able to valorize the primary data collected.

The LCA applied in this case study allowed us to identify the most relevant items of
impact in dairy cattle farming in terms of products, such as animal feed and plastic packag-
ing, and processes, such as machinery fuel consumption for local sourcing of supplements
and standard operations of the farm. Table 2 shows the results obtained by LCA in terms
of impact generated over a year, considering the farm total production and consumptions
reported to the FU (1 kg of FPCM).

Table 2. Impact calculated for the yearly production of the farm and the functional unit, i.e., 1 kg of
FPCM, expressed in terms of kg CO2eq.

Process Total Yearly Impact
(kg CO2eq)

Impact
(kg CO2eq/1 kg of FPCM)

Farm operating machines 822,797.95 19.97
Electricity consumption 61,470.30 1.49

Water consumption 10,678.27 0.26
Animal feed 244,051.51 5.92

Transport of animal feed 8903.68 0.22
Packaging film, low density

polyethylene (LDPE) 443,183.57 10.76

Packaging, for fertilizers or
pesticides, cleaning products (PE) 4234.03 0.10

PE recycling −108,227.27 −2.63
Incineration of waste plastic 175,486.47 4.26
Landfilling of waste plastic 2337.88 0.06

Total 1,664,916.38 40.41

Uncertainty analysis was performed based on the Monte Carlo simulation. With
a 95% confidence interval, the results range between 1,506,532.347 and 1,887,999.032 kg
CO2eq/year, with a standard deviation corresponding to about 6% of the mean value.
Overall results of the simulation are available in Appendix B, Table A4.

The available literature shows high variability in the environmental impact of milk
production due to the different assumptions and models used in the studies. Moreover,
differences in the functional units, system boundaries, data sources, characterization factors,
and allocation approaches add uncertainty to the comparisons [23,31]. For example, the
study by Berton et al. [24] was based on data collected in different dairy farms of the
Eastern Alps, therefore characterized by specific cattle breeds and farming and management
systems. The tool proposed by Famiglietti et al. [33] outlines different system boundaries,
including the cheese production phase and processes from different databases, to provide a
comprehensive approach to the analysis.

However, the flows that mainly affect the results are the same, although their contri-
bution to the total results differs due to the different assumptions and models used in each
study. These include enteric fermentation, animal feed production, manure management,
and spreading [44]. Nevertheless, it was evident that the case study presented discrepancies
in terms of energy consumption, packaging, and animal feed compared to similar studies
in the field. Consequently, the related impact results are higher than expected and suggest
pathways for improvement.

As evident from the results, the diesel consumption for the farm operating machines
is the most relevant item of impact, accounting for about 49% of the total impact, followed
by the production of plastic packaging (27%) (Figure 2).
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Considering the possible solutions to tackle these specific issues, we recognized the
necessity to involve the supply chain in both cases. The fuel used by the farm operating
machines is a factor that is currently difficult to mitigate, as the technologies for the
production of electric machines are not sufficiently advanced to ensure the necessary power
for the vehicles used in livestock farming and agriculture.

Waste production and management evaluation, particularly in terms of plastic pack-
aging coming from livestock management activities, such as the polyethylene wrapping
of hay and straw bales, and cleaning product containers, represent another important
item for assessing the overall environmental impact of the farm. A potential solution for
reducing the production of plastic waste is almost ready at hand. Figure 2 shows that the
disposal of plastic waste through recycling reduces the impact of this item by 7%. The thin
polyethylene film, which represents 90% of the plastic present in the farm, can be replaced,
for example, with recyclable plastic, thus significantly reducing the environmental impact
and working in accordance with the Single-use Plastics Directive (SUPs) [45]. This would
require a strong commitment to sustainable farming and partnership with suppliers toward
the eco-design of animal feed packaging [46]. In addition to this, clear pathways to make
plastic recycling the everyday standard are required to avoid the diffuse practice of inciner-
ation or, worse, landfilling [47–49]. Moreover, local initiatives may provide an opportunity
for the integration of new business lines [50], as the implementation of sustainability-related
practices may boost the overall performance of small and medium enterprises [51].

Animal feed production and the related logistics resulted responsible for about 16% of
the total impact, considering only the sourcing from third-party suppliers, as the internal
cultivation was accounted for in the consumption items for the site. Figure 3 shows in
detail the impact triggered by each component of animal feed. The production phase is
evidently the most impactful, and maize represents the main item of impact. The amount
supplied each year is comparable with sunflower, which displays an overall impact that is
almost 60% lower.

Considering only the transport of purchased animal feed (Figure 4), it is evident how
the local sourcing supports limited impacts, while overseas supply triggers about 75% of
the overall impact of animal feed transport.

In this regard, improvement actions that could reduce the potential environmental
impact include increasing the consumption of grass silage instead of maize silage and
lowering the use of concentrates or using locally produced concentrates instead of imported
ones [26]. Therefore, a revision of the supply chain is strongly recommended to maintain
cost control in case of fluctuating prices of international logistics [52] and to secure the
consistency of supplies in uncertain international conditions, as we are experiencing in
relationship with the COVID-19 crisis [53]. This would allow keeping the commitment
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to the SDGs by securing food supply chains (SDG 2) and improving working conditions
(SDG 8) as well as the sustainability of production and consumption modes (SDG 9),
with the overarching aim of reaching the climate goals (SDG 13), regardless of contingent
factors [54].
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Table 3 summarizes the impact results for both animal feed production and transport.
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Table 3. Impact calculated for the yearly supply of animal feed and the functional unit, i.e., 1 kg of
FPCM, expressed in terms of kg CO2eq.

Process Total Yearly Impact
(kg CO2eq)

Impact
(kg CO2eq/1 kg of FPCM)

Production
Sunflower 42,244.29 1.025

Maize 128,295.48 3.114
Soybean 35,211.73 0.855

Protein feed 38,300.00 0.930

Transport
Sunflower 6686.42 0.162

Maize 1635.06 0.040
Soybean 82.37 0.002

Protein feed 499.83 0.012

As regards energy consumption, accounting for 4% of the total impact, according to the
Institut de l’Elevage results [55], in the investigated farm, the following high-consumption
areas could be identified: milk collection, refrigeration, and pumping; water heating for
washing operations; overall lighting; cleaning and washing equipment.

Global warming is a major problem for livestock farming. It is particularly relevant
in the Po Valley, where ensuring an adequate microclimate, which often requires putting
in place air conditioning systems, is essential to reduce the risk of heat stress in cows [56].
In this case, about a quarter of the total energy consumed by the farm was related to
the ventilation systems. Together with the consumption of water for summer cooling
(72,000 L), this value reflects the robust farm commitment to ensuring a good welfare level
for the cows.

Manure and sewage management is another fundamental issue for reducing GHG
emissions, ensuring the environmental quality of rural areas, and protecting the aquifers
and surrounding water basins. In this case, the lack of primary data on manure yearly
production forced us to exclude the Tier 1 and Tier 2 emissions [38]. Therefore, the spread-
ing, which the company carries out according to the guidelines of the Regional Agency for
Prevention, Environment and Energy of Emilia-Romagna (Arpae), was the only treatment
considered. In the modeled farm, sewage storage is carried out in uncovered basins and
beds, trying to minimize the surface-volume ratio to avoid the transfer of dissolved organic
carbon on the surface and reduce the related CO2 emissions. Finally, the production of bio-
gas from the anaerobic digestion of sludge represents an important sustainability strategy
of the company, but bottom-line production data are still lacking.

4. Implications

The relationship between farm animal welfare and environmental sustainability is com-
plex, and these two research topics have historically been addressed separately [57]. Their
integrated study would help to better understand the synergies and antitheses between
these two pillars of livestock farming sustainability and may facilitate the identification of
coordinated actions for improvement.

The theoretical implications that would derive from such a multidisciplinary approach
can be found at a systemic level since environmental impact assessment could be included
in an integrated risk-based farm classification system, like the one developed in Italy, which
already includes data on animal health and welfare, biosecurity, antimicrobial usage and
related antimicrobial resistance [58].

Practical implications would include integrating environmental impacts and animal
welfare items into control dashboards for farmers for the smart management of dairy
farms. This would benefit livestock farmers as it would enable them to monitor their
management strategies, both short-term, related, for instance, to animal feed purchase,
and long-term, considering, for example, machinery purchasing or the implementation of
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infrastructures, in view of reducing the environmental impact of their farms. In perspective,
the collection of summary and aggregated data from dairy farms may feed the policy-
making process, supporting it with updated information about the state-of-the-art and the
impact of sector-specific policies to meet the global goals.

5. Conclusions

Climate change is an established problem, and cattle farming actively contributes by
emitting 14.5% of greenhouse gases from human activities [40]. Stricter environmental
policies triggered by the diffuse awareness of the pressing urgency of global challenges
could lead to innovative solutions that will improve the competitiveness of the livestock
sector in the long term [6].

The investigation of the most relevant items of impact in the dairy farm manage-
ment represents, in this sense, the first and fundamental step to building awareness and
measuring the results of sustainability-oriented actions. Considering the variety of farms,
management strategies and supply chains involved into the livestock industry, it is now
crucial to create a solid benchmark of cases tailored to the specific milk production scenarios
of different areas, thus avoiding the “one-size-fits-all” approach and allowing to identify
the main items of impact based on the different production approaches.

The study presents some inherent limitations: firstly, the process of growing calves
and the disposal of effluents and animal waste were excluded from the analysis; secondly,
pharmaceuticals were not accounted for. In the first case, future research development may
broaden the system boundaries, considering the multi-output process, i.e., meat production.
In the second case, the main constraint is represented by the lack of information about
these products regarding environmental impacts. However, drug use has been carefully
mapped. It appears to be highly promising as a possible hotspot of impact, both in input
(for the production) and output (for the contaminant load carried into animal urine and,
consequently, wastewater). Considering the social dimension of sustainability, future
studies may also evaluate the impacts of dairy production on workers, local communities,
and society at large.

This study outlines pathways for future research at different levels despite its limita-
tions. Firstly, it provides a preliminary LCA that can be extended to include elements so far
neglected, evaluating, for example, the impact of different scenarios of drug administration.
Secondly, considering the extensive data collection performed through an interdisciplinary
approach. It represents the first step towards the integration of LCA with other frame-
works for the performance assessment of dairy cattle farming, namely oriented to include
animal health and welfare, with the final aim of evaluating livestock farms from both the
environmental sustainability and social sustainability point of views.
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Appendix A

Details on the processes included are reported in the following tables.

Table A1. Overall model, process details.

Process Amount Unit Notes

Resources

Water, well, in ground, IT 72,000 L

Materials/fuels

Diesel burned in agricultural machinery 1,097,763.05 kWh consumption for farm processes (both
feed production and animal husbandry)

Tap water {Europe without
Switzerland}|market for|APOS, U 28,035,555.2 kg

Packaging film, low density polyethylene
{GLO}|market for|APOS, U 147,510 kg

Packaging, for fertilizers or pesticides
{GLO}|market for packaging, for fertilizers
or pesticides|APOS, U

16,390 kg

Animal feed production 1 p See Table A2

Electricity/heat

Electricity, medium voltage {IT}|market
for|APOS, U 141,840 kWh

Animal feed transport 1 p See Table A3

Final waste flows

Polyethylene waste 163,900 kg

Waste to treatment

PE (waste treatment) {GLO}|recycling of
PE|APOS, U 67,199 kg 41% of total waste, considering average

regional waste disposal

Waste plastic, mixture {Europe without
Switzerland}|treatment of waste plastic,
mixture, municipal incineration|APOS, U

73,755 kg 45% of total waste, considering average
regional waste disposal

Waste plastic, mixture {Europe without
Switzerland}|treatment of waste plastic,
mixture, sanitary landfill|APOS, U

22,946 kg 14% of total waste, considering average
regional waste disposal

Table A2. Animal feed—production, process details.

Process Detail Amount Unit

Soybean, feed {GLO}|market for|APOS, U 9148 kg
Maize grain, feed {GLO}|market for|APOS, U 181,598 kg
Sunflower silage {GLO}|market for|APOS, U 191,094 kg
Protein feed, 100% crude {GLO}|market for|APOS, U 22,042 kg
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Table A3. Animal feed—transport, process details.

Process Detail Distance Unit Notes

Transport, freight, sea, transoceanic tanker
{GLO}|market for|APOS, U 519,180.2 tkm Sunflowers’ transport—tanker, from Black Sea

port (Ukraine) to Ravenna
Transport, freight, lorry 16–32 metric ton,
EURO4 {GLO}|market for|APOS, U 21,211.43 tkm Sunflower—road transport from Ravenna port

Transport, freight, lorry 16–32 metric ton,
EURO4 {GLO}|market for|APOS, U 493.99 tkm Soy—road transport from production site

(Modena province)
Transport, freight, lorry 16–32 metric ton,
EURO4 {GLO}|market for|APOS, U 9806.29 tkm Maize—road transport from production site

(Modena province)
Transport, freight, lorry 16–32 metric ton,
EURO4 {GLO}|market for|APOS, U 2997.71 tkm Protein feed—road transport from production

site (Cremona province)

Appendix B

Results of the uncertainty analysis.

Table A4. Complete results of the Monte Carlo simulation for the overall process and for animal feed
production and transport; other processes are integrated directly from Ecoinvent “SD”.

Unit Mean Median Standard
Deviation

Coefficient of
Variation 2.5% 97.5% Standard Error

of the Mean

Total Yearly
Impact

kg
CO2eq/year 1,669,074 1,661,037 102,232.5 6.125107 1,506,532 1,887,999 3232.877

Animal feed
production

kg
CO2eq/year 243,847.2 242,761.9 16,982.24 6.964294 215,360.6 279,755.3 537.0255

Animal feed
transport

kg
CO2eq/year 8883.801 8831.835 586.796 6.605236 7890.041 10,200.85 18.55612
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Abstract: Understanding the relationship between the organizational characteristics of a farm and
its environmental performance is essential to support the agro-ecological transition of farms. This
is even more important as very few studies on the subject have been undertaken and as there is a
growing diversity of organizational forms of farms that differ from the traditional family model.
This paper proposes a comprehensively integrated approach of dairy farms in Brazil. A case study
of six archetypes of farms with contrasted organizational characteristics is developed to explore
the relations between, on the one hand, farms’ organizational structure and governance, and on
the other hand, the adoption of agri-environmental practices. Results show that the adoption of
agri-environmental practices varies across the wide range of farm’s organizational forms—from the
family to the industrial models. Farms with limited internal resources depend more specifically on
external sectoral or territorial resources to implement environmental practices. If the environment is
conducive to the creation of incentives and coordination mechanisms underlying learning processes,
farms will adopt agri-environmental practices, regardless of they are organized. The creation of
local cooperatives, farmer’s networks and universities extension programs can strengthen farmers’
absorption, adaptation and transformation capacities and boost the adoption of environmental
practices. Finally, considering farms as heterogeneous organizational forms in terms of human capital,
resources, market, and informational access is essential to accelerate the agroecological transition.

Keywords: farm; organization; governance; adoption; agroecology; practices; regulation; Brazil

1. Introduction

Understanding the interconnections between agricultural activities and ecosystems
is essential to build sustainable agriculture. Various authors represent these complex
interactions by describing the services, both positive and negative, that agriculture provides,
as well as those from which it benefits [1,2]. Indeed, agriculture benefits from services
generated by ecosystems (climate regulation, pollination, soil conservation, etc.) can
itself contribute to the provisioning of ecosystems services (maintenance of biodiversity,
carbon storage, water purification, etc.) through agri-environmental practices employed in
the farms.

This dual interaction exists at the farm level and for a given production. It raises the
question of understanding the relations between the farms’ organization and the choice of
agri-environmental practices that can at the same time reduce negative externalities and
increase positive externalities. However, there are very few studies on this issue, while the
diversity of organizational models of farm (peasant farms, family farms, entrepreneurial
farms, family business farms, etc.) has been well documented and discussed in the scientific
literature [3,4]. The majority of existing studies tend to look at only two archetypes of
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farms, the large agro-industrial farms, and the traditional small family farms, recognizing
that the latter is more efficient in achieving sustainability objectives [3,4]. A few others
are mainly interested in the relation between farm’s organizations and environmental
choices [5,6], but they are mainly applied to European farming systems. The issue has
not yet been addressed for the newly emerged farm forms, such as the entrepreneurial
farms or family business farms, and in contexts other than Europe. Do the latter perform
better or worse than the traditional family farms in terms of the adoption of environmental
practices? What are the organizational factors, if any, that drive the farmer’s adoption of
environmental practices?

This article develops a qualitative analysis of the relations between a farm’s orga-
nizational forms and its agri-environmental practices. A farm’s organizational form is
defined by the farm’s structural characteristics (size, family and employed labor force,
capital structure, etc.) and its governance system. Our main hypothesis is that these
internal factors, as well as the farm’s external environment, do influence the adoption
of environmental practices. We provide empirical evidences based on the case study of
different archetypes of dairy farms in Brazil. First, dairy farms are known to generate both
negative and positive externalities. Second, Brazil appears to be particularly suitable for
studying such an issue. In addition to being the fourth biggest milk producer in the world,
Brazil has a regulatory environment that recognizes the existence of different farm’s forms
of organization (Law number 11,326, 24 July 2006 established the criteria for the definition
of family farming related do the size of the farm, the labor force used and the percentage of
family income coming from the farming activity), ranging from the peasant forms to the
large agro-industrial ones. Brazilian environmental law (Law number 12,651, 25 May 2012,
known as the “Forest Code” established the rules about rivers’ margins preservation with
native vegetation on the width of the riverbed. The law also established the protection of
20% to 80% of farmland with native vegetation according to biome and allows exceptions
to family farms) also gives special attention to family farms. Another interesting fact
is that the number of family farms reduced by 9.5% between 2006 and 2017 while milk
production increased by 62 percent in the same period [7]. These facts make relevant the
question of the environmental impact of farm’s organizational forms, on the one hand, and
that of the efficiency of the measures implemented in Brazil to support the adoption of
agri-environmental schemes by family farms, on the other hand. Several studies focusing
on the study of Brazilian farm’s organizational forms [8,9] but they usually do not consider
the relation between farm’s organizational forms and the adoption of agri-environmental
practices [10]. Our study is based on six semi-directive face-to-face interviews with farm
owners and a visit to their farms conducted in the states of Paraná and São Paulo, the 2nd
and 6th largest milk producing states respectively [7].

The objective of this paper is to add to the existing literature by focusing on the process
of adoption of agri-environmental practices, based on an in-depth and integrated approach
to the farm’s organizational forms. First, we examine the influence of farm’s internal factors
specific to each organizational form. Second, we study the influence of farm’s regulatory,
sectoral, spatial, and market environments in the adoption. This paper uses concepts from
the economics of innovation [11] and concepts of evolutionary economics to build up the
analytical framework. The first allows us to better understand the factors influencing
the adoption. The last helps to go deeper into the learning processes associated with the
adoption of agri-environmental practices on farms [12,13]. We believe that these results
can provide a better understanding about how different farming organizational forms can
influence the agri-environmental practices adopted by farmers. Besides that, the results
can support private and public strategies to generate environmental policies that fit better
the diversity of farming models in the Brazilian context.

2. Theoretical Framework

The emergence of new farm models different from the traditional family farm leads
us, firstly, to consider the farm as a company similar to any other, which supports the
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joint production of marketed goods and non-marketed environmental goods/bad, and
secondly, to study the farmer’s adoption of environmental practices through the lens of
an organizational innovation process undergone by its company. Our main hypothesis is
that thanks to their internal characteristics, some farming organizational forms are more
favorable to environmental innovation than other is. However, any organization operates in
a given socio-economic environment. As such, external factors do also influence the farm’s
capacity to innovate. The theoretical framework developed to address these hypotheses is
detailed below.

2.1. Environmental Externalities and Farm’s Agri-Environmental Practices

The concept of externality has been widely used in the study of environmental prob-
lems [1,2,14,15]. An environmental externality is defined as the effects that some agents
cause on the wellbeing of others and can be generated as “joint products” of the production
of a good or service [1]. Indeed, given those complex interdependencies between agricul-
tural socio-technical and environmental systems exist, we can consider that the production
of marketable agricultural goods cannot be considered independently of the production
of (non-marketable) environmental externalities [14]. Studies therefore converge on the
fact that agricultural practices constitute satisfactory proxies to analyze the environmental
externalities produced by farms [15]. These externalities are either unintended positive
(carbon storage) or negative (air pollution) [2].

Dairy farms in particular are known to yield environmental externalities, both positive
and negative, depending on the breeding practices. The preservation of native vegetation
on farmland for grazing (especially in areas adjacent to rivers or water bodies) produces
positive externalities in terms of biodiversity preservation, maintenance of water stocks,
support to water quality, animal well-being, etc. [2,3,16]. Another example is the use of
appropriate animal waste management to reducing microbiological and chemical pollu-
tion [17,18]. Animal effluents and used water storage and treatment facilities, especially
when placed far from watercourses, can be built to minimize farms’ negative externalities
into the water, air as well biodiversity [6,17,18]. Feeding animals with a balanced diet is
also related to the reduction of negative environmental externalities. More generally, less
input intensive farming systems (i.e., that use no synthetic fertilizers and chemicals), in
which permanent grasslands are grazed throughout the year, can produce less negative
environmental externalities and can contribute to the production of positive environmental
externalities [1,2,6,16,19]. Assessing a farm’s agri-environmental practices helps indeed
to better understand the environmental externalities produced through a specific farm
socio-technical system.

2.2. What Organizational Factors Drive Farm’s Adoption of Environmentally Friendly Practices?

The innovation economy approach proposes to study the environmental innovation
process by analyzing not only the incentive and regulatory mechanisms but also the orga-
nizational characteristics of the adopter and its specific technical and sectoral systems [11].
Evolutionary approaches consider meanwhile the processes of interaction and co-evolution
between the factors composing a company, and between the company and its environ-
ment [20]. Based on these two sets of theoretical literature, we propose the following
framework for analyzing the determinants of farm’s agri-environmental practices for dif-
ferent farm’s organizational forms (Figure 1). Inspired by the framework developed by [6],
we distinguish in particular two sets of variables: the internal factors related to farm’s
organizational forms (Section 2.2.1) and those related to the coordination between the
organization and external actors, and more specifically those related to market, regulatory,
sectoral, or spatial dimensions (Section 2.2.2).
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Figure 1. Framework to study the relations between farm’s organizational forms and agri-
environmental practices.

Reference [11] developed a framework proposed to study the environmental innova-
tion in the industrial sector. Inspired by the latter, we intend to analyze the role of farm’s
absorptive capacity, governance, and decision-making structure, on the learning processes
associated with the adoption of agri-environmental practices. We also study the sectoral,
spatial, and market factors [21,22] related to the farms’ adoption of agri-environmental
practices learning processes. This theoretical framework allows us to analyze the interac-
tions, over time, between the farm’s internal and external factors in the consideration of
environmental externalities by the different farm’s form of organization.

2.2.1. The Internal Factors: The Role of Farm’s Organizational Forms

As shown by several studies [5,6,9,12,13,23,24], some forms of organization are better
able to manage certain types of environmental externalities involving different assets.
They pointed out, in particular, the effect of the organization’s absorptive capacity, of
the manager’s characteristics, and the farm’s governance structure, on the adoption of
agricultural practices.

The farm’s absorptive capacity is related to its ability to assimilate and apply new prac-
tices [13,24]. It refers to the set of organizational strategies, routines, and processes through
which a firm or system acquires, assimilates, transforms, and exploits knowledge [20,24].
This capacity is identified by factors such as investment capacity, training, quality and diver-
sity of human and managerial skills, and the experience gained within organizations along
their learning trajectories [20,24]. Thus, learning is not only a technological issue but also
an organizational one. This refers to the notion of techno-organizational learning, which
refers to the inseparable and progressive construction of technological and organizational
capabilities of a firm in the innovation process [20]. The learning trajectories associated
with an adoption process enable the creation of an organizational memory [12,20] that is
often associated with the firm’s dynamic capacity to adapt to a changing environment [13].

In terms of the manager’s characteristics on the adoption behavior, studies stress the
effect of the following ones: level of education, believes and representations [5,25], sense of
belonging to a community [25,26], reliability on his advisors [26], and perceptions related
with the transmission issue of the farm [27]. Literature also highlighted purely mimetic
or epidemic behaviors in practices adoption behavior [6]. The role of the governance
structures seems to be less explored and the few studies that have been conducted tend
to oppose the traditional family structures to the so-called industrial structures on the
adoption of environmental practices [3,6,12].

In fact, the literature recognizes the coexistence of different farm’s governance struc-
tures: family farms with emerging forms that deviate from the traditional family farming
structure [3,28]. The traditional family structure refers to a productive entity in which all
assets (land, capital, labor) are under family ownership, in which agricultural production
and family life are intertwined, and which is characterized by a high rate of intergener-
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ational succession and transfer of agricultural know-how [3,4,12]. Farm structures that
deviate from the family structure are characterized by a partial to total separation of own-
ership and asset management rights, by the development of wage employment, and by
non-farmers capital investors. This phenomenon results in a high variety of farms’ organi-
zational forms described in the literature, such as: corporate-style farms [29], “factory-style
corporate farms” [28] (p. 175), family business farms [4], partnership farms [28] (p. 172),
entrepreneurial farms [30] or family and peasant farms [3,4,12].

2.2.2. The External Factors: The Role of Farm’s Environment

The external factors are associated with mechanisms of interaction and the co-evolution
of the organization with its environment [20,31]. The effect of regulation on agents’ behav-
iors is the most discussed dimension in the standard literature in environmental economics.
Trust relations and reputation as well market pull effect are also identified as key external
factors in the establishment of incentive and coordination mechanisms in the process of
adoption of environmental practices [11].

Concerning regulation, the empirical literature highlights the role of the mechanisms
of regulatory compliance (voluntary or mandatory) and the anticipation of future regu-
lations in the adoption of environmental practices [20,24]. The degree of stringency of
the regulation, the level of implementation, and the effectiveness of the associated control
mechanisms [32,33] as well as the legitimacy ascribed to the regulation [25] are also impor-
tant factors of adoption. The effects of the regulatory environment on farmers’ adoption of
agricultural production practices were studied in European countries [32], in the United
States [33], and particularly Brazil [34]. In the latter case, studies show that the combination
of public control policies and incentive mechanisms for encouraging farmers to adopt
environmental practices has significantly contributed to reducing impacts.

The demand for products with eco-friendly attributes is constantly increasing. Yet, it
is difficult to identify eco-friendly attributes ex-ante or even ex-post [23]. Private actors
seeking to respond to this demand generally do so as part of a strategic initiative to develop
a brand image [22] and/or to maintain their reputation [35]. They must therefore implement
incentive and coordination mechanisms for reducing uncertainty about the characteristics
of their products and information asymmetry between producers and consumers [22,36].
This requires specific investments in implementing standardized processes and practices
(specifications, etc.), in developing a technical mastery of all production stages, and in
setting up a traceability system [21]. It is to ensure a return on these specific investments
that economic actors resort to vertical integration and/or arrangements with partners based
on various coordination (contracts, hierarchy, and reputation) and incentive (financial and
non-financial) mechanisms [21]. Production contracts between farmers and upstream actors
are the instruments traditionally used to facilitate the creation of incentive mechanisms for
the adoption of low-input production practices.

The adoption of environmental practices can also be the result of a deliberative
process combined with knowledge sharing between the actors of a collective [26]. Indeed,
collective learning processes can encourage farmers to re-examine their shared knowledge,
values, and beliefs and, in turn, convince them of the legitimacy of adopting alternative
agricultural practices [26]. Finally, the participation of farmers in arrangements facilitating
investments for the reduction of negative environmental externalities depends on its
specific environment.

3. Materials and Methods
3.1. Criteria for Identifying the Multiple Case Studies of Dairy Farms Organizational Forms

We selected the multiple case studies representing a diversity of farm’s organizational
forms, which we shall present below without any prior hypothesis as to their environmental
profile in terms of agri-environmental practices. Four main criteria were used to identify
a diversity of farm’s organizational forms studied [29]: (i) the methods of governance
and operational management of the farm; (ii) the characteristics and management of the
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workforce; (iii) the farm’s capacity for innovation and, (iv) the degree of integration of the
farm in the local area, supply chains, and markets. Regarding governance, some farms
pursue goals that have nothing to do with family heritage (land is seen as a production tool
rather than a family asset, priority is given to short-term profitability, etc.) [3,4,29]. Some
types of farms also differ from the traditional family model by the involvement of several
decision-makers, by capital that may belong to investors from outside the family, and by the
division of the farm into operational and decision-making units [28–30]. Regarding labor
management, non-family farms may also differ from family ones. They are predominantly
managed by wage-earning, generally skilled workers to whom responsibilities can be
delegated [28–30].

Thus, governance and labor management are key dimensions for characterizing
the different forms of organization and were central in our choice of the farms to study.
These dimensions enabled us to define the main organizational profiles to be studied,
ranging from the family farm forms [3,4] to more business-like forms [28–30]. Among the
hybrid forms highlighted in the literature are the “family business model” [4], the “family
entrepreneurial model” [7,30], or the “factory-style” industrial model [28] (p. 175). “Family
farms”, according to the Law number 11,326, are the most important form and represent
about 80% of Brazilian dairy farms in 2006 [7]. The diversity of farm’s organizational forms
cannot be clearly identified in the Brazilian agricultural census [7]. However, the figures
show that only 3% of farms produce more than 200 L of milk per day and it represents 35%
of the milk produced in Brazil [7].

Contact with local organizations (cooperatives, universities, and farmer unions) was
useful to get access to the interviewed farmers. They provided us a list of farms potentially
considering a diversity of farm’s organizational forms following the four main criteria
established before. Then, we randomly contacted farmers and ask if they were interested in
participating in the study and able to welcome us on their farms. The selected farm’s organi-
zational forms are consistent with the literature presented in Section 2.2.1. Again, we do not
pretend to do a representative study of all the forms of organization presenting in the Brazil-
ian dairy sector. We aim to illustrate contrasted farms organizational forms existing in the
literature to explore the relations between, on the one hand, farms’ organizational structure
and governance, and on the other hand, the adoption of agri-environmental practices.

3.2. The Survey of the Selected Sample of Farms

Our methodological approach was based on a series of semi-structured interviews
with dairy farm owners and a visit to their farms. We conducted the interviews in 2016
in the states of São Paulo and Paraná (Figure 2), the 6th and 2nd largest milk producing
states respectively [7]. Farm visits are useful when studying sensitive topics such as
environmental issues. It allow us to cross farmers’ declarations and researcher’s on-site
observations. This also helps to draw-up the links between practices and the environmental
externalities observed generated on-site.

The interview guide was structured around three key sections corresponding to the
three main points presented in our theoretical framework:

1. The first section enabled us to identify the forms of organization characterizing
traditional family farms, on the one hand, and other types of farms, on the other.
We also identify the internal factors relative to the farms’ governance structures,
the socio-economic characteristics, and how it can influence the adoption of farm’s
agri-environmental practices.

2. The second section collects information about farm’s agri-environmental practices to
assess the degree of environmental externalities potentially produced by the system.
It is organized around three criteria:

(i) Farmer’s compliance to the Law of May (2012) in terms of the protection of
native vegetation in farmland. We used the statements made by our intervie-
wees to assess four levels of positive externalities potentially produced: very
high, if they go beyond the law; high, if they fully implemented the protection;
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medium, if they partially implemented the protection; low, if they have not
implemented the protection.

(ii) Production practices used (tillage method, fertilization methods, crop rotation,
pesticide use, permanent grasslands are and grazing system, etc.). Based
on these practices we analyze farm’s input intensity and grazing systems to
define the negative externalities potentially produced in three levels: high,
input intensive system and no grazing; medium, semi-intensive use of inputs
and permanent grassland areas where animals can graze; low, low use of
inputs (use of agroecological practices: no pesticides, no synthetic fertilizers,
no tillage, etc) and grazing all the year.

(iii) Animal waste management system (treatment, storage, and spreading of ef-
fluents) and distance from watercourses we can define the potential negative
externalities of farms in three levels: high, no waste management system
and close to watercourses; medium, partially implemented waste manage-
ment system and are closed to watercourses; low, fully implemented waste
management system and far from watercourses

3. The third section identifies the farm’s external factors. We collect information to
analyze the influence of the commercial factors on farms’ agri-environmental profile,
to characterize the regulatory and market environment (production standards) of the
farm as well as the innovation networks in which they are involved.
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For each section, we asked the owner to describe not only the current state of their
farm organization and the agri-environmental practices used but also the main stages
and the processes of changes, when relevant. In other words, this historical analysis
informed us about the manager’s perception regarding the various topics discussed and
helped us to better characterize the mechanisms that influence the adoption of practices
by farmers. Farmer’s interviews and farms visits took from 3 to 5 h. During the farm
visits, observations are made of the farmer’s practices, and crosschecking are done with the
farmer’s declaration. When it is possible, discussions are conducted with people present
on the farm other than the farmer interviewed. This helps to evaluate the relative validity
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and reliability of the interviews’ content [37]. All the interviews were transcribed in full
being translated from Portuguese into English. Selected verbatim excerpts were then used
for the analysis and illustration of the farmer’s discourse.

4. Results
4.1. Farm’s Organizational Forms and Its Internal Characteristics

The dairy farms studied represent different forms of organization. The first farm (EA1)
is a family farm (it meets the criteria established by the Brazilian law of 2006), while the
other five farms differ in various degrees from this model. Farm EA1 is in the State of São
Paulo. It has family governance. Indeed, the capital belongs to the family and the farm
management has been centralized in the hands of the family (father and son) for three
generations. The land property, as well as farming skills, are passed on from father to
son. In terms of management, farming activities and family life are closely intertwined.
Production for self-consumption is a family tradition. The interviewee’s discourse also
shows that he is guided by an objective of long-term profitability, and by a desire to pass
on land and farming legacy through the next generations. The family derives almost all
income from farming. The farm is characterized by low internal absorptive capacity, due
mainly to its small size (20 milking cows) and low investment capacity; furthermore, the
education level of its owners is low. Its capacity for innovation is highly dependent on
external resources (advice, financing, etc.).

The second farm (EA2) is in the State of Paraná. This farm is characterized by what
can be called an entrepreneurial governance style. It means that the family owns only a
small portion of the farmland. The farm entrepreneur leases the land, the herd, and the
farm infrastructure from his neighbor. The latter delegates the operational and financial
management of his farm, as well as the decision-making power to the farm entrepreneur.
Two employees work on the farm, one full-time and one part-time. Part of the production
activities (maize and silage production) is outsourced to an agricultural contracting com-
pany. The farm entrepreneur, who recently graduated from a veterinary school, derives
100% of his income from managing the farm. The entrepreneur considers the activity prof-
itable but wishes to stop it once his contract with his neighbor expires showing a short-term
profitability strategy. This farm has a low absorptive capacity due to its owner’s lack of
experience and managerial skills (25 years-old), its low investment capacity, and small size
(30 milking cows). Its capacity for innovation is highly dependent on external resources.

The third farm (EA3) is also located in Paraná. The farm governance is qualified as a
“family business form”, with an owner who does not work on the farm and delegates the
work to an employee but has all the decision-making power. The farm accounts for only
2% of his income. He is a lawyer, and the farm is one of the properties in his investment
portfolio. The owner wants to keep the farm in the family because he feels a strong
attachment to the land and to dairy farming. He has two intertwined objectives: to keep
the farm for leisure and personal enjoyment on the one hand, and on the other hand, to
possibly pass it on to one of his daughters, who recently graduated from a veterinary school.
Three employees work on the farm, one of whom supervises the other two. Only the maize
harvesting and silage production operations are outsourced to another company. The farm
has a limited absorptive capacity. However, despite its relatively small size (38 milking
cows) and its owner’s lack of farming skills and experience, the farm has a high investment
capacity. Its capacity for innovation is also highly dependent on external resources.

The fourth farm (EA4) is also in Paraná State. In terms of governance, it is what we call
a family partnership farm. Two brothers co-own and co-manage the family farm. One of
them is a veterinarian and was the director of a multinational company in the meat industry.
The other is an occupational safety consultant. They have off-farm activities, but the farm
now accounts for most of their income. Decision-making is more decentralized than on
the first three farms. The two brothers make strategic decisions jointly. The latter seldom
perform farming tasks and delegate all the operational management to an employee. Thus,
there is one manager, who supervises six other employees. The sowing and harvesting
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activities are outsourced. The owners’ focus is on ensuring the short-term profitability of
the farm, but they are also concerned about the succession. This issue is a matter of concern
for the brothers, as none of their children seems to be interested in farming. The farm has a
high absorptive capacity due to its large size (190 milking cows), to the owners’ 30 years
of experience, and considerable investment capacity. Its capacity for innovation is partly
dependent on external resources.

The fifth farm (EA5) is also located in the State of Paraná. Its governance is close
to an industrial or corporate farm style. Six shareholders (two from the family and four
from outside the family) manage the farm. Several decision-making bodies exist and are
structured hierarchically. The Board of Directors makes strategic decisions. One of the
shareholders is the administrative and financial director and another is the director of
production operations. In addition to being shareholders, they are also employees. Finally,
there are three waged managers supervising 16 workers. All the activities related to food
production and the construction of facilities are outsourced. The primary objective is finan-
cial profitability and milk production on the farm started recently (less than 5 years prior
to the survey). This farm has a high absorptive capacity, due for the most part to its large
size (730 milking cows), the high investment capacity, and because the shareholders have
complementary skills (one animal scientist, one veterinarian specialized in reproduction,
two agronomist-farmers, and dairy cow breeders, one corporate administrator, and dairy
cow breeder). Their capacity for innovation depends very little on external resources.

The last farm (EA6) is in the State of São Paulo. This farm is an agribusiness cor-
poration whose capital stock is owned exclusively by one family and its governance is
that of a family-owned industrial corporation, with a board of directors composed of four
family shareholders and chaired by the father. The farm has been in the family for three
generations. Two of the family members work on the farm. The first is an agricultural
engineer and oversees the operational management of the production and processing
activities. The second is a business school graduate and acts as a financial and commercial
director. The operation employs 230 wageworkers, including 12 team managers, in charge
of the different stages of production, processing, and marketing of the farm’s products.
They outsource very few of their activities. The governance is guided by a financial as
well patrimonial rationale, with a focus on profit maximization through intensification and
the creation of benefit on the products. This farm has a high absorptive capacity thanks
to its large size (1600 milking cows), a significant investment capacity, the diversified
and competent human capital (continuous employee training), and the skills acquired
through experience in managing large-scale farming operations for several generations.
Their adoption of the practices depends very little on external resources.

4.2. The External Environment of the Dairy Farms

Regarding the regulatory environment, all farms’ managers reported that they comply
with the 2012 Brazilian law for the protection of areas covered with indigenous vegetation
on farm holdings (Native Vegetation Protection Law). However, all the interviewees
testify that although environmental protection is considered a major issue, the State has
disengaged itself entirely from the provision of support to farming communities in their
transition to compliance with regulations and has withdrawn from its role of enforcing
regulations. All interviewees express a feeling of unfairness, a sense that the law is unclear
and that the State does not support farmers.

Thus, for EA1, the technical support provided by a local university has been key
in bringing the farm into compliance with regulatory requirements. “A professor came
with students to help us with this new regulation and they even planted trees”. The farm
manager also expressed a sense of injustice and feel that the State is illegitimate in its
application of environmental regulations. “Instead of punishing the big ones, they are
going to punish the small farms of 10 to 20 hectares . . . There’s a big farm in the area
that doesn’t comply with environmental regulations and they have never been punished”.
The farm managers of EA2 and EA3 reported that they are aware of the importance of

201



Sustainability 2021, 13, 3762

compliance but that the State has not adopted any compliance monitoring measure. The
managers of EA2 consider that the lack of information and clarity in the laws as well as the
lack of state support are major obstacles to regulatory compliance.

In EA6, our respondent concurs with this assessment “the law is not very clear and
the obligation for farmers to implement conservation measures or not depends very much
on the demands of the controlling officer”. The managers in EA 4, 5, and 6 reports that
they have had no problems in bringing their operations into compliance and that there is
increasingly stringent monitoring of farms’ compliance with environmental regulations in
their region. The owner of EA4 underlines the key role played by the cooperative through
knowledge sharing into the compliance process: “The cooperative has organized collective
training sessions, provided technical support to its members to facilitate their transition to
compliance with environmental standards”.

Regarding milk production, due to the lack of environmental regulations governing
the treatment, storage, and spreading of animal waste, some farmers are not necessarily
aware that poor waste management can result in severe environmental externalities (e.g.,
water contamination, loss of biodiversity, etc.). Consequently, perceptions, motivations,
and behaviours associated with the impacts of animal effluents vary from farmer to farmer.
Due to the small volume of effluent produced on his farm, the owner of EA1 does not
perceive animal waste as a major source of pollution. For the owners of EA2 and EA3, this
source of pollution is not perceived as a problem either. The owners of EA4, EA5, and EA6
are more aware of the environmental impact of animal waste. According to the owner
of EA4 “In a region like ours, which has a large concentration of dairy farms, with many
animals confined in stalls, animal effluents is becoming a concern . . . ”. As for the owner
of EA6, he believes that “with the big amount of effluents produced in the farm, I can’t
flush it all down the river like people used to do in the old days”.

We observed that the managers of EA4, EA5, and EA6 have been more proactive in
anticipating future regulations but that there is also some dissatisfaction them regarding
the lack of support they receive in the process towards compliance, as well as the lack
of compensation for complying with the requirements. According to the owner of EA4,
“regulations similar to those imposed in the swine production industry will soon apply
to the dairy sector”. For the owner of EA6, “environmental laws are constantly changing,
and the tendency is to pay more attention to the issue of dairy effluents”. Despite the
cost incurred by the producer, he also states that he is vigilant and stays ahead of future
regulatory changes: “In our production planning, we had already considered the question
of the environmental impact and kept the recycling of effluents in mind. We have only
minor adjustments. For us, compliance has not required any major structural changes”.

Spatial, sectoral, and market environments of the farms are different and have an
important impact on farming practices. EA1 produces raw milk (normative instruction
number 62, 29 December 2011, defines production, packaging and processing criteria that
allow milk to be classified into 2 categories: cooled raw milk and type A milk. Chilled
raw milk concerns all volumes that cannot be qualified as type A milk. Type A milk must
meet specifications with requirements for more stringent microbiological and sanitary
processes and parameters. This milk costs more and is intended for consumers with greater
purchasing power) and sells it through different channels and market segments (with
low to high-value-added). Most of the milk is collected and processed by a small local
cooperative (100 members) founded with strong involvement of the local University and
which the farmer has been a member since its creation. There are no written contracts,
but there is a strong sense of belonging among the members and of satisfaction with the
cooperative: “The cooperative has played a central role in changing the lives of small milk
producers in this region and we have always learned by working together . . . prices at the
cooperative are more advantageous and stable . . . we no longer pay for the collection . . .
The farmers are paid for quality and farmers are aware of the importance of producing
quality milk”. Some of the milk is processed into cheese that is sold at the local producers’
markets. The farmer perceives this marketing channel as ‘ideal’.
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EA2 and EA3 produce raw milk, all of which is then sold to a private processing
business. The dairy products manufactured by this business are intended for a “low-end,
low added value” market that extends beyond the State of Paraná. There are no written
contracts. As the EA2 farmer explains: “I can stop delivering milk overnight without
getting any penalty”. This can lead to disputes. The farmer adds: “They didn’t pay me for
3 months in a row, their cheque bounced. I changed buyers”. Processing companies set
the prices, on par with the prices of the competition, but with the possibility of negotiating
them. Traceability and quality standards are low or even non-existent and the farmer. The
farmer reports: “they say they pay for quality but in practice, they only pay for the volume
of milk we deliver to the factory . . . So, there is no point in investing money and effort in
improving quality”. This form of opportunistic behaviour is an obstacle to risk pooling
and makes it difficult to share the costs incurred in implementing quality standards.

Farms EA4 and EA5 have a contract (with an exclusivity clause) to deliver milk, to
the local cooperative. If a farmer wishes to stop supplying the cooperative, he is required
to give the latter at least 6 months’ notice. This cooperative is larger than that mentioned
above. It processes part of the milk under its own brand, supplies the national market,
and more specifically the country’s main consumer centres (São Paulo, Rio de Janeiro,
etc.). The cooperative operates in a high value-added segment of the dairy market. The
cooperative, in partnership with an international dairy company, put in place mechanisms
of price incentives and technical support to encourage farmers to adopt environmentally
sustainable farming practices. These mechanisms reduce uncertainties related to quality
and the practices employed by farmers. They add value and help the cooperative develop
a reputation for its products and brand.

EA6 farm produces type A milk, most of which is processed on-site and marketed
under its own brand. “We started producing type A milk thanks to a joint venture with a
well-known domestic brand. After ten years of operating as a joint venture, we had a good
knowledge of this market and so we decided to start producing under our own brand”.
The regulations to produce this type of milk require, among other things, full traceability
of the production process. The milk produced on the farm is also certified Kosher (milk
produced, conserved, and processed according to dietary criteria established by the Torah).
Among the products of this farm: “Type A dairy products are high-quality-differential
products. They have a distinct freshness. Our customers are diverse, but most have a strong
purchasing power. Direct producer-to-consumer delivery is a fast-developing marketing
channel”. Other processing companies also buy farm’s raw milk. The strategy of producing
this type of milk and selling it under their own brand requires creating a brand image and
provide quality guaranties to the consumer. Provide these guaranties to build up a brand
image requires the adoption of production practices complying with standards related to
the welfare of workers and animals, and environmentally sustainable practices.

4.3. The Agri-Environmental Practices and the Environmental Externalities of the Dairy Farms

The degree of environmental externalities potentially produced by a farm is the result
of dairy farm’s agri-environmental practices. It can vary from low to very high and is
assessed by three main criteria (see Section 3.2): the compliance with environmental laws
related to the preservation of areas with native vegetation cover, production practices
used (input intensity and grazing systems), and animal waste management (treatment,
storage and spreading effluents). These practices combined allow us to define the farm’s
agri-environmental profile (Table 1).
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Regarding the preservation of areas with native vegetation cover, the representatives
of all the farms declare that they have complied with the regulations and have partially or
fully protected vegetation close to riverbanks, following the criteria established by law. The
owners of EA1 and EA4 report: “We have taken all the necessary measures—and more—to
comply with environmental protection laws”. The owners of EA2 and EA3 admit that they
have not taken all the protection measures stipulated by the law. According to the owner of
EA2 “In the past, the animals use to have free access to the river. Now, the areas along the
riverbanks, with native vegetation cover are all protected from the livestock”. The owner
of EA3 reported that he had already initiated the compliance process: “a large part of the
areas to be protected have already been brought up to environmental standards. The rest
will be done soon”. The owners of EA5 and EA6 claim that they protected the areas with
native vegetation cover according to the criteria stipulated by the law. Finally, the degree
of positive externalities potentially produced due to the farmers’ protection of areas with
native vegetation is considered as very high in the EA1 and EA4, high in the EA5 and EA6,
and medium in the EA2 and EA3.

In terms of production practices, EA1 stands out from the other farms. It has adopted
agroecological practices: direct seeding, no pesticides or synthetic fertilisers are used, use of
grass-leguminous in the grassland, use of different species of grass, use of hardier livestock,
absence of grain concentrates and corn silage in the ration, rotational grazing on 70 parcels
throughout the year and no irrigation. All these practices, combined with the fact that the
farm produces a low volume of milk (around 10 L/milking cow/day), lower the risk of
producing negative externalities on this farm. It is also interesting to note that the extensive
farming method used is suitable on a farm in which little family labour is available. “We
tried, but it didn’t work . . . My cousin does it, but his wife does the milking and operates a
tractor too, my son’s wife does not do that”.

EA2, EA3, and EA4 produce corn silage and buy feed (mainly concentrates) but have
a larger acreage in permanent pasture grazed by the animals. They use synthetic fertilisers,
and pesticides. They use dairy cattle specialized breeds, but the cows’ milk productivity
per day varies between the three farms 28 L for EA4, 22 for EA2, and 18 for EA3. Therefore,
farm EA4 has a slightly more intensive system than the others do. The three farms have
in common genetic improvement, artificial insemination, and direct seeding practices
as well as the absence of irrigation. EA2, EA3, EA4 use conventional practices and use
much more inputs than EA1. Because of these practices and productivity figures, the level
of environmental externalities potentially produced by farms’ practices is considered as
medium. This leads us to classify their production methods as semi-intensive.

EA5 outsources all food production activities. One of the farm’s shareholders produces
part of the feed (corn silage and grass). The latter uses conventional practices (he does,
however, use direct seeding and crop rotation), including input-intensive techniques
(synthetic fertilisation, pesticides, etc.). EA6 uses irrigation and conventional, input-
intensive production practices (but he also uses direct seeding and crop rotation). Most of
the farm’s acreage is used for corn silage production, the other part being used for grass
production. Part of the feed is outsourced. On both farms, animals have no access to
pastures. The farmers use specialized dairy breeds with very high production potential
and apply genetical improvement techniques. The daily milk output per lactating cow is
approximately 40 L. Because of these intensive practices and the use of inputs, the degree
of environmental externalities potentially produced by both these farms is high.

The negative externalities potentially caused by waste management vary from farm
to farm. EA1 has no animal waste management system, but its potential generation of
negative externalities is very low due to the production practices it uses (year-round grazing
and exclusively grass-based feeding), low level of productivity, and the distance of the
milking facilities from watercourses. In EA2, EA3, and EA4, the lactating animals are fed in
feeding facilities but also have access to grazing paddocks throughout the year, although
there is no rotational grazing. EA2 and EA3 are equipped with a rather inadequate milking
and waste management facilities located close to watercourses. Because of this partial
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management of animal wastes, the risk of externalities potentially produced by the farms is
classified as medium. EA4 manages livestock waste by collecting it into settling ponds and
composting it in a compost barn (a method of treating excreta by composting excreta under
confined or semi-confined animals in a building; agricultural by-products are added to the
soil such as: rice husks, coffee straw, sawdust, etc.), which helps to reduce externalities.
EA5 and EA6 generate a large quantity of animal waste. However, the farms have efficient
waste management systems. EA5 uses methanation as a waste treatment solution and
in EA6 the solid effluents are composted while the liquid waste is used for spreading.
EA6 regularly monitors the quality of surface and underground water within the farm’s
boundaries. Because of these reasons, we consider the degree of negative externalities
potentially produced by livestock waste management in EA4, EA5, and EA6 as low.

5. Discussion
5.1. Organizational Forms and Agri-Environmental Practices

On the one hand, we have observed the influence of internal factors structural char-
acteristics, governance, and absorptive capacity. On the other hand, we have observed
the influence of factors external to farms such as the regulatory, sectoral, spatial, and
market environment. We also identified incentive or learning mechanisms playing in the
adoption processes.

The results relative to the traditional family farm (EA1) show first that the form
of organization and governance influence the farmer’s consideration of environmental
externalities. In accordance with [13,24], we show that farmer’s choices of production
methods are intrinsically linked to a strategy of adaptation to the capacities, skills, and
preferences of the family as the on the farm available workforce. In line with these studies,
our results also show that the farm’s trajectory of adoption of agri-environmental practices
is intrinsically linked to family-oriented objectives, including that of the transfer to future
generations of farming traditions, knowledge, and lifestyle. Regarding external factors, the
results show that with the low absorptive capacity (low levels of education and skills and
low investment capacity) the sectoral and spatial factors play a major role in the adoption.
The interaction with the university (for more than 20 years) has contributed to the farmer’s
learning and adopting agri-environmental practices. The university provided the technical
and operational support necessary to bring the farm up to environmental regulations.
Thus, the role of educational and research institutions is important for the definition of
environmental actions in the analyzed production systems. In this sense, public policy
should give more attention to regions where there is a lack of research and extension
agencies. In these regions, the role of industry or collective forms of production can be
an important alternative. The main role of the Universities and NGO’s in the adoption of
agroecological practices in Brazilian family farms is also showed in other study [9]. The
reinforcement of informative networks is a key point on the development of family farm’s
resilience [13]. The market environment of the farm seems to have very little influence on
the adoption of practices.

About the entrepreneurial farm (EA2) and the family farm business (EA3), the re-
sults first show that internal factors associated with the form of organization such as
low/medium absorptive capacity (the managers’ low level of experience, a lack of diversity
among low skilled employees) have a limiting effect on the adoption. We also showed
that limited awareness of the impacts of the practices employed on the farm is an obstacle
to the adoption of agri-environmental practices [38]. The fact that the farmers (EA2) see
land as “a production tool” and prioritizes short-term profitability can also explain the
negative effect on the adoption of greener practices. Other authors [5] also identified this
kind of environmental attitude associated with a “yield optimizer” farm governance profile.
Because of the complexity of EA3’s short and long-term strategies, the links between the
governance of the farm and environmental strategies are less clear for this farm. The
absence of incentives associated with the lack of standards compliance monitoring has a
negative impact on adoption and is a major barrier to the application of Brazilian Forest
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Code [16,34]. Sectoral and market characteristics also make it difficult to set up contractual
and incentive arrangements for sharing the value-added, which could contribute to the
adoption of agri-environmental practices. The interviewees explain that overly opportunis-
tic behavior, combined with the absence of quality standards and compensation payments,
makes difficult for relations of trust between the farmers and processing companies of the
region to develop. These problems of coordination to put in place quality standards are
mentioned in many studies [22,35]. The difficulty to precisely measure the agricultural
environmental externalities make it harder to set up incentive arrangements for environ-
mental practices adoption along agro-food value chains [23]. Especially in the case of
livestock effluents, the lack of specific legislation, perception of its impacts, and high cost of
waste treatment facilities are the main obstacles to the adoption of best waste management
practices. The policy should pay more attention to dairy farms effluent pollution, mainly in
the case of the intensification of agriculture practices happening in Brazil now. More than
regulation, it seems important to designing incentives to the adoption of low-cost dairy
waste management solutions.

In the case of the family partnership farm (EA4), we first find that the farm’s high
absorptive capacity (the managers’ high level of training and experience and their invest-
ment capacity) is an important factor promoting adoption. Manager’s awareness of the
environmental impacts also drives the adoption of the farm’s practices [38]. Our results
corroborate other studies [26] showing that collective arrangements have a significant and
positive effect on the adoption of environmental practices. In fact, by contributing to the
construction of a common reputation and the development of common values between the
members, the cooperative has played a key role. It facilitates the dissemination of knowl-
edge, the distribution of value added in their production, the pooling of specific resources,
learning, as well as the implementation of bonuses for the adoption of agri-environmental
practices. Selling milk in a high value-added market, with standards governing quality and
production practices, is a factor contributing to the reduction of environmental externalities.

Internal factors appear to be the main drivers of adoption agri-environmental practices
by the corporate farm (EA5). Its large absorptive capacity (large size, high investment
capacity, highly qualified human resources, and diversified skills) contributes to the es-
tablishment of coordination mechanisms in the organization that facilitate the adoption
of the practices. In addition to these factors, the farmers’ ability to anticipate possible
stricter regulations also influences adoption. Moreover, the farm’s participation in a coop-
erative network and the fact that it operates in a high value-added market with standards
governing quality and production practices seem to be factors contributing to the adoption.

The adoption of agri-environmental practice by the industrial farm (EA6) seems to be
linked to a brand image strategy. Indeed, to produce dairy products for the high value-
added market in which it operates, and to be able to sell under its own brand, the farm
must use the incentive and coordination mechanisms associated with the construction of an
environmentally friendly” image. For this purpose, it relies on highly structured internal
coordination mechanisms based on knowledge acquisition (continuous employee training).
This explains the farm’s high absorptive and innovation capacity (investment capacity, high
level of organizational experience, highly qualified human resources, diversified skills),
which positively influences the adoption of agri-environmental practices. The organiza-
tional memory developed over a three-generation long process of learning the ins and
outs of industrial farming also seems to explain the implementation of agri-environmental
practices, as part of a strategy of anticipation of stricter environmental regulations

5.2. What Explains Farm’s Adoption of Agri-Environmental Practices? A Synthesis of the
Main Sights

First, the results illustrate the internal factors associated with the farms’ organizational
choices and help to better understanding the adoption of agri-environmental practices. In line
with the literature, the study shows that structural [6,9] and governance factors [3,5,9,12,13],
the managers’ perception [9,25,38], and the organization’s absorptive capacity [9,13,24]
influence farmer’s choices in terms of environmental practices.
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About governance, we observe that in the case of the family farm, the organization of
production and family life are closely intertwined, which has an impact on the farmer’s
adoption of agri-environmental practices. We show that the involvement of the family
members in farm activities is related to the practices used [27]. In fact, the availability,
skills and wishes of the family labor force are important drivers of agri-environmental
practices choices [27]. These corroborate the studies stressing that the adoption of practices
on farms is closely related to family dynamics and changes in family preferences [4,13,21].
Our results show that technical learning processes are inseparable from organizational
learning processes. The influence of the land ownership status and the farmer’s objective
to pass on the farm to future generations on the reduction of environmental externalities
seems less clear. As for farmers’ perception of the impacts of practices on the environment,
behaviors vary. The limited awareness by some farm managers seems to be a major
obstacle to the reduction of externalities. Some studies also highlight farmers’ perceptions of
environmental risk is the most important determinant of the adoption of good practices [39].

In line with the literature, we observe that the internal incentive and coordination
mechanisms, as well as the organizational memory of organizations, are important determi-
nants of adoption [9,12,13]. Indeed, we show that it is thanks to their significant investment
and managerial capacities, the quality, and diversity of their human resources, and their
organizational memory that these organizations can adopt agri-environmental practices.

Secondly, the results illustrate the role of external factors in the adoption process. They
show that organizations with low absorptive capacity and limited internal resources rely
strongly on their regulatory, spatial, and market environment to be able to implement
environmental practices. Indeed, if the environment is not conducive to the creation of
incentive and coordination mechanisms nor the implementation of learning processes,
farms will not adopt agri-environmental practices. We find that environmental regulations
must be accompanied by incentive and support policies to push the implementation of
those practices in dairy farms.

In situations where the State is deficient in this respect, regulations can be fully re-
spected only if they are accompanied by incentive mechanisms and mimetic or learning pro-
cesses arising from the farm’s interaction with its spatial and market environments [6,22,26].
In fact, our results show that local cooperative networks and interactions with the univer-
sity play key roles in the process of adoption of agri-environmental practices by farmers.
These networks allow for the emergence and development of collective learning and
knowledge-sharing processes [26]. Indeed, factors such as trust, reputation, and the shar-
ing of common values achieved through these networks all have positive effects on the
adoption of agri-environmental practices [22].

The study shows that in parallel, operating in a high value-added market also gives
rise to market price-based incentive mechanisms and mechanisms associated with brand
image (reputation) building strategies [21,22,35]. The study shows that anticipating stricter
environmental regulations is a factor that influences the choice of practices. Nevertheless,
similar to other studies show, the implementation of stricter regulations and standards
generates controversy concerning the cost-benefit impact of such regulations, whether
in economic or social terms [16,34,40]. Indeed, our results also reveal that the adoption
of quality standards, especially environmental standards, can benefit some actors while
excluding others. Furthermore, as showed in the literature [39], our case studies illustrate
that the spatial heterogeneity of human capital and resources makes compliance with
quality and environmental standards particularly difficult in Brazil.

6. Conclusions

This article has aimed to contribute to existing knowledge on the processes of adop-
tion of agri-environmental practices by conducting a more in-depth study of the internal
organization factors and those related to farms’ external environment. We contribute to
make an empirical progress in the analysis of the links between models of agricultural
organizations of choice of practices. For this purpose, we conducted case studies that has
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helped us to highlight the decision-making processes, incentive, coordination mechanisms,
and learning processes on which the environmental profile of farms is based. We have
used innovation and organizational economics approaches and evolutionary economics
concepts to better understand the decision-making and learning processes associated with
farms’ adoption of agri-environmental practices.

About the internal factors, the study has highlighted the role in the adoption of agri-
environmental practices of farms’ structural and governance characteristics, absorptive
capacity, and managers’ perceptions. In the case of operations with high absorptive capacity,
the farms’ investment capacity, the quality, and diversity of their human resource, their
organizational experience, and learning seem to play a key role in the implementation of
agri-environmental practices. At the same time, we find that organizations with limited
internal resources depend more specifically on external sectoral or territorial resources to
be able to implement environmental practices. We have highlighted the important role
of local cooperative networks and the partnership with the University in the adoption of
agri-environmental practices, particularly for farms with lower absorptive capacity. Indeed,
the implementation of arrangements for encouraging farmers to adopt agri-environmental
practices involves the pooling of technical, informational, and financial resources as well
as values related to trust and reputation. More generally, a manager’s perception of
the environmental externalities generated by productive practices is also a factor in the
adoption of practices. The links between environmental profiles, land ownership status
and farmer’s succession issues seem more complex and call for further exploration.

Regarding the role of regulatory factors, the study highlights that more than setup
environmental regulations, it seems important to designing incentives to push farms to
preserve native vegetation and adopt waste management measures. Policy, market, and
sectoral environment should provide these incentives and support mechanisms. Oper-
ating in a high value-added market also gives rise to price-based and reputation (brand
image building) incentives promoting the adoption of environmental practices. The study
also shows that anticipating stricter regulations is also a factor that influences the choice
of practices.

This study has also provided theoretical and methodological insights. First, it seems
important to use a multifactorial approach (internal structure, governance, and external
environment) to understand a farm’s environmental profile. It seems useful and relevant
to apply the analytical framework generally used when studying eco-innovations in the
industrial sector to the study of farms. Moreover, in the context of the case studies, the
semi-directive interviews combined with visits and observations in the fields and on the
farms enabled us to collect original, detailed, and reliable information. This approach has
enabled us, not only to highlight the complex relationship between the form of organization
and farm’s environmental externalities by exploring the decision-making and learning
processes associated with the adoption of practices. However, it is important to stress that
the results of this study should be generalized with caution. Conducting interviews with a
larger sample of farms would allow for a wider generalization of the results.

Finally, to promoting the adoption of better agri-environmental practices, policies
should better consider farms as heterogeneous organizational forms. This heterogeneity
can be related to factors composing farm’s structure and governance but also to the sectoral,
spatial, and market environments. Considering the constraints and needs of these different
organizational forms to strengthening the farm’s absorption, adaptation, and transforma-
tion capacities seems to be good insights to accelerate the agroecological transition.
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Abstract: Feed additives have received increasing attention as a viable means to reduce enteric
emissions from ruminants, which contribute to total anthropogenic methane (CH4) emissions. The aim
of this study was to investigate the efficacy of the commercial feed additive SOP STAR COW (SOP)
to reduce enteric emissions from dairy cows and to assess potential impacts on milk production.
Twenty cows were blocked by parity and days in milk and randomly assigned to one of two treatment
groups (n = 10): supplemented with 8 g/day SOP STAR COW, and an unsupplemented control group.
Enteric emissions were measured in individual head chambers over a 12-h period, every 14 days
for six weeks. SOP-treated cows over time showed a reduction in CH4 of 20.4% from day 14 to
day 42 (p = 0.014), while protein % of the milk was increased (+4.9% from day 0 to day 14 (p = 0.036)
and +6.5% from day 0 to day 42 (p = 0.002)). However, kg of milk protein remained similar within the
SOP-treated cows over the trial period. The control and SOP-treated cows showed similar results for
kg of milk fat and kg of milk protein produced per day. No differences in enteric emissions or milk
parameters were detected between the control and SOP-treated cows on respective test days.

Keywords: feed additive; methane mitigation; enteric emissions; greenhouse gas; climate change

1. Introduction

Animal-sourced foods (ASF) have been under increased scrutiny due to public awareness and
concern over environmental impacts. Animals are vital in many regions of the world and represent the
foundation of the human food system. Animal-sourced foods can also improve national agricultural
alignment to several UN Sustainable Development Goals by providing nutritious food to the population
and stable livelihoods for rural communities [1], where the lack of arable land makes it possible only
for ruminants to convert non-edible plants into food.

Nevertheless, the agricultural livestock sector (i.e., ASF) has been identified for its contributions
to greenhouse gas (GHG) production. According to the Intergovernmental Panel on Climate Change
(IPCC) [2], agriculture contributes 10 to 12% of anthropogenic CO2, 40% of methane (CH4), and 60% of
nitrous oxide (N2O) emissions. Methane and N2O are the most significant greenhouse gases produced
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by livestock production. While N2O originates mainly from nitrogen (N) fertilizers and manure
application to agricultural soils [3], CH4 comes from enteric fermentation in ruminants [2] and manure
decomposition during storage.

In the United States, the livestock sector is estimated to contribute 35% of the anthropogenic
CH4, 72% of which originates from enteric fermentation and 28% from manure management [4].
In California, where 19% of US milk is produced [5], the California Air Resource Board inventory
estimated that the dairy sector is responsible for 55% of anthropogenic CH4 emissions, 45% of which
come from enteric fermentation [6].

In rumen, feedstuffs are digested and converted through the process of microbial fermentation
primarily into volatile fatty acids (VFA), including propionate, butyrate, and acetate. Methane is
also produced via archaea present in the rumen. Methane constitutes a loss of approximately 5.8%
of dietary gross energy intake for U.S. dairy cattle [7]. Energy loss in the form of CH4 as well as the
environmental impacts associated with enteric CH4 production give rise to a need for CH4 mitigation
strategies in dairy production. Finding economically feasible options for dairy producers to reduce
emissions is paramount because California Senate Bill 1383 requires a reduction in CH4 emissions
from California dairies by 40% from 2013 levels by 2030. California is the first state with a methane
mitigation law and is setting the standard for how this reduction can be achieved in the U.S. and
throughout other regions in the world.

Several enteric CH4 mitigation strategies for dairy cattle have been investigated, including:
CH4 inhibitors such as bromochloromethane [8,9] and 3-Nitrooxypropanol [10]; electron receptors
(e.g., nitrate [11]); ionophores (e.g., monensin [9]); and plant bioactive compounds such as tannins [12],
essential oils [13], and bromoform found in certain seaweeds [14]. Although some of these strategies
have shown promising mitigation potential, they have also manifested issues, including toxicity to
the animal or the environment, short-term effects due to rumen adaptation, inconsistent results, or a
negative effect on production.

SOP SQC233-005A-SQE034 (commercial name: SOP® STAR COW; SOP Srl, VA, Italy) is a feed
additive containing minerals, deactivated yeast, condensed tannins from carob flour, and bentonite
clay. SOP STAR COW (SOP) is processed using proprietary technology with the aim of improving feed
efficiency and reducing production of CH4, and its subsequent eructation, resulting in reduced energy
loss. SOP STAR COW has been commercially available for several years and its individual components
are widely used and commercialized. Over a year testing period, SOP was found to increase milk
yield on seven commercial dairy farms in Italy [15]. SOP has not been previously studied for the
efficacy of reducing enteric CH4 production from lactating dairy cows. This study aims to evaluate the
efficacy of the feed additive SOP on enteric gaseous emissions and the impact on milk production from
lactating dairy cows. It was hypothesized, given the combination of ingredients included in SOP and
the previous in vivo work conducted for milk production, that when fed to lactating dairy cows SOP
will reduce CH4 emissions and improve milk production.

2. Materials and Methods

2.1. Study Design

This study was conducted at the UC Davis Dairy Teaching and Research facility (Davis, CA, USA)
with the approval of the Institutional Animal Care and Use Committee, protocol number 20601.
Twenty lactating Holstein dairy cows in mid to late lactation (DIM = 153 ± 17) were randomly assigned
to one of two treatment groups: treatment (SOP) or control, with 10 cows per group (n = 10). The study
was arranged as a randomized complete block design with cows blocked by parity and days in
milk. Within each treatment group, half of the animals were first lactation cows and the other half
were multiparous animals either in their second or third lactation, to be representative of a typical
commercial dairy operation in California.
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Animals were fed an industry-standard total mixed ration (TMR) containing corn silage as the
main forage component (Table 1). Diets were formulated to contain approximately 17% crude protein.
Corn silage was sampled daily for dry matter (DM) with the SCiO, a handheld micro spectrometer
(Consumer Physics, Inc; St. Cloud, Minnesota) to determine the correct inclusion amount for the TMR,
in addition to weekly DM samples that were collected. Feed samples were dried in an oven at 100 ◦C
for 14 h in triplicate and averaged to determine DM. All cows were adapted to the basal control diet
without SOP supplementation for 14 days prior to the beginning of treatments (acclimation period,
day −14 to day 0). At the end of the acclimation period, cows were fed either the control diet or the
SOP treatment diet. Treatment was supplemented for a 42-day period, with the first 14 days per each
cow considered as an acclimation period to the SOP feed.

Table 1. Ingredients of basal total mixed ration on an as fed and dry matter basis (kg/d/cow).

Feed Ingredients As Fed (kg/cow Daily) Dry Matter Basis (kg/cow Daily) 1

Corn Silage 21.97 6.15
Corn, Steam Flaked 4.08 3.58
Soybean Meal 3.36 2.99
Alfalfa Hay 2.72 2.42
Almond Hulls 2.51 2.26
Cottonseed, Linted 1.99 1.84
Soybean Hulls 1.36 1.24
Mineral 2 0.39 0.38
EnerGII 3 0.27 0.26
Strata 4 0.09 0.09
Limestone, Ground 0.09 0.09

1 The diet was formulated using a linear program for an average milk yield of 36.5 kg daily at 3.6% milk fat that
assumed an intake of 21.3 kg DM daily of the formulated diet. 2 Custom mineral mix containing: calcium, 12.56%;
phosphorus, 5.33%; magnesium, 4.3%; sulfur, 2.17%; iron, 1985.36 ppm; manganese, 2664.5 ppm; zinc, 4519.78 ppm;
copper, 668.8 ppm; iodine, 58.54 ppm; cobalt, 25.06 ppm; selenium, 22.79 ppm; vitamin A, 553.00 KIU/kg; vitamin D,
185.19 KIU/kg; vitamin E, 4188.79 IU/kg; biotin 58.80 mg/kg; sodium bicarb, 33.33%; magnesium oxide, 7.14%;
Ethylenediamine dihydroiodide, 29.34 mg/kg; yeast, 29.32 BCFU/kg; diflubenzuron, 0.0197%; Zinpro 120, 0.88%
(Nutrius, Kingsburg, CA). 3 A calcium salt of fatty acids containing 50% palmitic and 35% oleic fatty acids
(Virtus Nutrition, Corcoran, CA, USA). 4 A calcium salt of fatty acids containing a blend of palmitic, stearic,
and oleic fatty acids with a 16% eicosapentaenoic acid (EPA)/docosahexaenoic acid (DHA) omega-3 fatty acids
(Virtus Nutrition, Corcoran, CA, USA).

The SOP additive was mixed with ground corn and fed as a top dress to deliver a total of 8 g of
SOP fed per cow per day, according to the manufacturer’s specifications. The treatment cow top dress
included 92 g of ground corn mixed with 8 g of SOP, for a total 100 g of top dress per day. Control cows
received a total of 100 g of ground corn as a top dress daily. Animals received 67 g of the top dress
at the morning feeding and 33 g of the top dress in the evening, as the morning intake contained,
on average, 2/3 of the cows’ daily feed. Cows were individually fed their respective diets using the
Calan Broadbent Feeding System (Calan gate; American Calan, Northwood, NH, USA).

Prior to the acclimation phase, each cow was trained to use their respective Calan gate. Feed was
administered twice daily after the morning and evening milkings and diets were offered on an ad
libitum basis, with a target of 5% daily feed refusals. Refusals were weighed before each morning
feeding and sampled for DM analysis to determine daily dry matter intake (DMI). Weekly feed samples
of corn silage and TMR were collected and analyzed for chemical composition and DM to ensure
correct diet formulation. Chemical composition was determined by proximate analysis conducted by
Denele Analytical, Inc (Woodland, CA). Dry matter was determined by drying samples in triplicate in
an oven for 14 h at 100 ◦C and averaging the three sub samples. The feeding schedule and treatment
periods for the cows were staggered to allow for gaseous emission sampling of two cows per day
(one control and one treatment) in the head chamber system, with animal pairs randomly assigned to
their respective treatment start time.
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2.2. Emissions Measurements

Enteric emission measurements were collected using head chambers (HC). Both chamber
construction and sampling procedures were based on the work of Place et al. (2011) [16]. Each head
chamber was 151 cm × 104 cm × 76.2 cm (H ×W × D) with polycarbonate sheeting on all sides to
allow a full view of the cows during the enteric emission data collection. The chambers were equipped
with head hoods specially made from Cordura waterproof fabric (Cordura Advanced Fabrics, USA) to
fit the chamber opening and secure around the animal’s neck. A vacuum was attached to the HC to
pull air from inside the chamber and pump it outside the chamber (Peerless Blowers, Hot Springs,
North Carolina, USA). Cattle were secured in the head chamber using quick-release neck chains.
Emissions were collected over a 12-h period (approximately 0600 to 1800 h) and animals were sampled
at 14-day intervals. HC sampling occurred on each cow’s respective days 0, 14, 28, and 42.

The HC sampling system has the advantage of allowing continuous enteric emission data collection
over an extended time period (12-h in the current study) and therefore reduces the cow-to-cow variability,
which would be lost with shorter measurement periods. Eructated emissions were analyzed for CH4,
CO2, N2O, and NH3.

Gas samples were measured in rounds of 15 min from each chamber, followed by a 15-min ambient
air sampling period to correct chamber emissions from ambient emissions, for 12 h. Gas samples
were collected in a mobile trailer that housed an Innova 1412 photo-acoustic multi-gas analyzer
(LumaSense Technologies Inc., Ballerup, Denmark), a computer, and other support equipment. A full
list of gases analyzed and their respective detection ranges are reported in Table 2.

Table 2. Gases analyzed, detection limits, and detection ranges used to measure emissions from
heads chambers.

Gases Detection Limits (µg/L) Upper Range (g/L)

CO2 2.75 1.83
NH3 0.71 0.71
CH4 0.06 0.57
N2O 0.05 1.83

2.3. Milk Sampling

Cows were milked immediately before entering and after exiting the head chambers and had ad
libitum access to their respective diet and water for the 12-h sampling period. Milk yields were collected at
each milking for all animals. Milk samples were collected every 14-days and analyzed for fat, true protein,
milk urea nitrogen (MUN), and solids-not-fat (SNF). Samples were sent to Central Counties DHIA
(Atwater, CA, USA) for analysis and used to establish treatment period averages for ECM.

2.4. Calculations

2.4.1. Emissions Calculations

Data regarding the concentrations of the outlet air samples from the heads chamber over each
15-min period were truncated to remove the first five minutes and last two minutes of the sample to
prevent carry-over effects. The following equation was used to calculate the emission rate in mg/h/head
of gases from the head chambers:

Emission Rate (mg/h/head) = {[(MIX) × (FL) × (60)]/MV} × (MW) × (Conv)/Head (1)

where MIX is the net concentration (inlet concentration—outlet concentration) in either ppm (parts
per million) or ppb (parts per billion), FL is the continuous ventilation rate of the head chambers
(2300–2500 L/min), 60 is the conversion from minute to hour, MV is the volume of one molar gas and
equals to 24.04 (liter/mole) at temperature 20 ◦C and one atmosphere pressure, MW is the molecular
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weight of the gas in grams per mole, and Conv is a conversion factor of 10−3 for concentration in
ppm and 10−6 for concentration in ppb. Head is the number of animals in the head chamber. In this
experiment, Head = 1.

2.4.2. Energy-Corrected Milk

Energy-corrected milk (ECM) values were an average ECM for each two-week interval during the
treatment period and calculated as follows [17]:

(0.327 ×Milk Yield (kg)) + (12.95 × Fat (kg)) + (7.2 × Protein (kg)) (2)

Energy-corrected milk values were established for the AM and PM milkings. To establish a 24-h
ECM, the AM and PM values were added together and averaged over a two-week period.

2.4.3. Corrected Dry Matter Intake

The corrected dry matter intake equation was developed from data reported in van Lingen et al.
(2017), showing that approximately 25% of the CH4 being produced from dairy cattle at any given
time is coming from the previous 24 h DMI [18]. The following equation therefore accounts for the
contribution of CH4 coming from the previous day’s intake:

cDMI (kg) = 0.25 × DMI (previous days feed (kg)) + 0.75 × DMI (in head chamber(kg)) (3)

2.5. Data Analysis

All data were analyzed using the lmerTest package in R [19]. Least square means (LSM) and
contrast between treatment by day p-values were determined using the emmeans package in R [20].
Pairwise comparisons of treatment by day interaction LSM were determined by a Tukey test using the
multcompView package in R [21]. Differences were declared significant at p ≤ 0.05 and showed a trend
at 0.05 < p ≤ 0.10. p-values reported in the tables are from the ANOVA table while p-values reported in
the text are from pairwise comparisons of the interaction. The model used to evaluate emissions data is:

Yijkl = µ + Ci + Tj + Dk + Pl + Tj:Dk + eijkl (4)

where Yijkl is the dependent variable for the ith cow in the jth treatment on the kth test day (0, 14, 28,
42) and in the lth parity. µ is the overall mean, Ci is the experimental unit (cow), Tj is the treatment,
Dk is the test day (0, 14, 28, 42), Pl is the parity of the cow, Tj:Dk is the interaction between treatment
and test day, and eijkl is the error term associated with the model ~ N(0, σe

2). Days in milk was initially
included in the model as a continuous variable and was removed as it was not significant. Parity was
included in the model as a categorical variable. Cow was a random effect, with all other variables as
fixed effects.

3. Results

3.1. Enteric GHG Emissions

Table 3 shows uncorrected gas emissions for animals in the head chambers. No differences for
CH4, CO2, N2O, and NH3 were detected between SOP-treated cows and control cows on respective
treatment days. The analysis of CH4 data showed that the emissions from within the SOP group had a
significant decrease from day 14 to day 42 with a reduction of 20.4% (Table 3; p = 0.014). While the
emissions from within the control group did not show significant differences over time there was still
approximately a 10% reduction from day 14 to 42 (Table 3). Additionally, there was no significant
differences for CH4 seen from day 0 (prior to treatment administration) to days 14 or 42 within the
SOP treatment or the control groups, meaning CH4 emissions before SOP treatment administration
were similar to CH4 emissions after 14 and 42 days of treatment. Carbon dioxide emissions, within the
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SOP-treated cows showed a decrease from day 14 to day 42 (−18.4%, p = 0.011), while the emissions
from within the control group fluctuated without significant variations throughout the test days
(Table 3). The N2O emissions within both the control and within the SOP group increased when
compared with day 0. After the SOP STAR COW supplementation, the SOP group did not show
significant variations, while the control group emitted significantly (p < 0.016) larger amounts of N2O
at day 28 compared with day 14 (+40.6%; Table 3). Ammonia emissions decreased greatly for both
SOP-treated cows and control cows after the initial measurements (day 0 of trial period; Table 3).

Table 3. Gaseous emissions from head chambers for control and treatment groups (n = 10) on days 0,
14, 28, and 42 with least square means, pooled standard errors (SEM), and p-values. Measured gases
include methane, carbon dioxide, nitrous oxide, and ammonia.

Trait

LSM

SEM

p-Value

C SOP C SOP C SOP C SOP
Trt Day Trt:Day

d0 d14 d28 d42

CH4 (g/h) 24.70ab 21.87ab 24.04ab 25.10b 23.71ab 24.73b 21.59ab 19.98a 1.14 0.55 <0.001 0.014
CO2 (g/h) 718abc 659abc 672abc 713bc 675abc 728c 593ab 582a 29.93 0.81 <0.001 0.041

N2O (mg/h) 12.69ab 11.38a 18.00bc 24.45cd 25.31d 28.54d 28.43d 27.71d 1.62 0.065 <0.001 0.033
NH3 (mg/h) 21.32b 21.51b 5.93a 5.99a 4.78a 5.15a 2.72a 1.83a 1.47 0.94 <0.001 0.96

Means with the same letter (abcd) are not significantly different (p > 0.05); SOP = Star Cow Treatment; C = Control;
d = day; d0 = day 0; d14 = day 14; d28 = day 28; d42 = day 42; Trt = Treatment; CH4 = methane; CO2 = carbon
dioxide, N2O = nitrous oxide; NH3 = ammonia.

Table 4 reports gaseous emissions standardized for DMI while animals were housed in head
chambers. No differences for CH4, CO2, N2O, and NH3 were detected between SOP-treated cows and
control cows on respective treatment days. The reduction seen for CH4 in uncorrected emissions from
day 14 to 42 for SOP was not seen when corrected for DMI. However, the control group does show a
reduction in DMI standardized CH4 emissions from day 0 to day 42 (p = 0.003), while no reduction is
seen in the treatment group. A similar reduction is seen for CO2 from day 0 to 42 (p = 0.001).

Table 4. Gaseous emissions corrected for dry matter intake (DMI) from head chambers (12 h period) for
control and treatment groups (n = 10) on days 0, 14, 28, and 42 with least square means, pooled standard
errors (SEM), and p-values. Emission measurements reported are on a per cow basis in either mg or
g/h/kg DMI.

Trait

LSM

SEM

p-Value

C SOP C SOP C SOP C SOP
Trt Day Trt:Day

d0 d14 d28 d42

CH4 (g/h/kg DMI) 1.90c 1.63abc 1.61abc 1.73bc 1.43ab 1.63abc 1.28a 1.37ab 0.10 0.64 <0.01 0.027
CO2 (g/h/kg DMI) 55.37c 49.15abc 45.08abc 50.99bc 39.36ab 48.25bc 35.27a 40.00abc 3.22 0.17 <0.01 0.020

N2O (mg/h/kg DMI) 1.02ab 0.84a 1.19ab 1.42abc 1.55bc 1.90c 1.74bc 2.08c 0.16 0.067 <0.001 0.22
NH3 (mg/h/kg DMI) 1.46b 1.44b 0.37a 0.42a 0.39a 0.40a 0.30a 0.21a 0.14 0.86 <0.001 0.94

Means with the same letter (abc) are not significantly different (p > 0.05); SOP = Star Cow Treatment; C = Control;
d = day; d0 = day 0; d14 = day 14; d28 = day 28; d42 = day 42; Trt = Treatment; CH4 = methane; CO2 = carbon
dioxide, N2O = nitrous oxide; NH3 = ammonia, DMI = dry matter intake.

Table 5 reports gaseous emissions standardized for corrected dry matter intake (cDMI) from
head chamber DMI and the previous 24-h DMI [18]. No differences for CH4, CO2, N2O, and NH3

standardized for cDMI were detected between SOP-treated cows and control cows on respective
treatment days. Both SOP-treated cows and control cows showed an increase from day 0 over the
treatment period for N2O.

Table 6 reports gaseous emissions corrected for energy-corrected milk values established from
morning milk samples yield, fat percent, and protein percent. No differences for CH4, CO2, N2O,
and NH3 standardized for ECM were detected between SOP-treated cows and control cows on
respective treatment days. Both SOP-treated cows and control cows showed an increase from day 0
over the treatment period for N2O.
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Table 5. Gaseous emissions corrected for corrected dry matter intake (cDMI) from head chambers and
the previous 24-h DMI for control and treatment groups (n = 10) on days 0, 14, 28, and 42 with least
square means, pooled standard errors (SEM), and p-values. Emission measurements reported are on a
per cow basis in either mg or g/h/kg cDMI. Corrected DMI was determined by the following equation:
cDMI (kg) = 0.25 × DMI (previous days feed (kg)) + 0.75 × DMI (in head chamber (kg)) [18].

Trait

LSM

SEM

p-Value

C SOP C SOP C SOP C SOP
Trt Day Trt:Day

d0 d14 d28 d42

CH4 (g/h/kg cDMI) 1.13ab 0.97ab 1.11b 1.08b 1.04ab 1.04ab 0.94ab 0.85a 0.06 0.15 <0.01 0.28
CO2 (g/h/kg cDMI) 32.95ab 29.47ab 31.00ab 31.84b 28.71ab 30.79ab 25.71ab 24.90a 1.69 0.79 <0.01 0.18

N2O (mg/h/kg cDMI) 0.53a 0.48a 0.80ab 0.91bc 1.13bc 1.23c 1.18c 1.23c 0.09 0.36 <0.001 0.71
NH3 (mg/h/kg cDMI) 0.86b 0.81b 0.26a 0.25a 0.29a 0.24a 0.15a 0.11a 0.07 0.45 <0.001 0.98

Means with the same letter (abc) are not significantly different (p > 0.05); SOP = Star Cow Treatment; C = Control;
d = day; d0 = day 0; d14 = day 14; d28 = day 28; d42 = day 42; Trt = Treatment; CH4 = methane; CO2 = carbon
dioxide, N2O = nitrous oxide; NH3 = ammonia, DMI = dry matter intake.

Table 6. Gaseous emissions corrected for morning milking’s energy-corrected milk values from head
chambers for control and treatment groups (n = 10) on days 0, 14, 28, and 42 with least square means,
pooled standard errors (SEM), and p-values. Emission measurements reported are on a per cow
basis in either mg or g/h/kg ECM. Energy-corrected milk was established by the following equation:
(0.327 ×Milk Yield (kg)) + (12.95 × Fat (kg)) + (7.2 × Protein (kg)) [17].

Trait

LSM

SEM

p-Value

C SOP C SOP C SOP C SOP
Trt Day Trt:Day

d0 d14 d28 d42

CH4 (g/h/kg ECM) 1.43 1.07 1.32 1.13 1.37 1.19 1.08 1.03 0.12 0.11 0.021 0.096
CO2 (g/h/kg ECM) 41.47 32.26 36.86 33.23 37.86 35.11 29.28 29.90 3.55 0.26 0.020 0.051

N2O (mg/h/kg ECM) 0.69a 0.54a 0.99abc 0.94ab 1.46c 1.40bc 1.45bc 1.39bc 0.14 0.44 <0.001 0.96
NH3 (mg/h/kg ECM) 1.12b 1.02b 0.33a 0.29a 0.27a 0.24a 0.09a 0.05a 0.08 0.30 <0.001 0.98

Means with the same letter (abc) are not significantly different (p > 0.05); SOP = Star Cow Treatment; C = Control;
d = day; d0 = day 0; d14 = day 14; d28 = day 28; d42 = day 42; Trt = Treatment; CH4 = methane; CO2 = carbon
dioxide, N2O = nitrous oxide; NH3 = ammonia, ECM = energy-corrected milk.

3.2. Milk Parameters and Intake

The cows enrolled on trial were mid to late lactation (approximately 153 ± 17 days in milk).
Over the 42-day treatment period milk yield, ECM, kg of milk fat, milk fat %, kg of milk protein,
milk protein %, MUN, dry matter intake from 12 h in head chambers (DMI HC), and average DMI
consumed in Calan gate pens outside of head chambers for each 14-day study period (DMI AVG) were
not significantly different for the treatment by day interaction (Table 7). Day is representative of the
average over the 14-day study period for milk yield, ECM, milk fat %, milk protein %, MUN, and DMI
AVG. There was one missing data point for milk component analysis for a milk sample on day 0 during
the morning milking. Data for milk yield, and DMI were complete.

No significant variations were observed within or between groups for DMI HC or for DMI AVG
(Table 7). There was no difference between the control and SOP-treated cows on respective test days for
% milk protein. Within the groups, the SOP treatment resulted in a significant increase in % milk protein,
with higher % protein levels throughout the study period (+4.9% from day 0 to day 14 (p = 0.036) and
+6.5% from day 0 to day 42 (p = 0.002; Table 7). No changes were detected in the % milk protein within
the control. However, the control and SOP-treated cows showed similar results for kg of milk fat and
kg of milk protein produced per day (Table 7).
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Table 7. Least square means (LSM), pooled standard errors (SEM), and p-values for the control (C) and
treated (SOP) groups on study days for milk yield, ECM, kg milk fat, milk fat %, kg milk protein, and
milk protein %, milk urea nitrogen (MUN), and dry matter intake in the head chambers (DMI HC) and
DMI averaged over the 14 day period (DMI AVG).

Trait

LSM

SEM

p-Value

C SOP C SOP C SOP C SOP
Trt Day Trt:Day

d0 d14 d28 d42

Milk yield (kg/day) 35.8 35.4 34.1 36.2 34.8 34.0 35.6 34.4 0.94 0.92 0.51 0.16
ECM (kg/day) 38.8 39.8 37.4 39.9 38.7 38.5 39.0 39.0 1.19 0.54 0.87 0.38
Fat (kg/day) 1.43 1.59 1.42 1.52 1.46 1.52 1.51 1.42 0.06 0.37 0.71 0.047
Milk Fat (%) 4.13 4.40 4.17 4.22 4.36 4.32 4.19 4.23 0.14 0.46 0.17 0.68

Protein (kg/day) 1.08 1.12 1.09 1.16 1.09 1.16 1.15 1.11 0.04 0.41 0.37 0.004
Protein (%) 3.12ab 3.08a 3.22ab 3.23b 3.27ab 3.27b 3.18ab 3.28b 0.06 0.66 <0.001 0.21

MUN (mg/100 mL) 12.68b 13.41b 8.64a 8.26a 12.11b 12.17b 9.20a 8.63a 0.55 0.93 <0.01 0.38
DMI HC (kg/12 h) 12.50a 12.82ab 15.11ab 13.96ab 16.82b 15.91ab 17.29ab 15.26ab 1.10 0.36 <0.01 0.20
DMI AVG (kg/day) 24.54 25.29 24.24 24.91 24.77 25.50 26.22 26.88 0.79 0.38 <0.001 0.99

Means with the same letter (abc) are not significantly different (p > 0.05); SOP = STAR COW treatment; C = control;
d = day; d0 = day 0; d14 = day 14; d28 = day 28; d42 = day 42, Trt = treatment; ECM = energy-corrected milk;
MUN = milk urea nitrogen.

4. Discussion

The use of feed additives to mitigate enteric emissions has received growing attention in recent
years since feed additives have the potential to satisfy regulations requiring the dairy sector to reduce
its environmental footprint. The present study focused on the possible effects of the commercial feed
additive, SOP STAR COW, on enteric emissions and dairy cattle performance.

4.1. Effects on Enteric Emissions

There were no pairwise comparison differences detected for any measured parameter between
SOP treatment and controls on respective treatment days. There was a day effect showing a reduction
in uncorrected CH4 emissions and an increase in milk protein within the SOP-treated group over
time, which was not measured in the control group. As control and SOP-treated cows did not show
significantly different data on respective test days, the efficacy of using SOP STAR COW as an effective
means of reducing enteric CH4 could not be completely validated.

Correcting emissions for DMI in the HC can be problematic as some animals tend to consume
less while in the head chambers than they normally would. This can be seen in Table 7, where there
is minimal numeric differences in the average DMI of the animals; however, when in the HC,
the SOP-treated animals—after day 0—were consistently eating between 1 to 2 kg less feed on a dry
matter basis than control cows. While the difference in DMI in the HC was not significant, this can
have an effect on standardizing emissions for DMI. Additionally, not all of the CH4 being measured in
the HC is attributable to the feed being consumed in the HC. Van Lingen et al. (2017) showed that
up to 25% of measured CH4 emissions from cattle are from feed consumed in the previous 24 h [18].
A respiratory chamber study using sheep found that approximately 50% of CH4 emissions could be
attributed to the previous 48 hours’ DMI [22]. Further research is needed to establish a more precise
model for a DMI correction specific for dairy cattle in head chambers. However, Equation 3, used in
this study, helps account for some of the variation in intake while in the HCs and likely gives a more
accurate representation of standardized CH4 emissions than just using the HC DMI correction.

Some of STAR COW’s components, such as bentonite, tannins, and yeast have previously been
shown to individually reduce enteric emissions. Bentonite clay was toxic to some protozoa as it
interfered with cilia motion and this has been shown in vitro, when applied at 10% in the feed, to cause
an increase in bacterial populations compared with control samples, as well as a reduction in NH3

production due to its ability to bind NH3 [23]. Wallace and Newbold (1991), utilizing a Rusitec
in vitro design, and Abdullah et al. (1995), using sheep in an in vivo experiment, found an inhibitory
effect of bentonite on holotrich protozoa [23,24]. Abdullah et al. (1995) additionally found that a
2% DMI supplementation of sodium bentonite increased the entodinia protozoal population [24].
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A large portion of the methanogen population have an endosymbiotic relationship with protozoa,
with holotrichs and entodinia supporting up to 526 and 96 methanogens internally. This helps explain
why defaunation, in some cases, can result in CH4 mitigation [25]. However, it is unlikely that the
small quantity of bentonite in the SOP dosage would have this effect on the rumen. It is possible that a
higher quantity of bentonite may be more effective at mitigating CH4 emissions.

Research has determined two possible mechanisms to achieve a reduction in enteric CH4 emissions
in cattle after tannin supplementation, including (1) decreasing hydrogen production through a
reduction in fiber digestibility, and (2) the inhibition of methanogens [12]. Previous research on tannins
as feed additives focused on their ability to improve nutrient utilization efficiency, in particular nitrogen
(N), and reduce nutrient loss via NH3 emissions into the environment [26,27]. A recent in vitro study
found a 20 to 27% decrease in CH4 emissions, as well as a decrease in the total VFA and the acetate to
propionate ratio, by injecting both hydrolyzed (HT) and condensed tannins (CT) at a 1:1 ratio into the
rumen volume [28]. Reducing total VFA content is not ideal as this indicates a reduction in overall
rumen fermentation, which would reduce feed efficiency and production performance. However,
these trials were including tannins at a much higher dose than the current study and in vitro trials are
not always representative of the effect that will be seen in vivo, largely due to the lack of time microbial
populations have to adjust, and are more indicative of short-term results. Further in vivo research is
needed to determine if a higher dose of SOP can be more effective at mitigating CH4 emissions and if
VFA concentrations in the rumen or DMI are altered.

Similarly, significant decreases in the molar % of acetate, acetate to propionate ratio, and crude
protein digestibility were noted when CT were fed to Angus cattle at 2% DM; however, no differences
in CH4 or BW were seen [29]. Usually, a decrease in acetate to propionate concentrations is consistent
with other methods of decreasing enteric CH4 emissions as it is likely a result of decreased levels of
hydrogen being available as a substrate for methanogens in the rumen.

The SOP treatment used low quantities of material (8 g/animal per day, approx. 0.04% DM of the
complete feed). Other additives, including tannins, usually need to be included at 20 g/kg diet DM to
have a reliable reduction in CH4 [30]. However, a synergistic effect of the components in SOP has never
been researched for CH4 mitigation. Borgonovo et al. (2019) and Peterson et al. (2020) [31,32] found
that gypsum processed with SOP’s proprietary technology reduced NH3 and GHG emissions in liquid
manure with a much lower dosage of gypsum than reported previously [33]. However, this same effect
with low doses was not seen in the current study.

Given that the uncorrected gas emissions results showed a reduction in CH4 over time for SOP-treated
cows, it is possible that SOP STAR COW has some CH4 mitigation potential. However, to determine a
true reduction potential, this change would also need to be seen when standardized for DMI. Likewise,
SOP STAR COW might have better CH4 mitigation responses if fed at higher amounts, as most effective
feed additives with similar compounds are fed at a much higher percentage of DMI [28–30].

4.2. Effects on Milk Production

SOP STAR COW-treated cows showed similar results to control cows for the treatment by day
interaction for all milk parameters and intake data. Within the SOP treatment group, the cows showed
an increase in milk protein percent over the course of trial period; however, kg of milk protein remained
similar within the SOP-treated cows over the trial period.

SOP STAR COW contains tannins, which have the ability to bind proteins in the rumen, thus
reducing protein degradation by rumen microorganisms and making proteins available for digestion
in the small intestine. This likely increased the availability of amino acids (AA) for the animal to absorb
from the feed. Previous research on tannins as a feed additive focused on their ability to improve
nutrient utilization efficiency, in particular nitrogen (N) [28,29], though these studies did not investigate
their ability to reduce enteric emissions. Aguerre et al. (2016) found that feeding CT at 0.45% of diet
DM resulted in an increase in milk protein yield; however, at CT levels higher than 0.45%, milk protein
yield and percentage were decreased [29]. While an increase in % milk protein was seen in the current

221



Sustainability 2020, 12, 10250

study within the SOP-treated cows over time, there was no difference in kg of milk protein produced,
so synthesis of milk protein remained unchanged.

SOP STAR COW contains deactivated yeast cells, which act as a prebiotic for microbiota in the digestive
system. Yeast cultures provide soluble growth factors such as organic acids, B vitamins, and amino acids
that stimulate the growth of ruminal bacteria populations that utilize lactate and digest cellulose [34].
The supplementation of diets with yeasts was used to increase the final protein content in the milk,
by providing probiotic and prebiotic materials to the ruminal flora. Several studies have confirmed the
effect of yeast on milk protein percentage, but these studies used live yeast cultures [35–37]. Both deactivated
yeast and CT in SOP STAR COW potentially explain the increased protein percent over time in the milk of
SOP-treated cows, while the % protein in the control cows’ milk remained unchanged.

Previous research has shown that supplementing dairy cows with yeast cultures increased DMI
and milk yield and decreased the acetate to propionate ratio in the rumen [38,39]. Additionally,
yeast supplementation altered the amino acid profile of bacterial protein and the flow of methionine
from the rumen to the small intestine, which could potentially increase milk protein synthesis [39].
Further research is needed to determine if SOP increases the post-ruminal flow of methionine in
support of milk protein synthesis.

Since tannins and deactivated yeast comprise only 5% of SOP content, coupled with the small
feeding inclusion (8 g/head/day), the suggested mode of action to increase protein content might be
related to an increase and/or a shift in the rumen microbial population.

As recent studies have investigated the role of predominant clusters of ruminal microbes in milk
production and CH4 formation [40], further investigations should determine the potential impact of
SOP STAR COW on the microbial populations in the rumen as an approach to explain its potential
modes of action.

5. Conclusions

No differences were detected for enteric emissions, standardized enteric emissions, milk parameters,
or intake between control and SOP-treated cows on respective test days. Analyzing the two groups
separately, within SOP-treated cows over time, showed a significant reduction in CH4 of 20.4% from
day 14 to day 42, while the protein % of the milk was increased (+4.9% from day 0 to day 14 and +6.5%
from day 0 to day 42). Over time, within the control group, there was no reduction in CH4 or increase in
milk protein. Within the SOP-treated cows, the kg of milk protein remained similar throughout the
duration of the study. Tannins and yeast, present in SOP STAR COW, may be effective compounds
that enable a reduction in enteric CH4 emissions, and should be researched further. Future research
should investigate the effects of long-term supplementation or higher doses of SOP STAR COW, in order
to determine if greater mitigation effects on CH4 emissions and increases in milk production can be
established. Increasing pressure from legislation and consumers is being put on the dairy industry
to reduce the environmental impact of dairy production, especially as it relates to climate change.
Determining feed additives that both reduce emissions and improve the production of lactating dairy
cows is both essential for producers to meet current CH4 reduction regulations and is an important step
towards a sustainable food system.
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Abstract: The production of milk must be balanced with the sustainable consumption of water
resources to ensure the future sustainability of the global dairy industry. Thus, this review article
aimed to collate and summarize the literature in the dairy water-usage domain. While green water
use (e.g., rainfall) was found to be largest category of water use on both stall and pasture-based
dairy farms, on-farm blue water (i.e., freshwater) may be much more susceptible to local water
shortages due to the nature of its localized supply through rivers, lakes, or groundwater aquifers.
Research related to freshwater use on dairy farms has focused on monitoring, modeling, and analyzing
the parlor water use and free water intake of dairy cows. Parlor water use depends upon factors
related to milk precooling, farm size, milking systems, farming systems, and washing practices.
Dry matter intake is a prominent variable in explaining free water intake variability; however, due to
the unavailability of accurate data, some studies have reported moving away from dry matter intake
at the expense of prediction accuracy. Machine-learning algorithms have been shown to improve
dairy water-prediction accuracy by 23%, which may allow for coarse model inputs without reducing
accuracy. Accurate models of on-farm water use allow for an increased number of dairy farms to be
used in water footprinting studies, as the need for physical metering equipment is mitigated.

Keywords: dairy; water; review; modelling; water footprint; agriculture

1. Introduction

Of the global water supply, 97% is saline, and thus unsuitable for human consumption. Freshwater,
encompassing the remaining 3%, therefore represents earths most valuable natural resource, essential for
human and animal consumption, agriculture, ensuring biodiversity and ecosystems, as well as offering
hygiene services and a vital commodity used by industry [1]. However, only 0.4% of the world’s
total freshwater is readily available as surface water in rivers, lakes, and wetlands, with the vast
majority embedded in glaciers, polar ice caps, or groundwater aquifers [2]. In conjunction with a
growing population and the resulting increase in agricultural, industrial, and energy requirements,
the per capita availability of freshwater is reducing [2]. Thus, water policy is an increasingly topical
subject globally, with the introduction of the EU Water Framework Directive (2000/60/EC) and EU
Groundwater Directive (2006/118/EC) aiming to improve and protect the water quality of rivers, lakes,
groundwater, and transitional coastal waters [3,4]. The EU Groundwater Directive states, “water is not a
commercial product like any other but, rather, a heritage which must be protected, defended and treated as such”.

The agricultural sector represents the largest consumer of freshwater globally, accounting for
approximately 70% of all global freshwater use [5]. The agricultural sector therefore requires substantial
improvements in water-use efficiency and productivity, as the production of agricultural products
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to meet the needs of a growing population is limited by not only land availability, but also the
availability of freshwater [2]. The three largest product categories contributing to the global water
footprint are cereals (27%), meat (22%), and dairy products (7%) [6]. Although the production of
dairy products is the third largest contributor, its share may increase over the coming decades, as the
global consumption of milk and dairy produce is forecasted to increase by 19% by 2050 compared to
2005–2007 levels [5]. The increase of dairy herds and consequent milk production comes with its own
unique challenges regarding the consumption of freshwater. The magnitude and efficiency (liters of
water per dairy cow, liters of water per liter of milk produced, etc.) of water use on dairy farms
varies according to a number of factors including, but not limited to, irrigation requirements, type of
production system (e.g., grazing or confinement), level of milk production, type of milking system
(e.g., conventional or automatic milking system (AMS)), geographical location, and environmental
conditions. Thus, understanding variances in water consumption may offer on-farm benefits regarding
the protection of public water systems and local freshwater supplies, and allow optimization of
infrastructural equipment for a cost-effective water system.

Water consumption incorporates (1) green water, which is the water required for soil moisture due
to evapotranspiration; (2) grey water, which is the volume of freshwater required to mitigate a given
pollutant load via dilution; and (3) blue water, which is fresh surface and groundwater usage. Direct use
of freshwater on dairy farms may be required for yard wash down, milk pre-cooling, hot washing of
milking equipment, and cow drinking water as well as miscellaneous usage throughout the farm, and is
therefore the most controllable water use by the farmer. An adequate freshwater system is important to
ensure the sufficient hydration of dairy cows for good milk production as well as for the sanitation of
infrastructural equipment [7]. The direct water demand required will increase along with expanding
milk production and may increase to unsustainable levels, potentially depleting groundwater borehole
supplies and placing additional pressure on the public water supply [8]. In particular, the water
demand may rise dramatically in line with milk production, which may cause local water shortages
during periods of scarce rainfall.

It is clear that the production of milk and dairy produce globally must be carried out with
considerations regarding water consumption in order to ensure the future sustainability of the dairy
industry. Thus, research in this domain will become increasingly important as researchers aim to
identify new technologies and methods to improve the water sustainability of dairy farming. However,
there has been a lack of secondary research undertaken in this domain to date, particularly related
to direct freshwater use. At this point in time, it is important to understand the current state of the
research pertaining to dairy-farm water consumption, and to allow for the identification of areas in
which future research efforts should be focused to support the future monitoring and sustainability
of global milk production. Therefore, this review focused on critically assessing published literature
related to the monitoring, prediction modeling, and analysis of water consumption in dairy farming.
Although overall water footprinting and life-cycle assessments in the literature are covered, this review
places specific emphasis on the water consumption on dairy farms that can be controlled by the farmer,
i.e., direct freshwater consumption for plant washing and cow drinking.

This review incorporates three primary components. Section 2 explores research studies focused
on dairy water consumption, prediction modeling, and analysis, while Section 3 provides a discussion
overview highlighting common trends throughout the dairy water literature prior to Section 4,
which provides a concise conclusion to this review.

2. Dairy Water Consumption

Water consumption may be categorized as green water, grey water, or blue water. Green water is
defined as the infiltrated rainfall in the unsaturated soil layer, while not incorporating green-water
run-off recharging groundwater supplies [9,10]. Consumption of green water refers to the usage of
precipitation (rainwater), required for the production of pasture, forages, and/or crops (e.g., wheat,
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barley, soybeans), through evapotranspiration, necessary for the manufacturing of feed for animal
livestock (i.e., dairy cows) [11,12].

Grey-water consumption refers to the virtual volume of freshwater required to dilute pollutants
present in water (due to the manufacturing process) to the required ambient water-quality
standards [11,12]. From a dairy production perspective, one source of grey-water consumption
might be the dilution of water utilized (and mixed with cleaning products) for cleaning and sanitizing
milk bulk tanks and milk harvesting equipment [13]. Thus, grey water is an indicator of water
pollution, and is often excluded from water footprint studies as it represents a virtual quantity of
water as opposed to an actual water use [14–16]. Lastly, blue water refers to the consumption of
freshwater (from groundwater sources, lakes, rivers, or mains supply) that is not immediately returned
to the same catchment [11,12]. Demand for blue water therefore results in a loss of water from the
available freshwater source in a catchment area through evaporation, and returning to either a different
catchment area or the sea, or is incorporated into a product. Sources of blue-water demand on dairy
farms include the requirement of freshwater for irrigation, cow drinking water, and water for cleaning
plant equipment.

The quantities of green, grey, and blue water required in dairy production vary from region
to region depending on the frequency of precipitation and the availability of groundwater sources,
which will influence both the ability to grow pasture and thus the type of dairy system employed
(e.g., grazing or confinement). Although water may be considered a renewable resource, its availability
may be considerably limited in certain months of the year due to meteorological and geographical
constraints [17]. Thus, understanding the volume of water consumed in dairy farming and the type of
water consumed in conjunction with the water availability is significantly important when quantifying
the sustainability of dairy production (and all agricultural activities) in a particular region.

There are three primary methods generally employed across agricultural water literature to
quantify water sustainability across the entire supply chain (direct and indirect), as described by
Ran et al. [18]. These include (1) water-footprint assessments, which quantify the volume of water
required to produce a good or service (e.g., liters of water per kg fat and protein-corrected milk (FPCM)).
Generally used for global assessments, calculating the water footprint allows for the identification
of the point on the supply chain at which water is required and consumed. A synopsis of dairy
water-footprint studies is shown in Table 1; (2) life-cycle assessments, which calculate the volume of
water required within a defined system boundary may also be adjusted using a water-stress index (WSI)
to account for localized water stress where it is consumed. Although very data-intensive, life-cycle
assessments allow for the local impact of water usage to be calculated in relation to potential water
scarcity during certain periods using a country-/region-specific WSI [19]. The WSI is a dimensionless
value ranging from 0 to 1, measuring the ratio between total annual water withdrawal and total
annual water availability, while accounting for seasonal variability in precipitation and flows in a
specific country/region; (3) water productivity relates to quantifying water consumption relative to
physical or economic outputs. Generally, water-productivity calculations do not separate green- and
blue-water consumption, but can help to reduce water footprints substantially by improving overall
water productivity, which may be necessary in regions with scarce water supplies.

Global water footprint studies carried out by Mekonnen and Hoekstra [20] estimated
country-specific green-, grey-, and blue-water consumption values for a range of farm animals and
animal products, distinguishing between different production systems (grazing, industrial, and mixed)
while considering the country-specific conditions related to feed-conversion efficiency of the animal,
origin of the feed, and feed composition. They estimated a total water-footprint value of 1299 L of water
(Lw) kg−1 FPCM, whereby 91% was attributed to green-water use, 5% was attributed to grey-water use,
and 4% was attributed to blue-water consumption (Table 1). Water-footprint calculations were carried
out across countries worldwide. Estimated water-footprint values for China, the Netherlands, the USA,
and India are also shown in Table 1, in conjunction with values from six additional research studies
found in the literature [13,15,16,21–23]. Two of these additional studies estimated blue-water use values
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of 66 Lw kg−1 FPCM and 13 Lw kg−1 FPCM in the Netherlands [16] and South Gippsland, Australia [21],
respectively. In the Netherlands case-study farm, 76% of blue-water consumption was utilized for
irrigation, 15% was required for the production of concentrates, and 8% for drinking and cleaning
services [16]. In Australia, 83% of total blue-water consumption was utilized on-farm for drinking and
cleaning of plant equipment, while the remaining 13% was associated with the production of farm
inputs such as concentrated feed. The considerably larger blue-water footprint in the Netherlands
was due to irrigation. Interestingly, without irrigation, the calculated blue-water footprint in the
Netherlands was equal to 16 Lw kg−1 FPCM, which was only 23% greater than that in Australia without
any irrigation system. De Boer et al. [16] also calculated a stress-weighted water-footprint value of
33 Lw kg−1 FPCM, implying that 1 kg of FPCM produced on a case-study farm in the Netherlands had
an impact on water deprivation equivalent to the direct consumption of 33 L of water by an average
world citizen.

Table 1. Dairy water-footprint assessment (Lw kg−1 fat and protein-corrected milk (FPCM)) studies
found in the literature.

Study Year Region WF * GW Grey BW

Mekonnen and Hoekstra [20] 1 2012 Global Avg. 1299 1185 61 53
Mekonnen and Hoekstra [20] 1 2012 IND 1592 1425 41 126
Mekonnen and Hoekstra [20] 1 2012 CHN 1651 1438 117 96
Mekonnen and Hoekstra [20] 1 2012 NTL 781 683 38 60
Mekonnen and Hoekstra [20] 1 2012 USA 1414 1237 100 77

De Boer et al. [16] 2013 NTL – – – 66
Murphy et al. [15] 2016 IRE 690 684 – 6
Ridoutt et al. [21] 2010 AUS – – – 13

Sultana et al. [22] 1 2014 Global Avg. 1643 1423 103 117
Palhares and Pezzopane [13] 2015 BRA (Conv) 935 858 73 4
Palhares and Pezzopane [13] 2015 BRA (Org) 785 682 94 9
Zonderland-Thomassen and

Ledgard [23] 2012 AUS 945 676 260 9

Zonderland-Thomassen and
Ledgard [23] 2012 AUS 1084 499 336 249

* WF = water footprint; GW = green water; BW = blue water; Con = conventional farm; Org = organic farm;
FPCM = fat- and protein-corrected milk; Grey = grey water; CHN = China, NTL = the Netherlands; USA = United
States of America; IRE = Ireland; IND = India; BRA = Brazil. WF, GW, Grey, and BW values were transformed
to Lw kg−1 FPCM using Equations (A1)–(A3) in Appendix A, and related fat and protein percentage values.
1 Converted to Lw kg−1 FPCM using country-specific milk fat and protein percentage values [24].

Green-, blue-, and grey-water-footprint values in milk production were also calculated by Sultana
et al. across 72 dairy regions from 48 countries, representing 85% of the world’s milk production [22].
They identified a typical farm for each dairy region, based upon the most common farm size,
farming system, production technology, and management practices used in each country. They then
used the TIPI-CAL (Technology Impact Policy Impact Calculation) model, based on the principles of
the farm-level impact of policy simulations, to estimate water footprints across grazing, intensive,
and small-scale dairy farming within each region. The global average calculated by Sultana et al. was
equal to 1643 Lw kg−1 FPCM, composed of 87% green-water use, 7% grey-water use, and 6% blue-water
use. Western Europe was found the have the lowest green- and blue-water footprints with averages of
721 and 59 Lw kg−1 FPCM, respectively. On the other hand, typical small-scale African farming had
the highest green-water footprint (4417 Lw kg−1 FPCM), while the highest blue-water footprint was
found in typical Middle East feed-lot farming (295 Lw kg−1 FPCM) [22,24].

Utilizing data from 24 Irish dairy farms in 2013, Murphy et al. [15] calculated an overall water
footprint of 690 Lw kg−1 FPCM, whereby 85% was attributed to green-water use for the production of
pasture, 10% was required for imported forage production (hay and silage), 4% for the production of
concentrated feed, and ~1% for on-farm blue-water use. They also calculated an average stress-weighted
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water footprint of 0.4 Lw kg−1 FPCM, implying that each liter of milk produced in Ireland contributed
0.4 L of freshwater consumption by an average world citizen.

Water footprinting is a popular method for attributing water consumption to specific processes
throughout the milk-production cycle, as shown in the studies presented in Table 1. It is clear that on
average globally, green water is the largest water consumption category in dairy farming, followed by
blue-water usage. This was shown by global water-footprinting studies carried out by Mekonnen and
Hoekstra [12] and Sultana et al. [22], which found that green water was responsible for 91% and 87% of
the total water footprint, respectively. Although these studies showed blue-water use to be responsible
for between 4% and 7% of the total water footprint, depending on the meteorological conditions
of a particular region, the overall stress on localized freshwater withdrawals may be considerably
high, particularly during periods of little rainfall. Moreover, the potential harm caused by blue-water
withdrawals from surface and groundwater sources outweighs the potential harm associated with the
consumption of green water sourced from precipitation over agricultural lands, particularly when that
blue water is drawn from large underground fossil-water aquifers that have a very low recharge rate.
Thus, the following section focuses on aggregating studies in the literature which focused on direct
on-farm blue-water consumption.

2.1. Direct Water Consumption

Direct water consumption on dairy farms is primarily required for washing and sanitation purposes
within the milking parlor, or for dairy-cow drinking water (free water intake (FWI)). Some studies
have focused on calculating total direct water use, such as Shine et al. [25], who calculated a total
direct water use figure of 7.2 Lw kg−1 FPCM on Irish dairy farms. However, it is common practice to
subcategorize dairy-farm water consumption according to whether consumption takes place within
the milking parlor or as FWI. Thus, the following sections highlight and critically assess dairy water
literature related to parlor water usage and FWI.

2.1.1. Parlor Water Consumption

A description of parlor water consumption figures found in the literature is presented in Table 2.
Shine et al. [25] found that 33% (2.4 Lw kg−1 milk) of total direct water consumption was used within
the milking parlor. Within the milking parlor, the precooling of milk through a plate heat exchanger
(PHE) required an average of 1.8 Lw kg−1 milk, hot-water consumption required 0.15 Lw kg−1 milk,
and water for parlor washdown purposes required 1.3 Lw kg−1 milk. In the United States, Brugger and
Dorsey [26] analyzed the parlor water consumption of a single Ohio dairy farm (herd size = 988 cows)
in 2005. They calculated an average consumption of 0.8 Lw kg−1 milk with no seasonal variation
trend. However, they did note an increase of 0.1 Lw kg−1 milk during June, July, and August when
providing misting to cows to keep their body temperatures down. In Denmark, Brøgger Rasmussen and
Pedersen [27] analyzed the parlor water (hot water, cold water, floor washing) consumption of 14 dairy
farms which employed an AMS, and three dairy farms with traditional milking systems, between June
2003 and February 2004. Across four AMS brands, Brøgger Rasmussen and Pedersen [27] calculated
an average parlor water consumption of 0.4 Lw kg−1 milk, equal to that consumed by the traditional
milking systems. Higham et al. [28] also monitored and analyzed 35 pasture-based dairy farms
(herd size range = 160–1150 cows) in New Zealand over a period of two years (June 2013 to May 2015)
and calculated a parlor water usage value of 3.9 Lw kg−1 milk. In Germany, Krauß et al. [29] analyzed
the cleaning water use within a dairy barn (herd size = 176 cows), autonomously monitoring hourly
water usage across two milking systems (a herringbone and an AMS) over 806 days. Krauß et al. [29]
estimated a barn-cleaning water consumption value of 0.8 Lw kg−1 milk for the AMS and a mean
of 1.3 Lw kg−1 milk for the herringbone parlor system. Krauß et al. [29], along with Palhares and
Pezzopane [13], highlighted the scarcity of scientific studies of dairy-barn-cleaning water consumption,
while also commenting on the lack of detail regarding how cleaning water demand is measured
and estimated.
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Table 2. Parlor water consumption values found in the literature.

Study Year Country n Farm Type Measurement Lw kg−1 Milk

Brugger and Dorsey [26] 2006 USA 1 Confinement Parlor 0.8 2

Brøgger Rasmussen and
Pedersen [27] 2004 DNK 14 Confinement (AMS) Parlor 0.4

Brøgger Rasmussen and
Pedersen [27] 2004 DNK 3 Confinement Parlor 0.4

Higham et al. [28] 2017 NZL 31 Pasture-based Parlor 3.9 3

Krauß et al. [29] 2016 DEU 1 Confinement (AMS) Cleaning 1 0.8
Krauß et al. [29] 2016 DEU 1 Confinement Cleaning 1 1.3
Shine et al. [25] 2018 IRE 33 Pasture-based Parlor 2.4
Shine et al. [25] 2018 IRE 50 Pasture-based Cleaning 1 1.4

Shorthall et al. [30] 2018 IRE 7 Pasture-based (AMS) Parlor 1.5
Shorthall et al. [30] 2018 IRE 7 Pasture-based (AMS) Cleaning 1 0.4

AMS = automatic milking system; USA = United States of America; DNK = Denmark; NZL = New Zealand;
DEU = Germany; IRE = Ireland; FPCM = fat- and protein-corrected milk; n = number of farms assessed.
1 Water used for cold- and hot-water washdown of milking equipment, the milking parlor, and milk-cooling tank.
2 Converted to Lw kg−1 milk using water consumption figure of 28.4 Lw cow−1 day−1 and mean milk production
of 80 lbs cow−1 day−1. 3 Converted to Lw kg−1 milk using water consumption figure of 48.7 Lw cow−1 day−1 and
mean milk production of 12.5 kg cow−1 day−1.

2.1.2. Free Water Intake

A description of FWI figures found in the literature is presented in Table 3. FWI has been extensively
covered in literature, to the extent that Appuhamy et al. [31] compiled a dataset gathering results from
69 research articles and retrieved 239 FWI treatment means of lactating cows (research articles from
North America (47%), Europe (25%), and Australia (8%)), of which 10% were related to pasture-based
dairy-cow diets. When processed, Appuhamy et al. [31] found 55 research articles with useable FWI
data to calculate a global figure for lactating cows of 78.4 Lw cow−1 day−1 (mean milk production
of 28.1 kg cow−1 day−1). Appuhamy et al. [31] also gathered results from 19 research articles related
to the FWI figures of dry dairy cows, while utilizing 10 of these to estimate a global figure of
34.0 Lw cow−1 day−1.

Table 3. Description of FWI values found in literature.

Study Year Country n Measurement Farm Type Lw cow−1 day−1

Higham et al. [28] 2017 NZL 35 Lactating and dry Grazing 36.0 *
Higham et al. [28] 2017 NZL 35 Lactating and dry Grazing 60.0

Appuhamy et al. [31] 2016 – – Lactating cows Confinement 78.4
Appuhamy et al. [31] 2016 – – Dry cows Confinement 34.0

Krauß et al. [29] 2016 DEU 1 Lactating cows Confinement
(AMS) 91.1

Krauß et al. [29] 2016 DEU 1 Lactating cows Confinement 54.4
Cardot et al. [32] 2008 FRA 1 Lactating cows Confinement 83.6

Brugger and Dorsey [26] 2006 USA 1 Lactating and dry Confinement 77.6

* Corrected for leaks; FWI = free water intake; AMS = automatic milking system; NZL = New Zealand;
DEU = Germany; FRA = France; USA = United States of America; n = number of farms assessed.

Krauß et al. [29] calculated a mean drinking-water consumption value of 91.1 Lw cow−1 day−1

(mean milk production of 35.5 kg cow−1 day−1) for the AMS system, and a mean of 54.4 Lw cow−1 day−1

(mean milk production of 25.4 kg cow−1 day−1) on a farm that employed a herringbone milking system
in Germany. In Ontario, Canada, Robinson et al. [33] also found that dairy farms with AMSs consumed
greater volumes of water for drinking compared to free-stall and tie-stall milking operations (p < 0.01).
Krauß et al. [29] found that 80% of dairy-cow daily water intake was consumed between 05:00 and
21:00 h, with peak water consumption occurring between 07:00 and 08:00 h for the cows in AMSs,
and between both 07:00 and 08:00 h and between 17:00 and 18:00 h for cows on the dairy farm where
they were milked via the herringbone system. These peak water-intake times were expected as they
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coincided with milking times [29]. In France, 41 lactating Holstein cows milked via a herringbone
parlor system were found to consume 83.6 Lw cow−1 day−1, of which almost 75% of drinking water
was consumed between 06:00 and 19:00 h [32].

Utilizing a single dairy farm in Ohio, United States, Brugger and Dorsey [26] estimated an overall
FWI value of 77.6 Lw cow−1 day−1 (mean milk production of 36.2 kg cow−1 day−1), reporting an
increased water consumption value of 120.7 Lw cow−1 day−1 in summer due to the increased average
ambient temperature. The increased ambient temperature increased the drinking-water requirements
of cows and increased the need to provide misting to cows to help reduce body temperature (to promote
health and milk-production benefits). This concurred with findings reported by Robinson et al. [33]
in which 17 Ontario dairy farms were analyzed and found to consume greater volumes of water
during the summer months than in winter (p < 0.05). In New Zealand, Higham et al. [28] utilized 35
pasture-based dairy farms to calculate an average drinking-water consumption of 60 Lw cow−1 day−1,
although this figure was corrected to 36 Lw cow−1 day−1 when adjusted for leakage (mean milk
production of 12.8 kg cow−1 day−1). Contradictory to Brugger and Dorsey [26] and Robinson et al. [33],
Higham et al. [28] reported reduced total water usage during the summer months.

2.1.3. Direct Water Consumption Summary

The literature summarized in this section focused on quantifying both parlor water consumption
and FWI on dairy farms through the installation of physical metering equipment over a specified
timeframe. As this method is by far the most accurate for calculations related to dairy water
consumption, water-footprinting studies often incorporate the physical metering of dairy-farm direct
water consumption to measure BW demand. These actual water consumption values are useful
for comparing the water footprint of milk between specific regions, cognate studies, or quantifying
potential improvements in water usage efficiency over time. However, the installation of metering
equipment may require high capital and maintenance costs, can be quite time-consuming, and also
limits the number of farms that can be included in a particular study. Thus, literature has covered
the development of prediction models for total dairy water consumption as well as both dairy-cow
drinking-water consumption and parlor water use. These models provide researchers the ability to
make estimations with a reasonable level of accuracy.

2.2. Dairy Water Prediction Modeling

Research regarding the prediction modeling of dairy-farm water use has largely focused on
predicting the daily dairy-cow FWIs of lactating dairy cows and dry dairy cows. However, research has
involved the prediction of water use within the dairy parlor and total direct water consumption, as well
as predicting green- and blue-water requirements of milk production. These studies have resulted in
the development of a number of regression equations, as shown in Table 4. The current state-of-art
approach primarily separates FWI and parlor water usage, using monitored consumption data for
either a single or a number of dairy farms.

Regards the prediction of green- and blue-water consumption, Murphy et al. [34] utilized data
collected from 25 Irish dairy farms (mean herd size = 126 cows) between 2014 and 2015 to develop
multiple linear regression (MLR) models, as shown in Table 4. Murphy et al. [34] utilized predictive
variables related to farm area, milk production, herd size, concentrates, grass growth, imported
forages, and metered on-farm freshwater consumption (direct water). Nonsignificant effects (p > 0.05)
were removed from the MLR through backward elimination to extract variables with high predictive
power using SAS software (SAS, 2015). They developed the MLR models on 20 farms and calculated
their prediction accuracy on the remaining 5 farms. They found that the MLR model with the input
variables of concentrates fed, quantity of grass grown, and imported forages was able to predict
dairy-farm green-water consumption to within 11.3% (relative prediction error (RPE)). Through a
standardized regression analysis, the quantity of grass grown was shown to have the largest impact
on green-water consumption, with one SD change in grass grown resulting in a 0.92 SD change in
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green-water demand. Regarding blue-water demand, they found that the MLR model using the input
variables of concentrates fed and on-farm metered water (direct water) was able to predict dairy-farm
blue-water usage to within 3.4% (RPE). Through a standardized regression analysis, they calculated
on-farm metered water as having the largest impact on blue-water usage, with one SD change in
on-farm metered water resulting in a 0.95 SD change in blue-water demand.

A large number of variables have been reported to influence direct water use on dairy farms,
as shown via the regression models shown in Table 4. The predictive impact of these variables, and the
resulting predictive capabilities vary between studies due to differences in farm data, dairy-cow
breed, farming practices, research methodologies, and differences in environmental conditions
between countries.

2.2.1. Direct Water Prediction

Higham et al. [28] utilized metered water data from 35 New Zealand dairy farms (herd size
range = 160–1150 cows) and data related to climatic conditions, farm characteristics, and milk
production to develop regression models to predict dairy-farm total direct water demand (drinking plus
parlor). They selected model input variables based upon their ability to explain the variability of the
observed data. Model development was carried out utilizing 21 variables, including both continuous
and categorical data. Input variables were assessed as linear and quadratic terms during model
development. The variables (linear or squared terms) with the lowest influence (lowest standardized
regression coefficient) on total water consumption were iteratively removed to produce a model with a
similar R2 value to the original but with considerably fewer input variables. Model accuracy was then
assessed on unseen data using 50-fold cross-validation. Higham et al. [28] found that the regression
model with six input variables of maximum ambient temperature, evapotranspiration, radiation,
milk solids (MS), milk volume, and whether a rotary or herringbone milking parlor was employed was
able to explain 90% of the overall variability (R2 = 0.90). Model coefficients are shown in Table 4.

Shine et al. [35] also employed MLR modeling to predict dairy water consumption; however,
they took a different approach to Higham et al. [28]. As opposed to predicting daily water consumption,
they predicted monthly water consumption data remotely monitored on 51 dairy farms throughout
the January 2014–May 2016 period in conjunction with farm details related to milk production, stock,
farm infrastructure, managerial processes, and environmental conditions. This resulted in 12 individual
regression models equations being developed (one for each month), allowing for consumption trends
throughout the year to be linearly modeled. In total, 20 dairy-farm variables were assessed for their
ability to predict dairy-farm water consumption. The subset of farm variables that maximized the
prediction accuracy of unseen water consumption was selected through application of a univariate
variable selection technique, all-subsets regression, and 10-fold cross-validation. The most accurate
MLR model configuration for water consumption prediction contained six variables: herd size,
milk production, the number of parlor units, automatic parlor washing, whether ground water was
utilized for precooling in an open-loop system, and whether water troughs were reported to contain
leaks. This MLR model was found to predict dairy direct water consumption to within 49% (RPE),
within which, through a standardized regression analysis, milk production, automatic parlor washing,
and whether winter building troughs were reported to be leaking were shown to have the largest
impacts on water consumption.
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Shine et al. [36] also looked at the potential to improve the prediction accuracy of Irish dairy-farm
direct water consumption by employing various machine-learning algorithms. Using identical data
to Shine et al. [25], Shine et al. [36] assessed the applicability of a classification and regression tree
(CART) algorithm, a random forest ensemble algorithm, an artificial neural network and a support
vector machine algorithm to predict dairy-farm water consumption. They found that the random
forest algorithm maximized the prediction accuracy of dairy-farm water consumption, resulting in an
RPE value of 38% (an improvement of 23% compared to MLR modeling). Thus, machine-learning
algorithms failed to reduce the prediction error to a useable level (less than 20%). As the dry matter
intake (DMI), live weight, and sodium intake influence cows’ drinking-water intake, it is feasible that
not considering these, along with individual farm effects (leaks, location of water troughs, etc.) and
factors that affected the production of fresh pasture, contributed to the poor prediction accuracy of
dairy-farm water consumption using machine-learning algorithms.

2.2.2. Parlor Water Prediction

Regarding parlor water demand, Higham et al. [28] built a regression model with five input
variables, including milk volume, MS, number of milkings per day, body weight, and the number of
cows per milking unit, which explained 95% of the variability (R2 = 0.95). The model’s coefficients are
shown in Table 4.

In Ontario, Canada, a balance equation for predicting parlor water consumption was developed by
combining four scientific research studies and was embedded as a component of the Ontario Ministry
of Agriculture, Food and Rural Affairs’ Nutrient Management software program [45]. The balance
equation was developed using empirical usage parameters calculated by Cuthbertson et al. [46],
House et al. [47], Robinson et al. [33], and Harner et al. [48] to linearly predict the water requirements
of six dairy-parlor processes [49]. House et al. [47] collected data on 29 dairy farms over three years
(2011–2013) and Robinson et al. [33] monitored the parlor water consumption of 17 dairy farms
throughout a 20 month period (May 2013–Dec 2014), while Cuthbertson et al. [46] surveyed 308
Ontario dairy farms and washing water volumes recorded based on supplier calculations. The Ontario
dairy-farm parlor water balance equation comprised six components, as detailed by Piquette [49]:
(1) a mandatory base washing water usage value reflecting the type of milking system (tie stall, parlor,
robotic with brush teat cleaning or robotic with water teat cleaning) multiplied by the number of
lactating cows, as developed from Cuthbertson et al. [46]; (2) a plate-cooler volume figure calculated
based on a milk-production value of 30 Lm cow−1 day−1 and 1.5 Lw Lm

−1 consumed for milk precooling,
for water not recycled within the milking parlor; (3) a bulk tank-cleaning water value based on milk
production of 30 Lm cow−1 day−1 and 0.05 Lw Lm

−1 consumed for bulk tank-washing purposes reflective
of whether the bulk tank system did or did not have a washing system (no = 0 Lw; yes = 1.5 Lw × no.
of lactating cows); (4) a parlor-wash water usage for conventional parlor milking systems (17 Lw day−1

× no. of lactating cows) and robotic farms (11 or 17 Lw day−1 (depending upon teat cleaning system) ×
no. of lactating cows); (5) a miscellaneous water usage value of 4 Lw cow−1 day−1, as recommended by
House et al. [47]; and (6) a heat abatement value of 18.5 Lw multiplied by the number of abatement
days, as calculated by Harner et al. [48]. Piquette [49] employed the Ontario dairy-farm parlor water
balance equation as part of a study aimed at calculating the water footprint of dairy farming in Eastern
Ontario. However, this system had limitations regarding its inability to estimate parlor water usage on
non-milking days and its simplistic nature, as each water usage process was included independently.
More specifically, each model component of the Ontario dairy-farm parlor water balance equation is a
separately calculated coefficient, meaning that potential relationships between the number of lactating
cows, farm processes and system infrastructure are not accounted for.

In Australia, a similar approach to that of Piquette [49] was taken by the Department of
Primary Industries (DPI) [50] using a mechanistic approach combined with empirical statistical
data, as summarized by Callinan et al. [51]. The model was developed to estimate dairy barn water
consumption, including yard cleaning, milk-cooling, parlor cleaning, cluster and platform sprays,
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milking-machine cleaning, and miscellaneous (yard sprinklers, fly mist sprays, washing ancillary
milking equipment after milking, calf-feeding equipment). This method for estimating barn
water consumption required a large amount of infrastructure data such as water pump flow rates,
washdown water-container volume, the number of days the yard was cleaned annually, the average
length of time the plate-cooler water was running per day at lactation and the number of days the
plate cooler is used annually. Although DPI [50] failed to highlight model predication accuracy figures,
this approach is an inefficient method of water consumption prediction on a large scale due to the
magnitude of input variables required for predictions.

2.2.3. Free Water Intake Prediction

To explain variances in daily FWI, variables related to environmental conditions (temperature (◦C),
precipitation (mm), evapotranspiration (mm)), dietary consumption (dietary ash content (%), dry matter
intake (DMI, kg day−1), percentage of dietary dry matter (DM%, %), protein percentage of diet (%),
sodium intake (g day−1) etc.), dairy-cow characteristics (body weight, breed, days in milk), and milking
infrastructure (rotary or herringbone milking parlor), as well as factors such as milk yield, the number
of cows per milking cluster, the number of milkings per day, grass growth, and Julian day number
have been employed. Of the literature contained in Table 4, 18 of the 22 studies developed prediction
models for dairy-cow FWI with a mean R2 value of 0.70 (range; 0.42–0.92), i.e., capable of explaining
70% of the variability of FWI of dairy cows. These studies were focused on explaining the variability
of FWI of dairy cows as opposed to developing prediction models. Thus, the accuracy (R2) values of
these MLR models were calculated using data used for the development of the MLR coefficients (seen
data). Of these, 61% (ten models) included DMI as part of the final developed MLR model, a result
linked to the very strong influence of DMI on FWI for both lactating and dry dairy cows [31,41,44].
These ten studies had a mean DMI multivariate regression coefficient value of 2.19 (range = 1.16–3.22)
suggesting that on average, a 1 kg increase in DMI results in an increase in FWI of 2.19 L.

As highlighted by Appuhamy et al. [31], DMI may not be routinely available on dairy farms for use
in predicting drinking-water consumption. Although regression models have been developed without
DMI [37,42–44], Appuhamy et al. [31] investigated the impact of excluding DMI as an independent
variable for FWI prediction for lactating and dry cows using the same set of dairy farms, as accurate
DMI data are often unavailable. Variables considered included DMI, milk production, body weight,
number of days in milk, DM%, and concentrations of sodium and potassium in diet. Regarding the FWI
of lactating cows, they developed a regression model (with DMI included) capable of predicting FWI
to within 14.4% (root-mean-square prediction error (RMSPE)). When DMI was excluded, a different
subset of prediction variables were selected (to minimize error), whereby the prediction error increased
to 17.9% (RMSPE). Regarding the FWI of dry cows, they developed a regression model (with DMI
included) capable of predicting FWI to within 12.8% (RMSPE), increasing to 15.2% when DMI was
excluded, and new subset of variables utilized. They highlighted that the regression models developed
without DMI as an input variable resulted in an increased impact of the DM% consumed, and that
DM% represents an easier metric for dairy farmers to calculate.

Of the 18 models developed for predicting the FWI of dairy cows, 12 models included milk
production (kg cow−1 day−1) as a predictive variable, whereby on average, an increase in milk
production of 1 kg cow−1 day−1 resulted in an increased FWI of 1.36 L (range = 0.60–3.15 L). Similarly,
11 models included DM% as an input variable with an average regression coefficient value of 0.53
(range = 0.23–0.97), suggesting that a 1% increase in the DM% of a cow’s diet results in an increase
in FWI of 0.53 L. These regression coefficients were calculated across multiple different time frames
ranging from less than one week [38,41] to 806 days [29], using different cow breeds across both
lactating and drying-off periods.

Higham et al. [28] utilized data related to climatic conditions, farm characteristics, and milk
production to develop regression models to predict dairy-farm drinking-water use, as shown in Table 4.
They calculated that 26% of stock drinking water was lost through leakage throughout the water
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distribution system; thus, stock drinking water was adjusted using the minimum night flow leak
estimation method [52,53]. This method subtracted an average 15 min resolution night flow water
usage (between 00:00 and 03:00 h) from the daytime stock drinking-water volumes. They suggested that
due to similar uncorrected drinking-water values being calculated in both New Zealand and Ireland,
water leakage in Ireland may be in a similar range. They found that a regression model with seven
input variables, including maximum ambient temperature, rainfall, evapotranspiration, radiation, MS,
milk volume, and number of milkings carried out per day, explained 92% of the variability (R2 = 0.92)
of corrected daily stock drinking water.

2.2.4. Dairy Water Prediction Summary

Research regarding water utilization on dairy farms has largely focused to date on modeling the
FWI of dairy cows, although research has also involved the modeling of parlor water usage and totalized
dairy water consumption. The prediction modeling methods used vary from MLR and polynomial
regression to machine-learning algorithms to quantify water consumption. The aim of modeling
the FWI of dairy cows in literature is to quantify the variability of FWI that can be explained by the
variables considered in each study, as opposed to developing prediction models. Thus, recent studies
have focused on developing models to predict dairy total, FWI, and parlor water consumption by
assessing model prediction accuracy on unseen data [28,35]. For example, Higham et al. [28] developed
prediction models using variables related the environmental conditions, milk production, and farm
practices (that could be attained on a large scale). However, their models have yet to be employed
to conduct a water analysis (i.e., to assess the impact of future weather conditions or varying farm
practices on dairy-cow FWI and/or total or parlor water consumption). However, statistical analyses
have been carried out to assess the dairy-farm variables, which have the greatest impact on dairy-farm
water consumption.

2.3. Dairy Water Analyses

Literature reports indicate that direct water consumption depends upon climatic conditions such as
precipitation, air temperature, and exposure to sunlight; factors such as milk production (drinking water
for cows in milk), percentage of dry matter intake (DMI), PHE water use and re-use; and cleaning
procedures and miscellaneous use throughout the farm [47,54,55]. Concurrently, depending upon the
farming strategies employed, concerns regarding water usage may include the sizing of boreholes,
the sizing of water pumps and piping, the electricity costs of pumping, the size of the manure storage
and the potential volume of manure to handle (wastewater used for the washing of parlor equipment
going to manure storage), the potential for the pollution of waterways, and effects on neighbors’
wells [26].

Precooling milk via water through a plate cooler may reduce milk-cooling energy requirements
by up to 50% [56,57]. However, careful consideration must be given to the financial and environmental
impact of this utilization of water, as discussed by Murphy et al. [58]. Teagasc [7] noted the imbalance
between average parlor water consumption and the cumulative consumption of precooling, hot-water,
and washdown-water usage due to different farms employing different precooling strategies.
More specifically, many dairy farmers recycle water utilized for milk precooling for yard washdown
purposes or for animal drinking water (provided the water was at an adequate bacterial level).
Concurrently, some farmers precool milk without recycling water, while others may not employ any
milk precooling strategies. As a result, the milk precooling methodology employed on a dairy farm
will impact overall parlor water consumption (as well as milk-cooling-related energy consumption)
depending upon factors such as plate-cooler water-to-milk ratio, yard wash-down hose type, the size
of the parlor, plate-cooler size, washdown water tank volume, etc.

Shine et al. [25] also conducted a detailed statistical analysis of dairy-farm direct water consumption
to determine key relationships between dairy-farm characteristics as well as potential differences
between categories of dairy farms. A correlation analysis found water consumption to be largely
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correlated with milk production, and moderately correlated with herd size and the number of lactating
cows. In comparison to correlations found with electricity consumption, Shine et al. [25] found
reduced correlation strengths for water, which suggested that water was less dependent on milk
production and stock numbers and more dependent on managerial processes, environmental conditions,
and farm infrastructure. They found that employing groundwater for milk precooling in an open-loop
system increased parlor water usage by 41% on average, compared to farms which did not precool.
More specifically, dairy farms which recycled milk precooling water had a 119% (p = 0.02) greater
washdown water consumption than those without precooling facilities. Similarly, farms which recycled
milk precooling water consumed 137% (p = 0.08) more water for washing purposes than those which
did not recycle. This suggested that although farms recycled PHE water throughout the farm, use of
this magnitude of water may be unwarranted for washdown purposes. They also suggested potential
benefits to closed-loop milk precooling systems, allowing for a greater water-to-milk ratio as water
conservation is not an issue. This would reduce milk-cooling energy use as well as reducing parlor
water consumption, as only the volume of water required for washing purposes is used.

Callinan et al. [51] conducted a statistical analysis regarding daily parlor water consumption
using surveyed parlor water consumption volumes and farm-practices information from over 1500
dairy farms. These farms were located in Victoria, Australia (regions: Gippsland, Northern Victoria,
and Southwest Victoria) and were monitored from January 2001 to February 2009. Victoria is a relatively
intensive dairy-farming region, using 53% of Australia’s irrigated land and comprising 71% of the
Australian dairy industry, putting major stress on the region’s water supplies [59]. A significance level
of 0.05 (p < 0.05 unless otherwise stated) was used throughout the statistical report to analyze water
consumption according to region, herd size, day number, dairy-parlor type, (rotary (rotating circular
milking platform), double-up herringbone and swing-over herringbone), dairy size, and yard wash
type (flood, hose, or hydrant). Rotary milking parlors are rotating circular milking platforms which
attach and detach milking cluster at each full rotation, meaning that rotary parlors can allow for farmers
to manage a large number of dairy cows at a time [60]. A double-up herringbone parlor has a milking
cluster available at each cow space with a milking line available on each side of the parlor. Swing-over
herringbone milking parlors utilize one milk-harvesting cluster between a pair of adjacent cows [60].
Callinan et al. [51] found a statistically significant positive relationship between daily water use and
herd size (p < 0.001). Concurrently, a near-significant (p = 0.07) reduction in water consumption per
cow (Lw cow−1) throughout the analysis period was calculated, highlighting the potential requirement
of day number as an explanatory variable in statistical models. Regarding the multiple Australian
regions analyzed, Callinan et al. [51] found that water use per day and water use per day per cow
(Lw day−1 cow−1) were significantly (both p < 0.001) associated with the region (Northern Victoria >

Gippsland > Southwest Victoria). Concurrently, water use per day−1 and water use per day per cow
were also significantly (both p < 0.01) associated with dairy type (rotary > swing-over herringbone >

double-up herringbone). This result was similar to that found by Higham et al. [28] whereby parlor
water usage was greater for rotary milking parlor systems when compared to herringbone systems.
Regarding the recycling of used plate-cooler water, a significantly greater proportion of farms with
swing-over parlors recycled plate-cooler water compared to farms with rotary and double-up parlors.
Finally, regarding yard washdown, Gippsland had significantly more farms that employed hoses for
yard washdown compared to the Northern or Southwest farms, while farms which had rotary parlors
had significantly more flood yard washdown systems than double-up or swing-over.

Khan et al. [59] reported on historical trends and future prospects of the water use on Australian
dairy farms. Khan et al. [59] highlighted growing pastures, dairy shed operations, and cattle drinking
water as the three main components of dairy-farm water use in Australia; however, the proportions
may vary according to precipitation influencing the requirement for irrigation. Khan et al. [59] reported
a value between 2.5 and 8.5 million liters of water required to sustain pasture growth and dairy-farm
operations per cow per year (assuming industrial milk production of 5231 L per cow per year),
highlighting the need to plan for a future with less water availability due to climate change.
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It is clear that an ample body of literature focusing on the analysis of water consumption on dairy
farms is available. Both studies of Callinan et al. [51] and Shine et al. [25] found statistically significant
relationships between dairy-farm water consumption and infrastructural equipment. However,
as dairy-farming practices and environmental conditions vary from country to country, a similar
research methodology statistically assessing water utilization on dairy farms internationally is required
to further understand the factors that impact dairy-farm water consumption. These analyses are highly
beneficial to quantifying the volumetric impact associated with particular water-system technologies.

3. Discussion and Perspective

The monitoring of dairy-farm water consumption is well documented throughout the literature,
as presented in this review article. However, comparisons between cognate studies can be difficult
when equivalent KPIs and prediction accuracy metrics are not used. For example, when reporting
dairy water monitoring research results, the most common KPI is Lw cow−1 day−1. However, results in
Lw cow−1 day−1 cannot easily be compared to results of other studies that report consumption in terms
of water usage per liter of water, kg−1 FPCM, kg−1 ECM, and kg milk. Concurrently, it is difficult
to compare the latter set of usage consumption metrics with each other without the reporting of fat
and protein percentage values of the milk production to allow for an effective comparison between
international studies. It is clear that the reporting of dairy water consumption in literature should be
done so in a comprehensive manner to allow for the easy comparison between studies in the domain.
In the absence of studies of specific milk fat and protein values, country-/region-specific values reported
by the FAO may be a suitable replacement [24].

Some studies, such as Murphy et al. [15], have calculated water-footprint figures by utilizing a
relatively small sample of dairy farms compared to cognate studies (24 dairy farms). For example,
Ridoutt et al. [61] calculated the water footprint of dairy farming in Australia using a sample of
75 dairy farms, while and Zonderland-Thomassen et al. [23] utilized 167 dairy farms to calculate
the water footprint of dairy farms in New Zealand. However, both Ridoutt et al. [61] and
Zonderland-Thomassen et al. [23] calculated stock drinking- and milking-shed water requirements
based upon averaged values calculated in benchmark studies [51,62], as opposed to physical metering
of on-farm direct water consumption as was carried out by Murphy et al. [15]. This underscores
the importance and potential usefulness of developing dairy water prediction models, as these
models complement water-footprinting studies by offering a means to estimate direct on-farm water
consumption, mitigating the need of high capital investment for the purchasing, installation, and
maintenance of metering equipment. However, when establishing research methodologies, researchers
must consider balancing the number of farms to be included in a particular study and the accuracy of
the data collected for analysis. More specifically, researchers must consider either analyzing a large
number of farms using estimated data (generated using modeling methods) or analyzing a small
number of farms using accurate data (collected using metering equipment). Researchers may also
consider the option of acquiring accurate consumption data for a small number of farms representative
of a larger dairy farm population in order to develop a model which can in turn be used to predict
on-farm direct dairy water consumption. This model may then be utilized for estimating direct on-farm
water usage values, and inputted to water-footprinting studies of the larger population.

Numerous prediction and analysis methodologies have been employed to predict dairy-farm direct
water consumption. The development of prediction models to predict dairy-farm water consumption
has generally separated FWI and parlor water usage, using monitored consumption data for either a
single or a number of dairy farms. However, with the exception of Higham et al. [28], studies using the
calculation of MLR equations to predict FWI have focused on understanding the variances in FWI
as opposed to developing models for predicting later FWI. Thus, R2 values are calculated based on
observed data (i.e., the same data used to derive model coefficients). Although useful for determining
the variance of FWI due to particular variables (such as DMI, MY, etc.), presenting R2 values of
predictions made using observed data may lead to greatly overestimating future prediction accuracy.
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More recently, the development of models to predict dairy water consumption has moved towards
developing prediction models utilizing “easily attainable” farm variables that may be collected on
a large scale without the use of specialized equipment [28,31,35,36]. Careful consideration must
be given when developing empirical models, as researchers run the risk of overestimating their
prediction accuracy. To reduce the risk of overestimating prediction accuracy, techniques such as
k-fold cross-validation are generally employed throughout the literature to estimate models’ prediction
capability on unseen data.

Balancing coarse input variables with acceptable prediction accuracy is difficult when using
standard regression methods such as MLR. Thus, current work in this domain has applied
machine-learning algorithms to improve the prediction accuracy when compared to state-of-the-art
MLR modeling methods. However, further improvement is required to achieve greater prediction
accuracies that would ensure confidence in and usefulness of model outputs prior to their adoption.
Further work may look towards applying a larger range of machine-learning algorithms to dairy-farm
direct water consumption data collected internationally, potentially using deep-learning algorithms
if/when applicable (large numbers of data points would be required). Concurrently, the development of
a global database containing international dairy water consumption figures and descriptive variables
could be developed, and models built to generate a global dairy water model. If such a model were to
be developed, each country would need to select a cohort of dairy farms that are representative of the
country’s dairy-farm demographic. These farms’ water consumption levels could then be monitored in
conjunction with farm characteristics, managerial strategies, and environmental data, and all collected
data shared to a central database for model development. This would greatly reduce any financial
cost associated with calculating the water consumption of dairy farms globally, as well as offering a
means for international comparison. In conjunction with national surveys carried out throughout each
country (to collect data required for water models), such a model would offer countries the opportunity
to continually monitor dairy water consumption per liter of milk while also assessing the continual
impact of various strategies aimed at reducing water use on dairy farms.

4. Conclusions

Scientific studies related to the use of water on dairy farms were identified and reviewed with
respect to water monitoring, modeling, and analysis, placing a specific focus on studies related to
on-farm total water usage, parlor usage, and free water intake (FWI) (e.g., cow drinking water).
From reviewing the literature, it is clear that further studies focusing on water consumption within the
milking parlor are required internationally. Additionally, future studies should consider the following
three points to ensure best practice:

1. When monitoring of on-farm water use is carried out, monitoring equipment should be installed
on each of the main water-consuming processes (i.e., sub-metered) to allow each component to be
analyzed independently, in order to provide a greater understanding of the processes that have
the greatest impact on direct on-farm water use.

2. When calculating key performance indicators, multiple units should be reported to improve their
interpretation and ensure they can easily be included in cognate studies. This would reduce
rounding and/or transformation errors when calculating key performance indicators across the
literature. At a minimum, study-specific milk fat and protein percentage values should be
reported to allow for their conversion to any key performance indicator.

3. When developing empirical prediction models, a cohort of study farms should be selected to
represent the overall population of a region/country (based on which future predictions will be
made). As much as possible, this cohort should cover the range and distribution of farm sizes,
different infrastructural equipment employed, and managerial procedures used while being
equally distributed throughout the region.
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Considering these three points will help to futureproof studies in the dairy water domain and
to ensure more robust analyses, with easily transferrable results that may be compared with those
of future cognate studies. Additionally, increasing our understanding of dairy water consumption
through statistical analyses and empirical modeling will yield an increased confidence in predictions,
improving the attractiveness of empirical models as an alternative to physical metering. As well
as removing time and monetary requirements associated with the physical metering of water use,
these models may also offer a virtual environment whereby nonlinear impacts of changes to farm
practices and equipment on dairy water use may be quantified and used by researchers, farmers,
and/or policy-makers when making decisions related to dairy water consumption internationally.
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Appendix A

A range of usage metrics relating to milk analyses are utilized throughout the dairy water
consumption literature. These include: liters of milk (Lm), kilograms of milk (kgm) (Equation (A1)),
fat- and protein-corrected milk (FPCM) (Equation (A2)) [63], and energy-corrected milk (ECM)
(Equation (A3)) [64]. The units of FPCM and ECM are commonly utilized for international comparisons
as this ensures a fair evaluation between farms with different breeds or feed regimes [63]. However,
studies utilizing different usage metrics may be compared through reporting of milk data variables
such as the mean percentage of fat (% or g/kg), the percentage of protein (% or g/kg), and/or the amount
of lactose (g/kg), depending on the key performance indicator required.

kgm = Lm x (milk density) (A1)

FPCM = kgm x ((0.1226 x %Fat) + (0.0776 x %Protein) + 0.2534) kg (A2)

ECM = Lm x
((0.383 x %Fat) + (0.242 x %Protein) + 0.7832)

3.1138
kg (A3)

where milk density equals 1.03 kg per liter of milk, Lm is the volume of milk in liters, %Fat is the
percentage of fat in milk, and %Protein is the percentage of protein in milk.
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