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Dairy farming sustainability:
development of an integrated
multi-dimensional framework

Nicola Maria Palladini , Serena Bonizzi *,
Anna Alfea Sandrucci , Alberto Tamburini ,
Giorgio Ragaglini and Luciana Bava

Dipartimento di Scienze Agrarie e Ambientali, Università degli Studi di Milano, Milano, Italy
Sustainability assessment in dairy farming requires approaches capable of simulta-

neously capturing environmental, social, and economic factors. This pilot study

tested the applicability of a multi-dimensional framework for dairy farm sustain-

ability assessment, applied to a set of case-study farms. Agroecosystem services

(AES) were evaluated using the Agroecosystem Service Capacity Index, adapted to

intensive production context; plant biodiversity was assessed through the Shannon

diversity index; socio-economic aspects were analyzed following the guidelines of

the Public Goods Tool, and environmental impacts were quantified through Life

Cycle Assessment (LCA). Grassland and semi-natural vegetation provided the

highest contributions to biodiversity and regulating services, whereas arable land

mainly contributed to provisioning services. Arable land and grassland emerged as

the main drivers of AES capacity. Dairy efficiency was associated with improved

economic performance without reducing landscape and heritage valuewhile social

capital and water management emerged as critical aspects across farms.

Environmental impacts expressed per hectare were positively related to AES

provision, whereas the opposite trend was observed when impacts were expressed

per unit of milk. Results suggest that careful management of marginal areas and

grassland may support biodiversity and ecosystem regulating services without

compromising productivity or profitability. Although based on a limited number

of case-study farms, this study demonstrates the feasibility of an integrated

methodological approach for jointly analyzing environmental, social, and ecosys-

tem-service indicators at the farm level, enabling cross-dimensional comparison

and providing a basis for future validation and decision-support applications.

KEYWORDS

biodiversity, dairy farming systems, ecosystem services, life cycle assessment, socio-
economic dimensions
1 Introduction

Interest in environmental sustainability has grown steadily in recent years. Among the

sectors receiving the most attention is livestock production, especially ruminant systems,

which are often subject to public criticism.

At the same time, ruminant farms play a key role in rural landscapes and local

economies. Grassland-based farming systems help preserve cultural landscapes and food

heritage, while contributing to air and water quality, climate regulation, and biodiversity
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fanim.2026.1798403/full
https://www.frontiersin.org/articles/10.3389/fanim.2026.1798403/full
https://www.frontiersin.org/articles/10.3389/fanim.2026.1798403/full
https://orcid.org/0009-0004-1766-488X
https://orcid.org/0000-0001-5477-0340
https://orcid.org/0000-0002-1014-0088
https://orcid.org/0000-0002-3371-6254
https://orcid.org/0000-0003-4072-089X
https://orcid.org/0000-0001-6521-3195
https://www.frontiersin.org/journals/animal-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fanim.2026.1798403&domain=pdf&date_stamp=2026-05-19
mailto:serena.bonizzi@unimi.it
https://doi.org/10.3389/fanim.2026.1798403
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/animal-science#editorial-board
https://www.frontiersin.org/journals/animal-science#editorial-board
https://doi.org/10.3389/fanim.2026.1798403
https://www.frontiersin.org/journals/animal-science


Palladini et al. 10.3389/fanim.2026.1798403
conservation (Dumont et al., 2019). Moreover, farms contribute to

provisioning services (Augstburger et al., 2019), particularly in

intensive systems. Conversely, livestock systems generate disser-

vices and negative externalities such as habitat loss, nutrient

leaching and runoff, GHG emissions, and other environmental

impacts (Shackleton et al., 2016; Biagetti et al.,2023; Dumont

et al., 2019).

The main challenge is therefore to identify management prac-

tices capable of reconciling the different pillars of sustainability:

environmental, social, productive, and economic (Wattiaux, 2023).

The environmental impact of agricultural products is widely

assessed through the Life Cycle Assessment (LCA) approach, an

internationally recognized methodology regulated by ISO standards

and broadly accepted at the global level. LCA evaluates environ-

mental impacts in relation to production efficiency and therefore

follows a framework typical of environmental economics (Biagetti

et al., 2023). However, the LCA approach mainly captures negative

environmental impacts and provides only a partial assessment of

sustainability due to methodological limitations (Cruz-Rivero et al.,

2025). In particular, ecosystem services, such as biodiversity, are

often not integrated into LCA, especially in livestock systems

(Sooriya Patabendige and Uddin, 2025).

Among the services provided by farms, those related to the

environment, land and society are generally considered under the

broader category of Ecosystem Services (ES) i.e., the benefits people

obtain from ecosystems. These include provisioning services, such

as food and water; regulating services, such as regulation of floods,

drought, land degradation, and disease; supporting services, such as

soil formation and nutrient cycling; and cultural services such as

recreational, spiritual, religious and other non-material benefits

(Millennium Ecosystem Assessment, 2005).

Human demands for ecosystems and the need for institutional

support are expected to increase in the coming years, driven by

rising consumption of biological and physical resources, as well as

escalating impacts on ecosystems and the services they provide

(Millennium Ecosystem Assessment, 2005; Zabala et al., 2021).

Consequently, the analysis of ecosystem services (ES) has become

a key component in the sustainability assessment of policy options

and technological solutions (Othoniel et al., 2016).

The classical approach to ES has focused on economic valua-

tion, traditionally conducted at territorial scale to inform environ-

mental policies (Ignatyeva et al., 2022). However, this top-down

perspective may fail to capture the specific contributions of agri-

cultural systems to ecosystem functions, as it does not explicitly

account for farm-level management practices, land-use heteroge-

neity, and marginal or semi-natural elements within farms.

An alternative approach involves narrowing the scale of analysis

to the farm level, thus enabling direct assessment of Agroecosystem

Services (AES) and comparisons across farms. In this context, the

farm is considered an “agroecosystem”: an anthropized system

shaped and managed by human activity (Zabala et al., 2021).

Agroecosystem Services (AES) are determined by the interac-

tion between ecosystem functions and human agricultural practices,

with both positive and negative effects, scale effects, trade-offs and

synergies (Liu et al., 2022). Most agroecosystem components are

shaped, either totally or partly, by human management, while some
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natural components such as shrubs, herbivores, predators, micro-

organisms, and other organisms are retained. These components

play an important role in the maintenance of the productivity and

stability of agroecosystems. Therefore, the agroecosystem can be

seen as a semi-natural ecosystem that has characteristics of both

natural and artificial ecosystems and aims to achieve agricultural

production under the joint control of humans and nature (Liu

et al., 2022).

Several methods exist to quantify ES. A widely applied matrix-

based approach uses land cover classes as the basis for assigning and

scoring services. Indicators can then be defined and quantified

through biophysical measurements (Burkhard et al., 2009;

Campagne et al., 2020).

To have a comprehensive understanding of sustainability, it is

essential to evaluate not only environmental, but also social and

economic pillars. Understanding the relationship between different

aspects of sustainability and the factors that influence them repre-

sents both a challenge and an opportunity. Sustainable agriculture is

an “integrated system of plant and animal production practices

having a site-specific application that will, over the long term: (a)

satisfy human food and fiber needs; (b) enhance environmental

quality; (c) make efficient use of non-renewable and on-farm

resources integrating appropriate natural biological cycles and

controls; (d) sustain the economic viability of farm operations;

and (e) enhance the quality of life for farmers and society as a

whole” (Velten et al., 2015).

Many studies aim to integrate the different dimensions of the

sustainability pillars into comprehensive assessment tools. Among

these, the DEXi software is a multi-attribute decision-making tool

based on qualitative attributes expressed through categorical scales

(e.g., “low”, “medium”, “high”). This model integrates farm man-

agement practices, environmental impacts derived from LCA as-

sessments, and economic and social indicators (Wilfart et al., 2023).

However, as noted by the authors, a key limitation of this approach

is the need for large and detailed datasets, as well as the inclusion of

panel data analyzes, which restricts its applicability at a

broader scale.

Another integrative approach was developed by Hörtenhuber

et al. (2025), combining LCA impact categories with animal health

indicators and economic outcomes. The resulting set of indicators

was used to cluster dairy farms, enabling both benchmarking and a

more in-depth exploration of sustainability patterns across different

farm types. A major limitation of this tool is the absence of social

sustainability dimensions and the lack of a standardized scoring

system for overall farm performance.

Despite these advances, there is still a lack of integrated,

operational frameworks capable of jointly assessing environmental

impacts, agroecosystem services, and socio-economic dimensions at

the farm level under real production conditions.

In this study, sustainability is addressed through an integrated

assessment of environmental, economic, and social dimensions.

Agroecosystem services are considered as functional components of

the environmental dimension, capturing ecosystem capacity and

management-related effects not represented by Life Cycle

Assessment, while productive performance is treated as a key

driver influencing all dimensions rather than as an independent
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sustainability dimension. The objective of this pilot study was to test

the applicability of objective and quantifiable methodologies for

assessing dairy farm sustainability through an integrated analysis of

environmental impacts, agroecosystem services, and socio-eco-

nomic dimensions. By applying the framework to four case-study

farms in Northern Italy, the research aimed to evaluate the

feasibility of a methodological approach that can support future

applications in different farming contexts.
2 Materials and methods

This study was conducted on four dairy farms in Lombardy,

Northern Italy, selected to represent differences in size and man-

agement practices, all located in the region. Three farms operated

under intensive systems (without pasture, using silages and con-

centrates in the ration), while one was managed according to

organic rules. In all farms, lactating cows were kept indoors with

cubicles year-round. The limited number of farms reflects the pilot

and exploratory nature of the study, which aimed to test the

applicability of an integrated framework combining environmental,

social, and economic dimensions with agroecosystem ser-

vice assessment.

2.1 Evaluation of agroecosystem services

Agroecosystem services were evaluated using the Agroecosystem

Service Capacity Index (ASCI; Augstburger et al., 2019), which is

based on a land-cover-class approach, adapted to the intensive

production system (Appendix A). The adaptation was required to

ensure the applicability of the index to indoor-based dairy systems

characterized by high productivity and limited grazing. The adapta-

tion of the original ASCI framework to intensive dairy systems was

based on literature evidence and expert-based adjustments to reflect

high-input production conditions.

For each land cover class (LCC) the Agroecosystem Service

Capacity (ASC) was calculated according to the following equation:

ASCi = (
Si + Ni

2
)*Ai

where A is the share of a specific land cover class i within the

farm Utilized Agricultural Area (UAA), while N and S represent,

respectively, the number of services provided and the strength of

service provision associated with land cover class i. The four LCC

categories considered in this study are:

1. Structures: all buildings belonging to the farm, serving as

farm residence and labor and management buildings,

animal housing, milking facilities, feed and nutrition struc-

tures, water supply systems, waste management systems and

their infrastructure (paddocks, roadways and loading dock,

power supply and backup generators).

2. Natural vegetation: indigenous or naturally occurring plants

that grow without direct human intervention. This includes

grass, shrubs, trees, and other plants native to the region or

naturally adapted. In a farm, natural vegetation can exist in
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uncultivated areas such as field margins, pastures, river-

banks, forest patches, and hedgerows.

3. Semi-natural vegetation: plant communities that developed

under a mix of natural growth and human influence. These

areas are not entirely wild but have not been completely

cultivated. They often arise from past land use (like grazing)

and are maintained by low-intensity practices or natu-

ral regeneration.

4. Grassland: crops that do not require replanting after each

harvest and continue to produce yields for several years

(permanent and semi-permanent meadows and pastures).

These crops are typically grown to provide long-term

sources of feed for dairy animals or to support the overall

sustainability of the farm.

5. Arable crops: crops that are grown on land that is plowed or

tilled regularly. These are usually annual crops, meaning

they complete their life cycle in one growing season and

must be replanted each year, with the exception of some

forage species such as Medicago sativa, which is perennial

but included in crop rotation and replanted after some years.

The steps developed to assess the ASC were mapping, ques-

tionnaire and biodiversity assessment.

2.1.1 Mapping

Farm dossiers (legally required documents, DPR 503, 1999) and

cadastral maps were used for mapping the different areas of the

farm. The dossier divided the farm’s surface in LCC and the areas of

these classes were identified with arable crops, grassland, natural

and semi-natural areas, structures (building, shelters, houses). Land

cover classes were identified and mapped using Geographic

Information System (GIS) data.

2.1.2 Questionnaire

A questionnaire was administered to farmers to gather informa-

tion on: farm characteristics, management of animals and land cover

classes. The first part of the questionnaire focused on general farm

data: milk production, herd size, UAA, feed rations, purchased and

self-produced feed, subsidies, market channels, secondary activities,

implementation of recommended practices (Augstburger et al, 2019),

educational and social activities.

The second part included specific questions to assign to each

LCC the number and the strength of service they could provide

based on: yield, seed production, timber production, fuel and energy

production, water and irrigation, signs of wind or water erosion, soil

fertility, tillage and soil processing, crop varieties.

An informed consent to participate in the study was obtained

from all the farmers. Data were stored anonymously, in agreement

with the EU General Data Protection Regulation (GDPR).

2.1.3 Biodiversity assessment

Vegetation biodiversity was assessed on each farm using the

Shannon Index (Dusěk and Popelková, 2017) calculated for each

land cover class (LCC).
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ShI = −o
m

i=1
Pi log Pi 

Where:

m = number of the categories studied (e.g. land cover class).

Pi = proportion of i-th floristic category in the total

area: Bi

om
i=1Bi

Bi = surface area of i-th category.

For each land cover class, a set of sampling areas were identified

from the georeferenced land use maps. Different sampling method

were adopted according to the land cover class: herbaceous cover,

fields or homogeneous vegetation (arable crops, grassland as per-

manent and semi-permanent meadows, uncultivated areas without

shrubs), vegetation belts, edge areas, identified as linear elements

characterized by mixed vegetation, trees and/or shrubs and/or

grasses and forests, tree-planted areas with or without cutting and

management plans. For all LCCs, only one sampling campaign was

carried out at the beginning of the season, in late spring 2023 (from

April to June) during the growing season, in order to identify the

largest number of species present; in natural state before any human

environmental perturbance (e.g. grass cutting grazing). This single-

season sampling reflects the exploratory nature of the study and

does not capture inter-annual variability. Sampling effort was

standardized across farms and land cover classes to ensure compa-

rability of biodiversity estimates.

2.1.3.1 Herbaceous cover

A 1m2 square was sampled at three locations along the diagonal

of the field: at the beginning, middle, and end; the number of

individuals for each species present within the sampling square was

counted. The value for the biodiversity estimate was the average of

the three squares.

2.1.3.2 Vegetation strips

All trees present and shrubs (for each species) within the land

cover class were counted. Additionally, a 1 m2 square was sampled

at three locations (at the beginning of the area, in the middle and at

the end) to assess the herbaceous cover. An estimate of the total

number of individuals of the herbaceous species (from the average

of the three sampled squares) and the total number of tree species

was used for the biodiversity calculation.

2.1.3.3 Forests

Two 10 x 10 m squares were sampled and the individuals for

each species present were counted. The average value was used to

calculate biodiversity.

2.1.4 Agroecosystem service capacity index

Collected data were used to assign scores (1-5) to four service

categories: supporting services (biodiversity), provisioning (food
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crops, wild foods, livestock, fodder, seed, timber, wood fuel,

biochemical medicine, fertilizers and soil improvers, energy, fresh-

water), regulating (local climate regulation, erosion regulation,

nutrient regulation, water regulation, pollination, biological con-

trol), and cultural (knowledge systems, analyzed at farm level, and

cultural heritage and diversity, analyzed at land cover class level).

For each category relevant services were identified and correspond-

ing indices were defined based on scientific literature, national

reference values, and expert-based adjustments to reflect intensive

dairy conditions Scores were assigned using predefined thresholds

(Appendix A). To reduce subjectivity, scoring criteria were defined

a priori and consistently applied across all farms.

Quantitative and qualitative (score-based) indices were selected

for each agroecosystem service, calibrated to capture variability

among intensive dairy farms.

All indices, including those derived from literature and those newly

created, are described in Appendix A which provides detailed scoring

methods and references, to ensure transparency and reproducibility.

The scores assigned to each LCC were arranged in a matrix

(Augstburger et al, 2019) for the computation of the Agroecosystem

Service Capacity (ASC), considering the area occupied, the number of

provided services, and the strength of these services of each LCC. The

ASC was calculated according the following the formula:

ASC = ½(number   of   services   provided  �   5)=total   number   of   services�   +½oi
n=1(AES   scorei=AES

i
1)=2)�

� �

� % LCCi   area

The sum ASCI for each farm was calculated as the sum of ASC

values across all LCCs:

ASCI =oASCi

2.1.5 Evaluation of social and economic indices

Indices to monitor social sustainability and economic perfor-

mance were developed using data collected through questionnaires.

Both quantitative and qualitative information were collected from

farmers to assess the quality of life and services they can access and

social and economic benefits the farm provides to society. The

macro-categories included: economic performance (income and

costs), food security (in terms of food/feed supply), social capital

(job offer and employment), landscape and heritage (historical

value and harmony with the environment), resilience (in terms of

actual and future survival) and water management (in terms of use

and efficiency of water use). Each category was composed by

different declarations or indices (Qualitative and quantitative) to

which it was assigned a score from 1 to 5, the average value was the

final score of the social macro-category.

The evaluation was carried out following the guidelines of the

Public Goods tool (PG tool; Gerrard et al., 2011), adapted to the

intensive farm context, through the inclusion of additional ques-

tions and indicators and the selection of the most representative

relation between farms and territory integration of the farm in the

specific territory aimed at capturing the relationship between farms

and their territorial context (Appendix B).
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2.1.6 Environmental impact

The assessment of environmental impacts of milk production

was performed through LCA method considering climate change,

land use and land use change, eutrophication, fossil resource use,

and water use. Inventory data, such as herd, feed rations compo-

sition and amount of purchased and self-produced feed, were

obtained from the questionnaire.

The functional unit (FU) was 1 kg of Fat and Protein Corrected

Milk (FPCM) calculated following International Dairy Federation

(2010) formula:

FPCM  
kg
yr

� �
=   production  

kg
yr

� �
�   (0:1226  �   fat%  

+   0:0776  �   true   protein%+0:2534)

Allocation between milk and meat was performed by using a

physical method (International Dairy Federation, 2010).

Impacts were also expressed per unit of farm area (1 m2) to

enable comparison between production efficiency and land-based

environmental pressures.

System boundaries were set from cradle to farm gate. On-farm

emissions were calculated according to (IPCC guidelines 2019a, b)

with more detailed information available in Rota Graziosi et al.

(2022). The emissions related to off-farm activities (e.g., purchased

feed inputs) were modelled using background data from Ecoinvent

V3.8,(2021) and Agri-footprint V6(2022) databases.

Direct LUCwas included in the assessment of soybeanmeal impact

as reported by the Agri-Footprint database (Blonk Consultants, 2022).

Life cycle impact assessment was performed with Simapro software by
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using Environmental Footprint 3.1 V1.01. Differences between biogenic

and fossil methane were taken into account.

Selected impact categories were included in the integrated

framework based on their relevance for dairy production sys-

tems, their sensitivity to management practices, and data avail-

ability. Due to the exploratory nature of the study, uncertainty

analysis was not performed, and results should be interpreted

as indicative.

2.1.7 Interaction among the different dimensions
of sustainability

In order to provide evidence on the interrelationship among the

different sustainability dimensions, an observational scoring system

was applied to selected farm-level variables. A five-point scale (1 - 5)

where 1 represents the lowest and 5 the highest performance, was

used to harmonize variables expressed in different units and enable

comparative analysis, using the formula below.

6 − ½1 + (x −min)� (5 − 1)�=(max −min)

The variables included: the ASCI index that synthesized the

AES; the average of PGtool scores as an indication of economic and

social sustainability; climate change impact per unit of milk; climate

change and climate change for land use change and eutrophication

impacts expressed per unit of area, and production efficiency

indicators (milk production and dairy efficiency). This approach

allowed cross-farm comparison of integrated sustainability perfor-

mance and the exploratory identification of potential trade-offs and

synergies among sustainability dimensions, which should be inter-

preted as preliminary patterns requiring further validation.
TABLE 1 Farm characteristics and land distribution.

Unit Farm 1 Farm 2 Farm 3 Farm 4

Cowsa (n) 160 91 504 154

Individual milkb (kg FPCM/d) 35.5 30.5 29.4 16.2

Milk yield (t FPCM/ha) 37.7 13.9 19.6 7.61

Dairy Efficiencyc index 1.32 1.23 1.2 0.85

Feed self-sufficiencyd (%) 53.3 42.8 57.3 88.6

Total area (ha) 66 51 290 159

UAAe (ha) 48 58 270 134

LSU/UAAf 5.58 3.45 3.5 2.12

Arable land (%) 79 88 53 42

Grasslandg (%) 8 0 40 55

Semi-naturalg (%) 3 6 4 2

Naturalg (%) 4 0 0 0

Structuresg (%) 6 5 4 1
a = lactating cows.
b = Fat and Protein Corrected Milk (FPCM)/d assuming 305-day lactation.
c = kg FPCM per kg dry matter intake (DMI).
d = Percentage of self-produced feeds.
e = Utilized Agricultural Area.
f = Livestock Units per UAA.
g= Grassland, >1 year (e.g., permanent meadows, lucerne).
g = Land cover classes.
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3 Results

Three farms were managed as high-input indoor systems

(without pasture, based on silages and concentrates), while the

organic farm, although also keeping lactating cows indoors year-

round, allowed dry cows to graze and, thanks to its larger land

availability, provided a forage-rich ration compared with the other

farms. All four farms relied on substantial external inputs such as

purchased feed, labor, and energy. Table 1 summarizes the main

structural, productive, and land-use characteristics of the four case-

study farms, highlighting variability in herd size, land availability,

and stocking intensity that characterizes the analyzed systems. On

average, the farms housed 227 ± 187 lactating cows, producing 27
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± 7 kg/d per cow of FPCM, indicating marked heterogeneity among

farms. The total farm area was on average 142 ± 110 ha, with 128

± 102 ha of UAA, conforming a wide variability in farm size and

land availability. All results are based on descriptive and observa-

tional analysis.
3.1 Agroecosystem services

The average scores for the four service categories (biodiversity,

provisioning, regulating, and cultural) are shown in Figure 1. The

score represents the average value of the services provided by each

LCC within a farm, grouped by service category. These scores

indicate the contribution of different service categories provided
FIGURE 1

Average scores of agroecosystem service categories (biodiversity, provisioning services, regulating services, cultural services) for each analyzed farm.
FIGURE 2

Contribution of each land cover class to agroecosystem services.
frontiersin.org

https://doi.org/10.3389/fanim.2026.1798403
https://www.frontiersin.org/journals/animal-science
https://www.frontiersin.org


Palladini et al. 10.3389/fanim.2026.1798403
by each farm, expressed in absolute values (i.e., without weighting

by land cover class area) and therefore reflect the intrinsic capacity

of each land cover class to provide services rather than their

quantitative contribution at farm scale.

Farm 2 had the highest score for cultural and regulating

services, while Farm 1 and 2 exhibited the highest values for

provisioning services. Farm 4 showed the highest biodiversity

service score. These differences reflect contrasting land-use com-

positions and management contexts among the analyzed farms.

Figure 2 highlights the contribution of the different land cover

classes to agroecosystem services, emphasizing the functional role of

natural and semi-natural elements within the farm context.

Natural and semi-natural vegetation were the main contributors

of regulating services, arable crops contributed most to provisioning

services, and semi-natural elements (e.g., ditches, riparian strips)

and grasslands supported biodiversity.

Figure 3 shows the total ASCI for each farm along with the

specific contribution (ASCi value) of each LCC (arable crops,

grassland, semi-natural vegetation, natural vegetation and struc-

tures of the farm) to the overall index. Farm 4 showed the highest

total ASCI value (2.01), largely due to the contribution of grassland

(1.25). The total ASCI values for farms 1, 2, 3 were 1.77, 1.85 and

1.83, respectively, but with markedly different LCC contributions.

For example, farm 2 showed stronger contribution from arable land

(1.61) and semi-natural vegetation (0.15). Figure 3 shows that
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similar total ASCI values may arise from different combinations

of land cover classes, underlining the configurational nature of

agroecosystem service provision in the analyzed farms.

Focusing on biodiversity services, Table 2 reports average

Shannon index values by land cover class, supporting a comparative

interpretation of plant diversity across managed and semi-natural

elements. The average Shannon index value, calculated across land

cover class (LCC) macro-categories, provides a comparative over-

view of biodiversity across LCCs with different levels of manage-

ment intensity.

Semi-natural vegetation and grassland were the most species-

rich land cover classes and, consequently, showed the highest plant

diversity values. Among LCC, ditches provided the highest vegeta-

tion biodiversity (Shannon index). These results refer exclusively to

vascular plant diversity and represent a snapshot based on a single

sampling campaign.

In total, 44 plant families were identified. The most represen-

tative were Poaceae (18%) and Asteraceae (11%) while a large

proportion of the families fell into the “Other” category each

contributing a limited percentage (33% overall). Figure 4 summa-

rizes the relative abundance of plant families across the surveyed

farms, providing compositional context to the biodiversity indica-

tors reported above.

Analyzing family distribution across land cover classes

(Appendix B) distinct patterns emerge: ditches hosted 28 families

showing a prevalence of Asteraceae (14.5%); riparian and unculti-

vated strips contained 38 different families dominated by Poaceae

(17%) with a range of 16.5%; grasslands supported 15 different

families with a strong prevalence of Poaceae (32%), with a range of

32.1%; planted forest had 16 families and a prevalence of Fabaceae

(13.6%), with a range of 9.1%; natural forests hosted 16 families

with prevalence of Asteraceae, Betulaceae, Rosaceae (each contrib-

uting 10.5%), with a range of 5.3%. These results highlight differ-

ences in plant taxonomic composition across land cover classes.

3.2 Social and economic indices of
sustainability

Social and economic sustainability, evaluated through the

adapted PGTool, varied considerably across the four case-study
FIGURE 3

Agroecosystem capacity index (ASCI) and its composition in terms of land cover class contributions of analyzed farms.
TABLE 2 Average Shannon index across land cover classes.

Land cover class Shannon index

Arable Crops 0.21

Natural vegetation 0.79

Forest 0.79

Grassland 0.82

Semi-natural vegetation 0.83

Riparian and uncultivated strips 0.83

Planted forest 0.74

Ditches 0.92
Bold values highlights the main Land Cover Class categories.
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farms. Figure 5 provides a comparative visual representation of

social and economic indicators, allowing qualitative identification

of strengths and weaknesses across farms. Food/feed security was

maximized in farm 4, the organic farm, due to the contribution of

self-produced forage. Economic performance had the highest score

in farm 1 and 3, the farms linked to greater dairy efficiency and

resilience and in farm 4, for the plus value of the milk from organic

management. Social capital, that considered job offer and employ-

ment, and landscape and cultural heritage were maximized in farm
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1. Water management scores were generally low except for farm 2,

which exhibited higher values associated with groundwater re-

sources and the presence of an efficient irrigation system.

3.3 Environmental impact

Annual environmental impact values are shown in Table 3.

Impacts were calculated both per kg of FPCM and per unit of UAA

(m2), reflecting two complementary perspectives on environmental
FIGURE 4

Distribution of plant families identified in the surveyed farms.
FIGURE 5

Radar charts of social and economic indicators across farms.
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performance related respectively to production efficiency and

land occupation.

For the climate change impact category, farm 1, which showed

the lowest impact value per kg of milk (1.37 kg CO2 eq/kg FPCM),

had the highest impact value per area (6.11 kg CO2 eq/m2).

Conversely, farm 3 showed the highest values per kg milk

(1.87 kg CO2 eq/kg FPCM) and the lowest per area (1.18 kg CO2

eq/m2). Farm 4 had the highest fossil-related Climate Change and

Resource use per kg FPCM, while farm 3 had no impact in terms of

Climate Change for land use mainly due to the use of organic

soybean meal and concentrate feed produced in Italy.

Considering the impact categories expressed for unit of area,

Farm 1 had the highest values while Farm 3 the lowest. These

differences were associated with contrasting land-use patterns, as

Farm 1 and Farm 3 were the farms with the lowest and the highest

share of arable land compared to the others. For the water use

categories, farms 2 and 4 showed very similar results. Table 3

summarizes the environmental impact results across categories and
Frontiers in Animal Science 09
functional units, highlighting how farm performance varies de-

pending on whether impacts are expressed per unit of product or

per unit of land.

Figure 6 shows, for each farm, the Climate change impact

expressed as kg of CO2 eq per kg FPCM (upper panel) and perm2

of UAA (lower panel), disaggregated by contributing processes.

When the impacts were expressed on unit milk, the largest

contribution to the impact was attributable to housing with values

ranging from 27.1% on farm 2 to 49.7% on farm4. Manure storage

also contributed substantially to the total impact ranging from

21.3% on farm2 to 27.7% on farm 4. Crop production and

processing contributed between9.2% in farm 1 and 17.4% in

farm2. Evaluating the impacts per unit of UAA, crop-related

processes remained important contributors. Farm 4 had the

lowest value (4.82%), probably due to the higher share of grassland

and the reduced presence of arable crops. Figure 6 highlights how

the relative importance of processes shifts depending on the chosen

functional unit.
TABLE 3 Environmental impact values of milk production expressed per kg FPCM and per m² of UAA.

Impact category Unit

1 kg FPCM 1 m2 UAA

Farm 1 Farm 2 Farm 3 Farm 4 Farm 1 Farm 2 Farm 3 Farm 4

Acidification mol H+ eq 0.02 0.03 0.04 0.03 0.10 0.07 0.03 0.08

Climate change kg CO2 eq 1.37 1.61 1.87 1.76 6.11 3.81 1.18 4.23

Climate change - Biogenic kg CO2 eq 0.69 0.83 1.38 0.79 3.10 1.97 0.86 1.90

Climate change - Fossil kg CO2 eq 0.42 0.64 0.50 0.68 1.89 1.52 0.31 1.64

Climate change - Land use and LU
change

kg CO2 eq 0.25 0.13 0.00 0.29 1.12 0.32 0.00 0.69

Eutrophication, terrestrial mol N eq 0.10 0.13 0.19 0.14 0.45 0.30 0.12 0.34

Resource use, fossils MJ 3.28 5.70 4.86 5.92 14.7 13.5 3.05 14.2

Water use m3 deprivation 11.1 22.5 18.4 22.2 49.5 53.4 11.6 53.3
fro
FIGURE 6

Contributions of processes to climate change impact expressed as kg of CO2 eq/kg of FPCM milk (upper panel) and kg of CO2 eq/m2 (lower panel)
of UAA.
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3.4 Integrated sustainability assessments

To explore the ability of the framework to capture potential

trade-offs among sustainability dimensions, a composite scoring

system (1–5) was applied across environmental, social, and eco-

nomic variables (Figure 7). All the variables were scored on a scale

from 1 to 5, where value 1 is the “least favorable” and value 5 “most

favorable” in relation to sustainability. Scores were used exclusively

for comparative purposes.

Farm 4 showed higher value for ASCI index and for impact

categories expressed as unit of area compared to the others

reflecting its grassland share and biodiversity while farm 1 had

the highest values for indicators related to milk productivity and

Climate change expressed per unit of milk. Figure 7 provides an

integrated visual summary of the multidimensional sustainability

profiles of the analyzed farms, supporting a qualitative and explor-

atory identification of potential synergies and trade-offs among

sustainability dimensions.
4 Discussion

Analyzing the agroecosystem service categories, the farms with

the highest values of biodiversity and regulating services were those

with the largest share of grassland and semi-natural vegetation. This

pattern is consistent with previous studies showing that vegetation

disturbance can influence regulating services (Vanacker et al.,

2014). Conversely, farms with the highest value of provisioning

services had the largest arable crop land, as in this service category

crops that provide forages have an important role (Montoya et al.,

2019). When services are weighted by land area the ASCI index of

the four farms were very similar, even if the contribution of each

land cover class varies considerably among the farms. In all cases,

arable crops and grassland appeared to be the main drivers of

agroecosystem services largely reflecting their dominant share of

farm land use. Diversifying agricultural systems, by using both

arable crops and grassland, may offer opportunities to enhance

ecological synergies, particularly when crop and livestock
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management are integrated (Franzluebbers and Martin, 2022).

Additionally, semi-natural vegetation showed a key importance to

the provision of services, in particular supporting biodiversity.

Among these areas, grasslands and riparian or uncultivated strips

showed the highest contributions and their conservation can have

positive effects on plant diversity (Martin et al, 2021), highlighting

the potential positive effects of human activities on biodiversity and

ecosystem services, depending on the degree and type of anthro-

pogenic pressure.

Regarding biodiversity, Bragaglio et al. (2018) claim that grass-

based beef production systems not only support livestock, but they

also may provide additional services, especially through the en-

hancement of biodiversity. The results of the biodiversity assess-

ment highlight an interesting composition of vegetation across land

cover classes, in terms of prevalence and diversity of family

taxonomy. Ditches and riparian strips hosted the highest number

of families with balanced distributions. Forests had the greatest

taxonomic homogeneity while grassland hosted fewer families and

showed the lowest homogeneity among detected families, with a

marked prevalence of Poaceae spp. Grassland hosted a taxonomic

family unique to this land cover class (Scrophulariaceae). Notably,

among the most represented families some included rare or

threatened European plants adapted to arable habitats

(Caryophyllaceae, Asteraceae and Brassicacae) (Storkey et al,

2012). Ditches, riparian and uncultivated strips, as well as natural

forests, had the highest percentage of Asteraceae; grassland and

planted forest had major percentage of Caryophyllaceae; ditches,

riparian and uncultivated strips and grassland hosted Brassicaceae.

Considering the characteristics of the farms and the social and

economic sustainability, farms achieving high economic perfor-

mance adopted different strategies: two conventional farms maxi-

mized the performance thanks to a good result in terms of revenues.

The organic farm achieved high economic performance not

through production efficiency but through higher milk price and

feed self-sufficiency, ensuring high food/feed security. These find-

ings indicate that, within the analyzed farms, different strategies are

associated with high economic performance. However, resilience

indicators, as long-term survival ability, were higher in farms with

greater production efficiency. Notably, landscape and heritage were
FIGURE 7

Radar chart summarizing the different dimensions of sustainability performance across farms.
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not penalized by economic performance, suggesting a potential

coexistence between farm profitability and landscape conservation.

Only farm 2 had a good score in water management, due to its

extensive use of groundwater also for irrigation and efficiency of

irrigation system (drip irrigation) whereas the other farms used

mainly grid water without efficient irrigation practices. This result

reflects both management choices and local hydrological condi-

tions, as these farms were located in areas with relatively high-water

availability for agricultural use.

Employment in farms is a critical issue in European dairy

farming due to the declining workforce (Hostiou et al., 2020).

Social capital scores, defined in terms of job availability and

satisfaction, were generally low across studied farms. However, an

observed pattern is that the social capital was the highest in farm

with the greatest value of landscape and heritage, It would be

interesting to investigate further whether aesthetically and cultur-

ally valuable workplaces may positively influence labor attraction.

Regarding environmental performance, the farm with the

lowest impacts for unit of product had also the highest impacts

per unit area, indicating a potential trade-off between product-

based and land-based indicators, as previously reported by Pirlo

and Lolli (2019).

Farms with the highest biodiversity scores tended to show lower

environmental impacts per unit of area; conversely farms with low

biodiversity showed higher impacts per area for the most impact

categories. This pattern is consistent with the study of Mondière

et al. (2024) who found that farms with lower productivity had

lower environmental impacts per ha and showed better results in

terms of biodiversity. Farm 4 showed the lowest impacts per unit

area, despite not being the largest in size, suggesting that environ-

mental impact may be influenced not only by farm size, but also by

crop diversity and yields. In the analyzed farms, higher proportion

of grassland were associated with lower impact values per unit area.

A similar trend was observed for ASCI that was higher in the farm

with the highest percentage of grassland (55%). This result agrees

with Von Greyerz et al. (2023) who stated that ruminant farms can

contribute to AES in several ways and grasslands, used mainly to

provide feed for ruminants, are associated with multiple AESs.

Additionally, the same farm recorded zero impact, in terms of

climate change for land use and land use change per unit area and

had the lowest impact values for acidification, eutrophication,

resource and water use. These findings suggest that land use

simplification may negatively affect ecosystem structures and func-

tions, often reducing AES provision (Yang et al., 2022).

These results highlight that farms must be evaluated as a whole

for their complexity. In fact, the farm that appeared to be the most

virtuous in terms of land preservation and resource utilization had a

high environmental impacts per kg milk, partly due to low produc-

tion per cow, below the regional average. Across all farms, the

biogenic fraction (mainly associated with enteric methane) of the

climate change category was the largest contributor, regardless of

environmental impact was expressed per unit of kg milk or unit

of area.
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The integrated sustainability assessment suggests a potential

association between environmental impacts expressed by unit of

land and AES, whereas productivity indicators appear to be more

closely related to with climate change impact per unit of milk. This

indicates that, within the limited sample considered, the results of

AES, expressed per unit area cannot be directly compared with

those expressed per unit of product (Gerrard et al., 2011).

Interestingly, social and economic indicators did not show clear

differences associated with farm type whereas larger differences

were found for AES.

Previous studies highlighted that in extensive livestock produc-

tion systems, especially in marginal areas, the outputs of LCA should

consider not only marketed products but also non-marketable public

goods, such as “ecosystem services”, related to the multifunctional

role of livestock (Bragaglio et al, 2018). The novelty of this study lies

in applying an ecosystem evaluation to high-input systems showing

that even in intensive systems it may be relevant to consider both

environmental impacts and the services that farms provide to the

environment and society. Although the total amount of ecosystem

services is often higher in extensive systems, as confirmed by this

study, the geographic location of farms and the competition for land

with other human activities must also be considered. In fact, areas

most suitable for livestock farming frequently are also those under

great pressure from land consumption. In Lombardy, for instance,

12.2% of land is already consumed, the first share in Italy (ISPRA,

SNPA, 2024), which makes the ecosystem services offered by dairy

farms particularly valuable in these areas.

This study presents some limitations that should be considered

when interpreting the results. First, the limited number of farms (n = 4)

reflects the pilot and exploratory nature of the study and suggests that

caution is needed when extending the findings beyond the analyzed

cases. Second, although the selected farms were chosen to represent

different management conditions, they may not fully encompass the

entire variability of dairy farming contexts. Third, the scoring approach

used to integrate different sustainability dimensions combines quanti-

tative and qualitative indicators and may include a degree of expert-

based evaluation, However, this approach is grounded in literature

references and standardized criteria, ensuring consistency and trans-

parency in the assessment. In addition, biodiversity was assessed

through a single sampling campaign, which provides a representative

snapshot of plant diversity while future studies could further explore

seasonal and inter-annual dynamics. Finally, the analysis follows an

observational and descriptive approach; therefore, the relationships

observed among variables should be interpreted as indicative patterns

within the analyzed farms providing a useful basis for future, more

comprehensive investigations.
5 Conclusions

This study explored the feasibility of combining multiple

dimensions of dairy farm sustainability into a single integrated
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framework. Despite the limited sample of four farms, the results

illustrate the potential of the approach to highlight trade-offs and

synergies among sustainability dimensions. Biodiversity and regu-

lating services were associated with land-based impact categories,

whereas provisioning services were more frequently related to

product-based impacts. Although the final scores for

Agroecosystem service Index were very similar across farms, the

different vegetation categories contributed differently. Although

based on a limited sample, the findings of this pilot study indicate

that, within the analyzed farms, proper management of marginal

areas (e.g., field edges, ditches, canals, and field borders) and the

inclusion of grassland may contribute to biodiversity and regulating

services while maintaining production performance.

The development of this framework highlights that a compre-

hensive assessment of farm sustainability con not rely solely on

environmental impacts alone but should also consider the ecosys-

tem services provided by farms to the surrounding environment

and communities, including cultural heritage and social benefits.

The main contribution of this work lies in testing and refining a

methodological framework for integrated sustainability assessment.

Future research should apply this approach to a larger number of

farms and across different regions and production systems, includ-

ing temporal replication, in order to validate the method and

strengthen its potential applicability for policy analysis, certification

schemes, and decision-making in the livestock sector.
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Dusěk, R., and Popelková, R. (2017). Theoretical view of the Shannon index in the evaluation
of landscape diversity. AUC Geographica 47, 5–13. doi: 10.14712/23361980.2015.12

Franzluebbers, A. J., and Martin, G. (2022). Farming with forages can reconnect crop
and livestock operations to enhance circularity and foster ecosystem services. Grass
Forage Sci. 77, 270–281. doi: 10.1111/gfs.12592

Gerrard, C. L., Smith, L., Padel, S., Pearce, B., Hitchings, R., and Cooper, N. (2011).
OCIS public goods tool development. Available online at: https://orgprints.org/id/eprint/
18518/ (Accessed December 19, 2025).

Graziosi, A., Gislon, G., Colombini, S., Bava, L., and Rapetti, L. (2022). Partial
replacement of soybean meal with soybean silage and responsible soybean meal in
lactating cows diet: Part 2, environmental impact of milk production. Ital. J. Anim. Sci.
21, 645–658. doi: 10.1080/1828051X.2021.2010611

Hörtenhuber, S. J., Matzhold, C., Herndl, M., Steininger, F., Linke, K., Wieser, S., et al.
(2025). Sustainability assessment of Austrian dairy farms using the tool NEU.rind:
Identifying farm-specific benchmarks and recommendations, farm typologies and
trade-offs. Sustainability 18, 303. doi: 10.3390/su18010303

Hostiou, N., Vollet, D., Benoit, M., and Delfosse, C. (2020). Employment and farmers’
work in European ruminant livestock farms: A review. J. Rural Stud. 74, 223–234.
doi: 10.1016/j.jrurstud.2020.01.008

Ignatyeva, M., Yurak, V., and Dushin, A. (2022). Valuating natural resources and
ecosystem services: Systematic review of methods in use. Sustainability 14, 1901.
doi: 10.3390/su14031901

International Dairy Federation (2010). A common carbon footprint approach for dairy:
The IDF guide to standard lifecycle assessment methodology for the dairy sector,
(Brussels: International Dairy Federation). Vol. 445. 1–40.

IPCC (2019a). “IPCC (Intergovernmental Panel on climate change). Emissions from
livestock and manure management. Chapter 10 in: Refinement to the 2006 IPCC guidelines
for national greenhouse gas inventories,” in Agriculture, forestry and other land use, vol. 4.

IPCC (2019b). “IPCC (Intergovernmental Panel on Climate Change). N2O emissions
from managed soils, and CO2 emissions from lime and urea application. Chapter 11 in:
Frontiers in Animal Science 13
Refinement to the 2006 IPCC guidelines for national greenhouse gas inventories,” in
Agriculture, forestry and other land use, vol. 4. .

Liu, Q., Sun, X., Wu, W., Liu, Z., Fang, G., and Yang, P. (2022). Agroecosystem services:
A review of concepts, indicators, assessment methods and future research perspectives.
Ecol. Indic. 142, 109218. doi: 10.1016/j.ecolind.2022.109218

Martin, C. A., Proulx, R., Vellend, M., and Fahrig, L. (2021). How the relationship
between vegetation cover and land-cover variance constrains biodiversity in a human
dominated world. Landscape Ecol. 36, 3097–3104. doi: 10.1007/s10980-021-01312-9

Millennium Ecosystem Assessment (2005). Ecosystems and human well-being: synthesis
(Washington, DC: Island Press).

Mondière, A., Corson, M. S., Auberger, J., Durant, D., Foray, S., Glinec, J. F., et al.
(2024). Trade-offs between higher productivity and lower environmental impacts for
biodiversity-friendly and conventional cattle-oriented systems. Agric. Syst. 213, 103798.
doi: 10.1016/j.agsy.2023.103798

Montoya, D., Haegeman, B., Gaba, S., De Mazancourt, C., Bretagnolle, V., and Loreau,
M. (2019). Trade‐offs in the provisioning and stability of ecosystem services in
agroecosystems. Ecol. Appl. 29, e01853. doi: 10.1002/eap.1853

Othoniel, B., Rugani, B., Heijungs, R., Benetto, E., andWithagen, C. (2016). Assessment
of life cycle impacts on ecosystem services: Promise, problems, and prospects. Environ.
Sci. Technol. 50, 1077–1092. doi: 10.1021/acs.est.5b03706

Pirlo, G., and Lolli, S. (2019). Environmental impact of milk production from samples
of organic and conventional farms in Lombardy (Italy). J. Cleaner Prod. 211, 962–971.
doi: 10.1016/j.jclepro.2018.11.070

Shackleton, C. M., Ruwanza, S., Sinasson Sanni, G. K., Bennett, S., De Lacy, P., Modipa,
R., et al. (2016). Unpacking Pandora’s box: Understanding and categorising ecosystem
disservices for environmental management and human wellbeing. Ecosystems 19, 587–
600. doi: 10.1007/s10021-015-9952-z

SNPA (2024). Consumo di suolo, dinamiche territoriali e servizi ecosistemici. Edizione
2024, Report ambientali SNPA, Vol. 43/2024.

Sooriya Patabendige, M. S., and Uddin, M. E. (2025). Incorporating biodiversity into
the sustainability assessment of livestock systems using comprehensive life cycle
assessment: A mini-review. Front. Sustain. Food. Syst. 9, 1422922. doi: 10.3389/
fsufs.2025.1422922

Storkey, J., Meyer, S., Still, K. S., and Leuschner, C. (2012). The impact of agricultural
intensification and land-use change on the European arable flora. Proc. R. Soc. B. Biol.
Sci. 279, 1421–1429. doi: 10.1098/rspb.2011.1686

Vanacker, V., Bellin, N., Molina, A., and Kubik, P. W. (2014). Erosion regulation as a
function of human disturbances to vegetation cover: A conceptual model. Landscape
Ecol. 29, 293–309. doi: 10.1007/s10980-013-9956-z

Velten, S., Leventon, J., Jager, N., and Newig, J. (2015). What is sustainable agriculture?
A systematic review. Sustainability 7, 7833–7865. doi: 10.3390/su7067833

Von Greyerz, K., Tidåker, P., Karlsson, J. O., and Röös, E. (2023). A large share of
climate impacts of beef and dairy can be attributed to ecosystem services other than
food production. J. Environ. Manage. 325, 116400. doi: 10.1016/j.jenvman.2022.116400

Wattiaux, M. A. (2023). Sustainability of dairy systems through the lenses of the
sustainable development goals. Front. Anim. Sci. 4, 1135381. doi: 10.3389/
fanim.2023.1135381
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