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Abstract

Agricultural researchers widely recognise the importance of sustainable agricultural production systems and the
need to develop appropriate methods to measure sustainability at the farm level. Policymakers need accounting and
evaluation tools to be able to assess the potential of sustainable production practices and to provide appropriate
agro-environmental policy measures. Farmers are in search of sustainable management tools to cope with regula-
tions and enhance efficiency. This study proposes an indicator-based framework to evaluate sustainability of farm-
ing systems. Main features of the indicators’ framework are the relevance given to different spatial scales (farm,
site and field), production and pedo-climatic factors, and a holistic view of the agro-ecosystem. The framework has
been conceived to tackle different purposes ranging from detailed scientific analyses to farm-level management sys-
tems and cross-compliance. Agro-environmental indicators can be calculated, simulated with models or directly mea-
sured with different levels of detail proportionally to the aims of the evaluation exercise. The framework is organ-
ised in a number of environmental and production systems and sub-systems. For each system environmental criti-
cal points are identified with corresponding agro-environmental indicators and processing methods. A review of ap-
plications of the framework in Tuscany, Italy, since 1991 is presented. Applications range from prototyping farming
systems, to integrated farm ecological-economic modelling, comparisons between organic, integrated and conven-
tional farming systems, farm eco-management voluntary audit schemes and cross-compliance. Strengths and weak-
nesses of the framework are discussed against generic requirements of information systems and operational issues.

Key-words: Indicator-based framework, farming systems, organic agriculture, conventional agriculture, integrated agri-
culture, sustainability evaluation, agro-environmental information systems.

1. Introduction cal in focus and very detailed, or they are pol-
icy oriented. So, indicators are developed that
differ greatly in information content and con-
densation of this information (Braat, 1991). In

order to guide decision-makers in taking choic-

Agricultural researchers widely recognise the
importance of sustainable agricultural produc-
tion systems and the need to develop appropri-
ate methods to measure sustainability at the

farm level. Policymakers need accounting and
evaluation tools to be able to assess the poten-
tial of sustainable production practices and to
provide appropriate agro-environmental policy
measures. Farmers are in search of sustainable
management tools to cope with regulations and
enhance efficiency. Indicators are often used to
measure sustainability performances on differ-
ent spatial scales; they can be strongly ecologi-

es coherent with the sustainability principles, in-
dicators can be embedded in a logical sequence
of phases, often called “framework”.

There is currently a vast range of indicator-
based frameworks to evaluate sustainability of
farming systems and land-use in the literature.
Some focus on environmental impact (see, for
an example, the critical review of 12 indicator-
based methods reported by Van der Werf and
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Petit, 2002), others hold a stronger holistic com-
ponent and consider socio-economic aspects as
well. Examples of frameworks of the latter type
broadly applied in the agricultural sector are the
International Framework for Evaluating Sus-
tainable Land Management (FESLM, Smith
and Dumanski, 1994), the framework of the Re-
search Network on Integrated and Ecological
Arable Farming Systems for EU and Associat-
ed Countries (Vereijken, 1999), the Checklist for
Sustainable Landscape Management (Van
Mansvelt and Van der Lubbe, 1999), the Prob-
lem-Solving Framework for Modelling Sustain-
ability Issues (Weersink et al., 2002) and the
Framework for Assessing the Sustainability of
Natural Resource Management Systems (MES-
MIS, Lépez-Ridaura et al., 2002).

In general, frameworks differ on multiple
features such as their theoretical background,
hierarchical level, temporal dimensions of sus-
tainability, geographical extent of application
and evaluation procedures. Most of the men-
tioned frameworks are based on Systems Theo-
ry, while the checklist for sustainable landscape
management relies on the Maslow’s theory of
human motivations (Maslow, 1968). The advan-
tage of the Maslow’s theory, as adapted by Van
Mansvelt and Van der Lubbe (1999) to sustain-
able land management, is that it allows a direct
translation of human motivations to sustain-
ability objectives. The sequence of human needs
from the Maslow’s triangle is used to find a
common ground in the overwhelming range of
values and criteria for sustainable land-use and
landscape management. These needs range from
sheer survival, to social integration and cultur-
al development. As stressed by the authors
these points are largely in line with the re-
quirements phrased by the UN’s Food and Agri-
cultural Organisation (FAO) for its policy to-
ward Sustainable Agricultural and Rural De-
velopment (SARD, 1991) and the agricultural
chapter of Agenda 21 as adopted at the United
Nations Conference on Environment and De-
velopment (UNCED) held in Rio de Janerio,
Brazil, 3 to 14 June 1992. Food security, em-
ployment, income generation, people’s partici-
pation and human development are clearly ad-
dressed. Compliant with the Maslow’s theory,
the checklist is organised according to the three
major realms of science: the (a)biotic, socio-eco-
nomic and psycho-cultural realms. This organi-
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sation merges well with the principles of the
Capital Theory applied to sustainable develop-
ment (Stern, 1997; Daly, 1994; Daly and Costan-
za, 1992).

The framework developed by Vereijken in-
cludes a clear and straightforward procedure to
define short- and long-term sustainability ob-
jectives and weights at the farming system lev-
el. Objectives are then linked to parameters (in-
dicators) and farming practices and inserted in
a coherent, effective, operational procedure,
which includes criteria and targets/thresholds.
The Vereijken’s and the Van Mansvelt and Van
der Lubbe’s frameworks seem to hold similari-
ties; however, the emphasis of the evaluation ex-
ercises under the latter is on checking the state
of sustainability of a given landscape, while the
main aim of the Vereijken’s framework is to ad-
vise decision-makers on sustainable develop-
ment of their farming systems (e.g., Rossi and
Nota, 2000, and Kabourakis, 1996, respectively).

The MESMIS evaluation framework com-
prises a clear definition of the object under eval-
uation (including the socio-environmental con-
text, and prevailing and alternative management
systems), the identification of critical points, the
identification, measurement and monitoring of
diagnostic indicators, the phase of presentation
of results as well as one dealing with conclu-
sions and recommendations. MESMIS is based
on a systems approach and on the following
concepts: a) to be effective, interdisciplinary
analysis has to produce insights that significant-
ly transcend those of the individual participat-
ing disciplines (Conway, 1987; Garcia, 1992); and
b) in Systems Theory certain principles stand for
all systems regardless of the hierarchical level
considered (Conway, 1987; Odum, 1994).

In MESMIS, a set of central system attrib-
utes (or properties) of sustainable natural re-
source management systems are identified that
hold across disciplines or scales to keep both
the evaluation of sustainability and the deriva-
tion of indicators theoretically consistent.

The FESLM is designed to embrace differ-
ent sustainability problems throughout diverse
regions in the world. This makes the framework
flexible. According to the FESLM Working Par-
ty (Dumanski et al., 1991), the five objectives of
sustainable land management (i.e. productivity,
security, environmental protection, economic vi-
ability and social acceptability) are seen to be
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the basic “pillars” on which sustainable land
management must be constructed and against
which its findings must be tested and monitored.
In general, this framework presents similarities
with MESMIS, whose structure partly originates
from FESLM; however, in MESMIS the single
steps of the evaluation procedure are delineat-
ed with more detail.

The strength of the framework of Weersink
et al. (2002) lies in the fact that it is effectively
problem-oriented and gives a comprehensive
picture of possible modelling approaches, in-
cluding multiple objectives/indicators, different
analysis units and risk. On the other hand a pro-
cedure of identification of objectives, criteria
and indicators is not given by the Weersink
framework.

In general, the above-mentioned frameworks
hold strong conceptual backgrounds and com-
plex organisations of the evaluation protocols;
however, due to either sometime cryptic theo-
retical superstructures or to a narrow range of
application purposes, their direct practical ap-
plicability to ordinary farms or to vast ranges of
farm types and evaluation purposes is ques-
tionable; more effort is needed to optimise the
balance between conceptual soundness and op-
erantionalability. Besides, indicator used often
lack of reference to different hierarchical spa-
tial levels and do not consider pedo-climatic
variability.

This paper proposes an indicator-based
framework to evaluate sustainability of farming
systems. The framework takes the shape of a
holistically designed information system to sup-
port decisions at different levels in the agricul-
tural sector and is named Agro-Environmental
Sustainability Information System (AESIS). The
AESIS (current formulation of the framework)
and its previous version (the EAIS, environ-
mental accounting information system; Pacini et
al., 2000) have been developed from previous
experiences dating since 1991 (Pileri, 1992; Vaz-
zana et al., 1997; Vereijken, 1999), aiming at
finding the right balance between a range of dif-
ferent application purposes and the level of
complexity of indicators, including different spa-
tial scales, production and pedo-climatic factors.
During this time span the framework has been
developed incorporating new elements re-
trieved also from other studies (including those
above-mentioned).

Although the AESIS focuses on the envi-
ronmental and production dimensions of sus-
tainability, links with the socio-economic dimen-
sions are considered as well. In fact, database con-
sistency with the European Farm Accountancy
Data Network (FADN) as well as integrated pat-
terns of result interpretation were tested and val-
idated in a number of case-studies.

In the following section generic requirements
of Environmental Information Systems (EIS) are
presented, in Section 3 the AESIS is described,
which is discussed in Section 4 against generic EIS
requirements and indications given by other
frameworks and studies in the literature; in the
last section conclusions are drawn together with
recommendation for future research.

2. Requirements of environmental information
systems

Effective and efficient management decisions
depend on reliable information. This is true for
environmental matters as well as for every oth-
er field of management action. Until recently,
environmental monitoring played only a minor
role compared to economic monitoring. Ac-
cording to Azzone and Mazzini (1994), in order
to support external and internal communica-
tion, an EIS must: 1) point out the real “envi-
ronmental results”, 2) present these results with
reference to the specific physical conditions and
production and pollution processes involved,
and 3) express the relation between agricultur-
al activities and environmental results. These
general guidelines point to several problems
that must be faced when designing an EIS: a)
environmental impacts are diverse, b) many
stakeholders are involved (farmers, policymak-
ers et cetera), all with their own requests for in-
formation, c) differences in physical conditions
can have large impacts, d) the information
should yield a correct measurement of environ-
mental-economic trade-offs, e) there is a need
for a systems approach.

Environmental impacts change depending
on physical conditions and human activities of
a given area. An EIS aimed at supporting deci-
sions at different levels in the field of sustain-
ability for the agricultural sector needs to be
flexible enough to accommodate this diversity
in a cost-efficient way.
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Currently, the most important requests for
environmental information come from policy-
makers, farmers and advisory services. Conse-
quently, an EIS should be applicable for at least
three different purposes: a) by the policymak-
ers, as an instrument to monitor at regional lev-
el the environmental effects of agri-environ-
mental measures and to audit at farm level the
compliance of the single farms with legislative
standards; b) by the farmers, as an instrument to
audit the efficiency of the environmental invest-
ments and of the agri-environmental farming
practices in order to better meet the standards
requested either by the Government or by pri-
vate organisations (organic agriculture certifying
associations, large retail organisations and co-op-
eratives that develop green labels, etc.); ¢) by ad-
visory agencies, as a data and analytical base for
the technical assistance to farmers.

Differences in physical conditions and in the
type of production system can have large im-
pacts on environmental management and have
to be taken into account. This is important for
farmers but even more so when the information
from the system is used in policy design or eval-
uation. Policy decisions have to be based on da-
ta acceptable to the individuals who face the
outcomes of these decisions.

To enable a direct link between production on
the farm and environmental results, the environ-
mental data have to be collected in such a way
that they can be related to the data gathered in
the regular economic farm accounting systems
(e.g., the EU FADN) and/or in the more techni-
cally oriented data management systems (e.g., or-
ganic agriculture registers, refuse registers).

Taking decisions in the field of agroecosys-
tem management can give cause for conflicts be-
tween different environmental aims (e.g., soil
erosion vs. impact due to herbicide use). To
avoid these conflicts and achieve high levels of
efficiency of management, decision-makers
need comprehensive evaluation tools and infor-
mation systems that can consider all farm re-
sults integrally and simultaneously.

3. Description of the framework

3.1 System boundaries

According to Hannon (1991) “an ecological ac-
counting system is a framework in which the
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quantified connections between organisms (in-
dividual species, collections of species) and their
abiotic environment can be placed and bal-
anced, without ambiguity, omission or double
counting exchanges, at any scale which an in-
vestigator chooses”. In order to identify such an
information system, we need (a) to delimitate
the agro-ecosystem under study in space and
time, and (b) to choose a set of processes with
their input and output products. The AESIS is
aimed to measure environmental externalities
produced by agro-ecosystems and to connect
them with the farm economic accounting.
Hence, the spatial boundaries of the present ac-
counting system coincide with those of the ad-
ministrative and cadastral farm boundaries and
the temporal limits are determined by the stan-
dard one-year period in financial accountancy.
The farm spatial unit is divided in smaller sub-
units, i.e. sites and fields! in order to consider
the within-farm spatial heterogeneity of pedo-
climatic factors and production activities.

3.2 AESIS general structure

Main features of the indicator framework are
the relevance given to different spatial scales
(farm, site and field), production and pedo-cli-
matic factors (Fig. 1), and a holistic view of the
agro-ecosystem.

The framework has been conceived to tack-
le different purposes ranging from detailed sci-
entific analyses to farm-level management sys-
tems and policy monitoring. Besides, the frame-
work has been designed and tested to be co-
herent with the current European financial ac-
counting model (FADN).

The AESIS has been developed from previ-
ous experiences dating since 1991 (Pileri, 1992;
Vazzana et al., 1997; Vereijken, 1999), aiming at
finding the right balance between a range of dif-
ferent application purposes and the level of
complexity of indicators. Agro-environmental
indicators can be calculated, simulated with

! Under the AESIS framework a site is defined as a farm
spatial sub-unit having relatively homogeneous landforms,
soil types, water table and climate. A field is defined as
an undivided sub-unit of a site with homogeneous land
use (e.g., crop, ecological infrastructure, etc.); in this con-
text undivided means that the field is not interrupted by
any permanent structure such as streets, permanent sur-
face ditches of the water system or hedge-rows.
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Figure 1. Spatial refer-
ences and descriptive
factors of the indica-
tors’ framework.

models or directly measured with different lev-
els of detail, proportionally to the aims of the
evaluation exercise. Given the above-mentioned
layout of the system based on ecological con-
cepts, the procedural steps to apply the frame-
work are reported in Figure 2, so as they were
modified from Weersink et al. (2002), and ex-
plained in the following sections.

3.3 Framework procedure: define the sustain-
ability issues

Being a framework oriented to a problem-solv-
ing approach, the AESIS application procedure
starts with gathering of information already
available on the issues related to sustainability.
Following, specific environmental critical points
that connect issues with the farm agroecosystem
are pinpointed. The information system was or-
ganised into several environmental and produc-
tion systems and subsystems; within each mod-
ule a number of environmental and production
processes take place, which affect the relevant
critical points (Tab. 1).

The performance of the management of each
environmental and production process in the
agro-ecosystem is quantified by a set of agro-
environmental indicators. In order to integrate
environmental aspects with financial accounting
for subsequent integrated evaluation of envi-
ronmental and socio-economic dimensions, in-
dicators relevant to each environmental and
production module were separated into two cat-
egories: 1) stock indicators, describing the state
of the farm environmental capital, and b) flow
indicators, which concern annual changes of en-
vironmental capital and, therefore, represent
both positive externalities or asset appreciations
(i.e. production of environmental services) and
negative externalities or asset depreciations (i.e.
chemical input pollution, soil erosion et cetera)
caused by farm production cycles.

In this way an analogy between the AESIS

DEFINE THE SUSTAINABILITY ISSUES

¢ identify issues related to environmental sustainability

¢ identify detailed environmental critical points and con-
nect them to farm environmental and production systems

¢ choose indicators

SOLUTIONS TO THE SUSTAINABILITY ISSUES

e settle a comparison layout (e.g., comparisons between
farms, comparisons of different management systems/
techniques on the same farm, comparisons of farms with
thresholds, comparisons between farm model simulation
results)

* identify indicator thresholds (or critical limits, sustain-
ability targets)

* define alternative management systems (e.g., organic, in-
tegrated, environmentally-friendly, best available tech-
nologies etc.)

¢ identify policy measures

EVALUATING SOLUTION ALTERNATIVES

¢ select calculation methods of indicators proportional to
the evaluation purpose

* integrate indicators in a farm simulation model

* measure indicators

* present results

Figure 2. AESIS procedural steps (modified from Weersink
et al., 2002).

and the balance sheet and the income statement
in financial accountancy can be made. For each
environmental and production process an envi-
ronmental balance sheet and an environmental
profit-loss account can be produced. In the en-
vironmental balance sheet, assets are measured
by stock indicators. This balance sheet is as-
sessed once a year in correspondence with the
financial one. Changes between two balance as-
sessments are reported in the environmental
profit-loss account and coincide with the flows
of the environmental capital during the year.
Changes in the profit-loss account are measured
by flow indicators and correspond to deprecia-
tions (costs) or appreciations (revenues) of the
assets.

In practice, depending on data availability
and methods used, it is not always possible to
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Environmental critical point Subsystem System System type
Water quality Water quality Water Stock and flow
Water demand, water-table level Water balance system

Flood risk, water stagnation, Drainage system

landscape conservation

Soil erosion Soil morphology and structure Soil

Soil salinization, loss of organic matter Soil chemical components

Crop biotic stress, agro-ecological Plant production Production

identity of fields, Landscape diversity activities

Livestock biodiversity, Livestock

Cattle production

intensity
Refuse Refuse management
Biodiversity Flora Flora and fauna
Fauna
Nitrogen cycle Nitrogen balance at farm level Nitrogen Flow system
Nitrogen balance at herd level balance
Nitrogen balance at soil level
Phosphorus cycle Phosphorus balance at farm level Phosphorus
Phosphorus balance at herd level balance

Phosphorus balance at soil level

Biocide pollution

Crop protection

Non-replaceable energy demand

Energy

calculate both stock and flow indicators for each
environmental and production process. Flow in-
dicators can be calculated directly, summing all
appreciations and depreciations, and/or as a
change between two balance assessments of two
consecutive years. On the other hand, it is not
possible to make an indirect computation of a
stock indicator starting from a flow indicator.

3.4 Framework procedure: solutions to the sus-
tainability issues

The AESIS has been conceived not only to ass-
es the sustainability of real-life farms but also
to evaluate possible production alternatives in
order to improve the environmental perfor-
mances of production processes. The first step
of this process consists in designing a compari-
son layout where current practices under eval-
uation are compared with different manage-
ment systems or techniques (between and/or
within-farm, based on experiment or model re-
sults), with scientifically-determined sustainabil-
ity thresholds, management targets and politi-
cally-determined critical limits. Such thresholds
(or targets, or limits) are identified for each sin-
gle indicator. They are part of the solution to
the sustainability problem to the extent deci-
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sion-makers change their strategies in order to
move towards the goals they represent.

Following, alternative management systems
indicated in the comparison layout (e.g., organ-
ic, integrated, environmentally-friendly produc-
tion methods, best available technologies, etc.)
are defined together with policy measure to pro-
mote them (the latter applies only to simulation
modelling).

3.5 Framework procedure: evaluating solution al-
ternatives

In this phase of the evaluation procedure the
calculation methods of the indicators are se-
lected following a criterion of proportionality to
the evaluation purpose; e.g. indicator processing
methods for policy auditing have to be applied
to a huge number of farms and might be based
on simple presence/absence observations, while
the measurement of indicators for research and
policy planning are calculated for selected rep-
resentative farms by applying complex simula-
tion models.

In Table 2 a list of AESIS case study appli-
cations in Tuscany is represented. In Table 3 a
list of indicators with purpose-specific process-
ing procedures from data to indicators is re-
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Table 2. Main features of the case study applications, showing location, type, duration and corresponding references.

Case Location Type of application Duration  Reference
1 San Casciano, Long-term experiment on the 1991-2000 Vazzana et al., 1997
Florence Montepaldi station to prototype organic Vereijken, 1999
and integrated arable micro-farms
2 Borgo San Model-based evaluation of organic 1995 Pacini et al., 1998
Lorenzo, Florence and conventional FSs on an ordinary Omodei-Zorini and Pacini, 1998
dairy farm Omodei-Zorini and Pacini, 2004
3 Mugello, Florence Evaluation of organic, integrated and 1995-1996 Migliorini et al., 2000
conventional FSs on ordinary dairy farms
4 Mugello (Florence), Model-based analyses to compare organic, 19982000 Pacini et al., 1999
Migliarino-San integrated and conventional FSs of Pacini et al., 2002a
Rossore-Massa- dairy, arable and mixed cattle-arable Pacini et al., 2002b
ciuccoli Regional farm types and to support decisions for Pacini et al., 2003a
Park (Pisa and multi-objective policy-making Pacini et al., 2003b
Lucca), Maremma Pacini et al., 2004b
Regional Park Pacini et al., 2004c
(Grosseto)
5 San Casciano, Long-term experiment on the Montepaldi 2001-now Vazzana et al., 2008
Florence station to prototype arable micro-farms Migliorini and Vazzana, 2007
and compare organic and conventional Migliorini and Vazzana, 2006b
farming systems Migliorini, 2006a
6 Val d’Orcia, Siena Detailed analysis on the effects of three 2001-2004 Vazzana and Lazzerini, 2007
different organic and conventional FSs
on the planned and associated biodiversity
7 Valdelsa, Florence Indicator-based environmental review 2004-2005 Pacini and Giannini, 2004a
for EMSs of vine-olive organic, integrated Pacini et al., 2005
and conventional agri-touristic farms
8 Val d’Orcia, Siena Effects of different field margins on some 2004-2005 Lazzerini et al., 2007a
biodiversity components (plant species
and carabid beetles) of four farms
9 Tuscany Region Application of multi-purpose audit 2004-2006 Omodei-Zorini et al., 2006
schemes: cross-compliance audit systems
and EMSs to ten arable, dairy and
olive FSs
10  Ornamental Nursery Implementation of EMSs to two 2006 Lazzerini et al., 2007b
Rural District, Pistoia ornamental nurseries
11 Mugello, Florence Model-based sustainability impact 2007 Moriondo et al., 2007

assessment of climate change on organic
and conventional dairy FSs

Legend: FS, farming system; EMS, environmental management system.

ported. All of the calculation procedures report-
ed in Table 3 have been tested in a number of
different case-studies as reported on the top of
Columns 3, 4 and 5 of Table 2, including data
availability and cost of data collection. Data
sources are farm accounting systems, interviews
with farmers, regional public organisations, bibli-
ographical sources, farm nutrient accounting sys-
tems, farm maps, observations in field, chemical
analyses. Each farm is divided into sites and fields,
and different data are collected for each of them.

The stock/flow classification in Table 1 is de-
termined by the indicator procedures. If one of
the AESIS methods is applied to measure an
environmental asset, then its outcome will be a

stock indicator. If it is not possible to measure
the environmental asset at a specific moment in
time, then only its changes over time will be
measured and the method applied will produce
a flow indicator.

Finally, indicators are measured and results
are presented. This last part is particularly im-
portant as the evaluation exercise is meaning-
less if the beneficiaries of the information on
the evaluation do not gain a clear idea of the
results of the exercise and the implications on
their decisions. A number of options are possi-
ble to show results; however, as discussed in the
next section, trade-off curves and spider dia-
grams are the most common in AESIS studies.
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Table 3. Indicator calculation procedures as related to environmental critical points and type of AESIS application purpose.

Critical point

Indicator

Indicator procedure

Modelling approach
Case-studies 2, 4, 11
(Table 2)

Experimental station
Case-studies 1, 5
(Table 2)

Ordinary farms
Case-studies 3, 6, 7, 8,
9, 10 (Table 2)

Water quality
Water demand,
water-table level

Flood risk, water
stagnation,

landscape
conservation

Soil erosion
Soil quality
Loss of organic

matter

Agro-ecological
identity of fields

Landscape diversity

Livestock
biodiversity
Livestock intensity

Refuse

Associated
biodiversity
of flora

Biodiversity
of fauna

Water balance

Drainage system
length

Terrace length

Soil erosion

Soil salinity
Heavy metals

Soil organic matter
content

Field size

Field max
width/length ratio
Rotation years

Crop diversity

Livestock
biodiversity
Livestock load
Manure management

Dangerous waste
load

Percent of recycling
waste

Herbaceous plant
biodiversity and
richness

Hedge biodiversity

Arboreous plant
biodiversity and
richness

Semi-natural habitat
areas

Insect biodiversity
and richness
(Carabid)

GLEAMS! (Fi, P&P")

In-field observations
(Fi, P&P)

In-field observations
(Fi, P&P)
GLEAMS (Fi, P&P)

Chemical analyses
(S, Pe)

Chemical analyses
(S, Pe)

In-field observations
(Fi, P&P)

In-field observations
(Fi, P&P)

Farm records, In-field
observations (Fa, P&P)
Modified Shannon
index and Daget and
Poissonet? (S, Pr)

Farm records (Fa, Pr)

Farm records (Fa, Pr)
Balance (Fa, Pr)

Modified Braun-
Blanquet method?;
Shannon and Weaver;
Species Richness

(Fi, P&P)

In-field observations
(Fi, P&P)

Map and in-field o
bservations and
Shannon and Weaver
(Fi, Pr)

Farm records, In-field
observations (Fa, P&P)
Shannon and Weaver;
Species Richness

(Fi, P&P)

Water use with farm
records (Fa, Pr)

In-field observations
(Fi, P&P)

Soil cover index
during year and critic
period (Fi, Pr)

Yearly monitoring
with chemical

analyses (Fi, Pe)
Organic matter
balance with farm
records (Fa, Pr)

Map and In-field
observations (Fi, P&P)
Map and In-field
observations (Fi, P&P)
Farm records, In-field
observations (Fa, P&P)
Map and In-field
observations (Fi, P&P)

Modified Braun-
Blanquet method;
Shannon and Weaver;
Species Richness

(Fi, P&P)

In-field observations
(Fi, P&P)

Map and in-field
observation Shannon
and Weaver (Fi, Pr)

Farm records, In-field
observations (Fa, P&P)
Shannon and Weaver;
Species Richness

(F, P&P)

Water use with farm
records (Fa, Pr)
Percent of recycling of
irrigation water (Fa, Pr)
In-field observations
(Fi, P&P)

Potential risk of soil
erosion (S, P&P)

Chemical analyses
(S, Pe)

Organic matter balance
with farm records

(Fa, Pr)

Chemical analyses

(Fa, Pe)

Map and In-field
observations (Fi, P&P)
Map and In-field
observations (Fi, P&P)
Farm records, In-field
observations (Fa, P&P)
Map and in-field
observations on field
adjacency and density
(Fi, Pr)

Farm records (Fa, Pr)

Farm records (Fa, Pr)
Liquid manure load
(Fa, Pr)

Farm records (Fa, Pr)

Farm records (Fa, Pr)

Farm records on
number of species
(Fa, Pe)

In-field observations
(Fi, P&P)

Map and in-field o
bservations (Fi, Pr)

Farm records, In-field
observations (Fa, P&P)
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(continued from p. 30)

Table 3. Indicator calculation procedures as related to environmental critical points and type of AESIS application purpose.

Critical point Indicator Indicator procedure

Modelling approach
Case-studies 2, 4, 11
(Table 2)

GLEAMS (Fi, P&P)

Experimental station
Case-studies 1, 5
(Table 2)

Nitrogen balance with
farm records (Fa, Pr)
Nitrogen balance with
farm records (Fa, Pr)
Yearly monitoring with
chemical analyses

(Fi, Pr)

Ordinary farms
Case-studies 3, 6, 7, 8,
9, 10 (Table 2)
Nitrogen balance with
farm records (Fa, Pr)
Nitrogen balance with
farm records (Fa, Pr)

Nitrogen cycle Nitrogen leaching

Nitrogen run-off GLEAMS (Fi, P&P)
Soil Nitrates
Ammonium

emissions
Phosphorus sediment GLEAMS (Fi, P&P)

GLEAMS (Fa, P&P) Farm records (Fa, Pr)

Phosphorous cycle Phosphorus balance
with farm records

(Fa, Pr)

Yearly monitoring
with chemical analyses
(Fi, Pr)

GUS’ (Fi, Pr)

Phosphorus balance
with farm records
(Fa, Pr)

Soil phosphates

Environmental
potential risks of
pesticide use
Energy balance

Biocide pollution EPRIP* (Fi, P&P) LQ¢ index (Fi, Pr)

Energy demand Farm records (Fi, Pr) Farm records (Fi, Pr)  Farm records (Fi, Pr)

Legend: Fi, field; S, site; Fa, farm; P&P, production and pedo-climatic factors; Pr, production factor; Pe, pedo-climatic factor.

I “Groundwater Loading Effects of Agricultural Management Systems” model (Knisel, 1993).

2The linear method from Daget and Poissonet (1971) is one of the methods used for the analysis of biodiversity; it foresees the iden-
tification of measurement points every 20 m along a transect of plant cover and the calculation of the Shannon index of diversity for
each point.

3The Braun-Blanquet method (Cappelletti, 1976; Arrigoni et al., 1985) is a commonly used census method that assesses vascular plants
biodiversity by estimating the cover percentages of species and their distribution in the parcel observed. In the AESIS applications
only species cover was taken into account.

*The Environmental Potential Risk Indicator for Pesticides (EPRIP) is based on comparison of predicted environmental concentra-
tion (PEC), estimated including pedo-climatic factors at a very local scale (field and surroundings), with toxicological parameters, and
is obtained from an integrated classification system of 9 different environmental indices; it evaluates potential hazard for soil, ground-
water by leaching, surface water by drift and run-off, air by volatilization (Trevisan et al., 1999).

> The Groundwater Ubiquity Score (GUS) is an index of pesticide leachability based on the time of degradation of pesticide in the
soil and its molecular solubility in water; if GUS is > 2,8 the pesticide is leachable; if GUS < 1,8 the pesticide is not leachable; if 2,8 >
GUS > 1,8 the pesticide is considered moderately leachable (Gustafson, 1989).

¢ Leached Quantity is a contamination potential index to assess aquifer vulnerability (Trevisan et al., 1993).

4. Review of applications experimental stations, and range from arable to
mixed cattle-arable, dairy, vineyard, olive, veg-
etable, fruit and ornamental plant nursery pro-
duction. Pedo-climatic conditions of case-stud-
ies under survey, although belonging to the
same Region, range from pre-mountain climates
with a mean annual rainfall of 1000 mm (Mugel-
lo, northern Tuscany) to dry Mediterranean cli-
mates with a mean annual rainfall of 625 mm
(Maremma, southern Tuscany), including a num-
ber of different soil types. In compliance with

Application purposes range from detailed, mod-
el-based scenario analyses, policy planning, com-
parisons between organic, integrated and con-
ventional farming systems, analyses based on
field experiments, prototyping farming systems,
analyses for decision support to ordinary or-
ganic and environmentally-friendly farms, eco-
management voluntary audit schemes.

4.1 Case-studies

In Table 2 the list of case-study applications of
the AESIS is reported. Case-study farms include
small, medium and large enterprises, as well as

EIS requirement a, such a broad range of tests
allowed to calibrate the AESIS in order to cope
with diversity of agro-environmental impacts.
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4.2 Discussion on the framework procedure: de-
fine the sustainability issues

The definition of the sustainability issues in
most of the case-studies started from informa-
tion retrieved from the annual Tuscany Region
reports on the state of the environment. In such
reports information on environmental critical
points is also supplied by means of a set of land-
scape indicators. Given such availability of da-
ta, there has not been the need to structure the
corresponding AESIS phases; however, extend-
ing the use of the AESIS to other regions of
Europe and the World would require to struc-
ture them in a more detailed way.

Instead, in past applications the focus was on
enforcing within the AESIS a holistic view of
the agro-ecosystem (EIS requirement e). Han-
non (1991) stressed the importance in ecosys-
tem accounting of measuring the material, en-
ergy and service trade-offs between all the eco-
logical processes of a given ecosystem. Disre-
garding such aspects of accounting can also give
cause for conflicts between different govern-
ment programmes or regulations as far as the
environmental aims are concerned (Hammond
and Goodwin, 1997; Callens and Tyteca, 1999).
A holistic perspective was therefore enforced in
the AESIS by linking the critical points to a
number of farm environmental and production
systems and subsystems (Tab. 1), which were si-
multaneously and integrally monitored in case-
studies. Besides, the combination of the stock
and flow structure of environmental and pro-
duction systems together with the FADN-con-
sistent boundaries of the AESIS allowed to in-
tegrate AESIS outcomes with results of finan-
cial accounting systems (EIS requirement d). A
comparative study (Certoma and Migliorini,
2007) carried out in Tuscany to investigate the
potential of the AESIS and the MESMIS frame-
work (Lopez-Ridaura et al., 2002) revealed that
the holistic approach in AESIS, based on the
logical chain critical point-environmental sys-
tem-indicator, is more concrete and under-
standable by stake-holders than the critical-
point-attribute-diagnostic indicator paradigm of
MESMIS. This is in line with what stressed by
Speelman et al. (2007), who state that the de-
scription of attributes in MESMIS is somewhat
vague and difficult to conceptualise and difficult
to link to concrete indicators.
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4.3 Discussion on the framework procedure:
solutions to the sustainability issues

The AESIS framework has been developed with
the ambition to be operational and concrete, so
to be applicable to a range of different purpos-
es in a cost-efficient way. This means that the
holistic/systems approach has been translated in
a pragmatic sequence of steps. Solutions to the
sustainability problems are investigated starting
by settling a comparison layout. This might ex-
clude some options from the range of possible
solutions of the problem but allows for a
straightforward decision path towards imple-
mentation of sustainability. In the different case-
studies comparisons between farms, compar-
isons of different management systems/tech-
niques on the same farm, comparisons of farms
with thresholds, comparisons between farm
model simulation results were carried out and
gave valuable advice on practical issues. As ad-
vised also by Weersink et al. (2002), indicators
thresholds (or critical limits, sustainability tar-
gets), alternative management systems (e.g., or-
ganic, integrated, environmentally-friendly, best
available technologies etc.) and policy measures
were specified in detail and connected to real-
world practices in order to strengthen the op-
erationalability of the method; an example of
such an approach is given by Pacini (2003a, pp.
146-157, 30 and 88-90, respectively).

4.4 Discussion on the framework procedure:
evaluating solution alternatives

A central role in the implementation of the AE-
SIS is held by the identification of calculation
procedures of the indicators. A considerable num-
ber of procedures has been tested in almost two
decades of research and connected according to
the proportionality principle of the EU (for a de-
finition of the principle reference is made to Eu-
ropean Commission, 2005) to specific purposes of
application. For all these procedures scientific re-
liability, data availability and cost-efficiency
were tested in relevant case-studies.

Table 3 shows indicators procedures grouped
according to three different purposes of appli-
cation of the AESIS: 1) detailed model-based
analyses for evaluation of organic, integrated
and conventional farming systems (OFS, IFS
and CFS, respectively) and for policy planning
(Column 3); 2) application to micro-farms on an
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Table 4. Technical, environmental and financial results of the conventional and organic versions of a model simulating the
impacts of EU policy scenarios on organic and conventional agriculture at farm level (Pacini et al., 2004c).

FS! CFS$? OFS?
Agenda 2000/scenario Agenda No EU Agenda Only organic No EU
2000 support 2000  EU support  support
Cattle (n. of dairy cows) 150 139 150 150 151
Crops (ha)
Barley 8.3 11.7 33.8 35.7 36.7
Broad bean - - 16.9 17.8 18.3
Maize for silage 8.3 11.7 11.3 12.2 12.7
Maize for silage — irrigated 0.0 0.0 5.6 5.6 5.6
Maize for grain 5.7 0.0 - - -
Maize for grain — irrigated 45.0 13.8 0.0 0.0 0.0
Grassland 26.2 39.4 74.9 77.3 77.0
Alfalfa 445 64.7 5.4 44 2.7
Italian ryegrass 8.3 11.7 - - -
Set-aside (ha) 6.7 0.0 5.1 0.0 0.0
Green spaces (ha) 343 343 343 34.3 34.3
Total (ha) 187.3 187.3 187.3 187.3 187.3
Environmental indicators
Nitrogen leaching (kg/ha) 26.1 21.6 6.0 5.7 5.6
Nitrogen runoff (kg/ha) 9.5 5.7 1.9 2.0 2.0
Soil erosion (t/ha) 22 1.5 4.5 4.7 5.0
Ground water balance (m?ha) -92.1 -33.0 21 -33 -3.1
Surface water balance (m?/ha) -73.1 -8.2 +18.7 +19.5 +20.4
Environmental potential pesticide risks (score/ha) 40 20 0 0 0
Herbaceous Plant Biodiversity (score/ha) 59 67 83 82 82
Hedge length (m/ha) 0 0 0 0 0
Surface drainage system length (m/ha) 55 0 40 0 0
Manure surplus (t) 0 541 252 176 145
Slurry surplus (t) 7 0 817 767 792
Revenues (€/ha)
Cattle products (milk, sale of heifers and bull calves) 2150 1446 2453 1777 1788
Maize grain sale 138 36 0 0 0
EU CMOs?* support payments for crops 168 0 114 0 0
EU Organic method support payments 0 0 280 289 0
Total 2456 1482 2847 2066 1788
Variable costs (€/ha)
Seasonal labour 130 66 47 47 49
Concentrates 106 19 219 188 192
Fertilizers and pesticides 76 50 0 0 0
Ecological infrastructures 14 0 10 0 0
Other costs 348 230 279 283 285
Total 674 365 555 518 526
Gross margin (€/ha) 1782 1117 2292 1548 1222

! Farming system.

2 Conventional farming system.

3 Organic farming system.

4 European Union common market organizations.

long term experimental station to prototype or-
ganic arable FSs and to compare organic and
conventional farming practices (Column 4); 3)
application to ordinary farms for the develop-
ment of farm environmental management sys-
tems (EMS) and for evaluating organic, inte-
grated and conventional FSs (Column 5). There
is not space in this manuscript to describe each

procedure in detail; the detailed description
and/or bibliographical reference of the indica-
tor procedures with relevant discussion are re-
ported in the articles quoted in the right-hand
side column of Table 2.

Although of course a number of nuances oc-
cur between these three groups, in general terms
each of them corresponds to the needs of rele-
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y - income (millions lire)

870

0 10 20 30 40 50 60 70 80 90 100
X - nitrogen polluttants decrease (%)

Figure 3. Tradeoff curve showing the relationship between
ecological and economic objectives (modified from Pacini
et al., 1998).

vant groups of end-users, i.e. policy-makers,
technicians and farmers (EIS requirement b).
The balance between data detail including pe-
do-climatic factors and operational costs of the
survey was modulated according to the purpose
of the application (e.g., analyses extended to
high number of farms required simpler and less
expensive procedures). To make a practical ex-
ample with pesticide indicators, in some studies

it was decided to use the Environmental Poten-
tial Risk Indicator for Pesticides (EPRIP, Trevisan
et al., 1999), other were carried out with the GUS
(Groundwater Ubiquity Score) method (Gustaf-
son, 1989). While EPRIP can evaluate potential
hazard for soil, groundwater by leaching, surface
water by drift and run-off, air by volatilization,
GUS supplies information on leaching but disre-
gards drift, run-off and volatilization. However,
the calculation requirements of GUS are consid-
erably inferior to those of EPRIP, whose data
needs include detailed information on the active
ingredients, soil, climate, drainage system and
crop production techniques.

Hierarchical spatial levels of indicators ranged
from field, to site and farm level. The more de-
tailed was the spatial level (Field vs. site and
farm), the higher the processing procedure re-
quirements were, and the more the EIS require-
ment ¢ was fulfilled. In general, the highest level
of data requirements were those of the indicators
for model-based research and policy planning
(Tab. 3, Column 3), followed by those for analy-
ses on experimental station (Column 4), and ex-
perimental farms (Column 5). Data requirements
on production factors were similar for all the

Field margins of the
conventional farm

Field margins of
the organic farm

e —

60—

Figure 4. Cluster analysis
(CA) of plant richness
and diversity species in 70+
field margins of four
farms in Siena Province
(year 2005) (Lazzerini
and Vazzana, 2007a). Le-
gend: cluster 1 involves
plots with field margins
represented by sown grass
strips and wild strips of 90
Selvoli farm (farm in con-
version, Pienza), Costan-
tini farm (organic, Cas-
tiglione d’orcia) and Rim-
becca farm (organic, Cas-
tiglione d’Orcia); cluster 2
involves plots with field
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Relative Discrepancy (A-D)/D

Landscape and Biodiversity
1

Enviroment Crop Rotation

Farm Efficiency Soil Quality

Figure 5. Sustainability and Agro-ecological Indicators re-
sults used to evaluate environmental and management sys-
tem: Relative discrepancy of achieved (A) to desired (D)
results in the experimental Old Organic (OO), New Organic
(NO) and Conventional (CO) agro-ecosystems of Mon-
tepaldi farm (Tuscany) as average of 2003/2005 (modified
from Migliorini, 2006a). A larger area corresponds to few-
er discrepancies and, thus, to more desired value results.

groups of processing procedures (Columns 3 to
5), while data on pedo-climatic factors were col-
lected mainly for detailed analyses (Columns 3
and 4). In some case-studies indicator calculation
procedures were integrated in farm simulation
models in order to take simultaneously into ac-
count production and pedo-climatic factors for
policy analyses (Tab. 3, Column 3, see Tab. 4 for
a practical example of models’ outputs).
Presentation of results under the AESIS
framework can take different shapes according
to the end-user requirements and types of pur-
pose of the analysis. Three commonly applied
presentation methods are trade-off curves, sta-
tistical multi-variate analysis graphs and spider
(or amoeba) diagrams. Trade-off curves were
used to communicate model results for multi-
objective policy-making (see for an example Fig.
3). This is in line with what found in the litera-
ture. Antle et al. (1998) argue that plotting en-
vironmental indicators (in physical terms)
against economical indicators (in monetary
terms) for alternative production systems is a
preferred method for presenting information on
sustainability problems to policy-makers. In de-
tailed analyses on biodiversity multi-variate
analysis graphs (see for an example Fig. 4) were
used to present the results of indicators at field
level of the farms under study in order to get

a - 1992-1993

PAB

PAR

C/Nsoil

PSD

PAB

PAR

C/Nsoil

PSD

Figure 6. Evaluation of the development in time of the sus-
tainability impact in the organic long term experimental
farm of Montepaldi (Tuscany): at starting point (a-1992-03),
after four (b-1996-97), six (c-1998-99) and thirteen (d-2005-
06) years since conversion (Vazzana et al., 2008).
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insight on the relationships between pedo-cli-
matic conditions and biodiversity. Spider dia-
grams were used in some analyses to evaluate
the level of sustainability of different agroe-
cosystems, both in space and in time (Fig. 5 and
6, respectively).

5. Conclusions

Different versions of the framework were applied
with case-specific sets of indicators and calcula-
tion procedures to a large range of hierarchical
spatial levels, production systems and methods,
farm sizes, basic and applied research purposes.
The framework proved to be flexible and effec-
tive in grounding the sustainability concept in the
reality of farming systems. Specific features of the
framework are that it is holistically designed, pe-
do-climatic factors are included, it can be inte-
grated with FADN databases, it is multi-purpose
in the sense that proved to be able to cope with
information needs of different end-users’ groups
(policy-makers, technicians and farmers).

The AESIS has been mostly applied in Tus-
cany. In order to extend the scope of application
of AESIS and strengthen its theoretical bases, ad-
ditional research efforts have been recently initi-
ated to device a theoretical model for the identi-
fication of sustainability issues based on concept
analysis (Merante and Pacini, 2008; Sartori, 1984),
and to develop and test a procedure of multi-vari-
ate analysis to identify farm typologies for sus-
tainability evaluation based on local data and ex-
pert knowledge (Pacini et al., 2006; Righi et al.,
2009). Further research has focused on indicator
aggregation methods (Paracchini et al., 2008;
Paracchini et al., 2009) and farmer strategies
through multi-criteria decision analysis and mod-
elling (Pacini et al., 2008) but needs to be better
fitted into the AESIS scheme.
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