Ecological Indicators 158 (2024) 111297

ECOLOGICAL
INDICATORS

Contents lists available at ScienceDirect

Ecological Indicators

journal homepage: www.elsevier.com/locate/ecolind

ELSEVIER

Original Articles

A multi-indicator approach to compare the sustainability of organic vs.
integrated management of grape production

Castaldi Simona ™, Formicola Nicola “, Mastrocicco Micol ?, Morales Rodriguez Carmen b

Morelli Raffaella“, Prodorutti Daniele ¢, Vannini Andrea ”, Zanzotti Roberto

2 Dipartimento di Scienze e Tecnologie Ambientali Biologiche e Farmaceutiche, Universita Degli Studi Della Campania “Luigi Vanvitelli”, via Vivaldi 43, 81100 Caserta,
Italia

b Dipartimento per I'Innovazione nei sistemi Biologici, Agroalimentari e Forestali, Universita Degli Studi Della Tuscia, via San Camillo de Lellis snc, 01100 Viterbo, Italia
¢ Unita Agricoltura Biologica, Centro Trasferimento Tecnologico, Fondazione Edmund Mach, Via E. Mach, 1 - 38098 San Michele all’Adige (TN), Italia

ARTICLE INFO ABSTRACT

Keywords:

Carbon footprint
Nitrogen footprint
Water footprint

Sustainable agricultural practices are increasingly becoming a strategic asset for global and national environ-
mental policies and economy. A big challenge is the selection of appropriate indicators to describe the complexity
of the agroecosystem management. In the present work, the sustainability of grape production, in vineyard trials
of Pinot blanc and Rhine Riesling, managed with integrated (INT) and organic management (organic, with cattle

Biodi it
Scl)[ill :;;S;g manure ORG1 and organic with green manure ORG2), was compared using a multi-indicator approach. The
Vineyard experiment was set in 2011 (1.5 ha in Trento, Italy) and carbon footprint (CF), nitrogen footprint (NF), water

footprint (WF), soil microbial diversity (alpha diversity of bacteria, fungi, oomycetes communities) and soil C
stock change, were evaluated in 2018. The CF was 0.213—0.227 kg CO2-eq/kg in the INT, 0.144—0.168 kg CO»-
eq/kg in ORG1 and 0.134—0.147 kg CO2-eq/kg in ORG2. The NF was around 1 g Nr/kg for the INT, 0.4 g Nr/kg
for ORG1 and 0.5 g Nr/kg for ORG2. The WF, excluding the pesticides impact on grey water, was 666—708 L/kg
for INT, 605—655 L/kg for ORG1 and 529—580 L/kg for ORG2. The impact of farming practices on soil mi-
crobial alpha diversity showed no significant difference among treatments for oomycetes and significantly higher
indexes for fungi and bacteria in the ORG1, with INT and ORG2, being similar. No difference in bulk organic C
were observed among treatments. Overall, the multi-indicator approach allowed to demonstrate that the organic
management was more beneficial for most of the environmental spheres of the agroecosystem compared to in-
tegrated management, without affecting the grape yield.

1. Introduction

Food production is currently contributing, at unprecedented rates, to
generate critical environmental pressures for the Earth system (Rock-
strom et al., 2009; Willett et al., 2019) by modifying the atmospheric
concentration of greenhouse gases (GHGs) (IPCC, 2019a), driving loss
and degradation of ecosystem services and biodiversity (IPBES, 2019,
Willett et al., 2019), releasing in the environment xenobiotics (Persson
et al., 2022) and nutrient excess and consuming critical resources, like
soil and water (Steffen et al., 2015).

Farming practices, significantly differ for their relative impact on
natural resources and ecosystem services (Rockstrom et al., 2009; Poore
and Nemecek, 2018; Willett et al., 2019) and a big effort is currently
ongoing in EU to boost sustainability management in the agricultural
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sector (Farm to Fork strategy in European Commission, 2020). Multiple
sustainability targets include climate change mitigation by GHG
reduction (Climate Law Regulation (EU) 2021/1119) and C sequestra-
tion in vegetation and soil (Sustainable C cycle, COM(2921)800) as well
as amelioration and preservation of soil biodiversity, health and overall
agroecosystem quality (EU Soil Strategy 2030, COM(2021)699; EU
Biodiversity Strategy for 2030, COM(2020)380, Zero Pollution Action
Plan, COM(2021)400, Organic Action Plan, COM(2021)141). To mea-
sure and monitor these sustainability actions, reliable science-based
indicators are required that valorise and capture the agroecosystem
complexity (Zhang et al., 2007). Life Cycle Assessment (LCA) (ISO,
2006a) is the most used methodology to report multiple impacts of
agroecosystems (Boschiero et al., 2023), with carbon footprint being one
of its most known and diffused output on the market. However, as LCA
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main focus is on the use of materials, resources, energy and end-life of
generated waste, it does not cover important site-specific aspects of
agroecosystem sustainability, like those at the basis of the EU Soil
Mission including conservation of soil C stocks, enhancement of soil
biodiversity, prevention of erosion, increase of soil health, ecosystem
biotic and abiotic quality (Zhang et al., 2007; Willett et al., 2019). This
latter set of targets might be particularly relevant when organic farming
systems are analyzed and compared to conventional systems. In fact,
beyond a potentially lower intensity of multiple footprints extrapolated
from LCA analysis (Boschiero et al., 2023, Chiriaco et al., 2022), organic
farming is considered highly beneficial to soil health and to climate and
C farming objectives, due to its higher potential of soil C accumulation
or lower soil C losses (Gattingera et al., 2012; Goglio et al., 2015). On the
contrary, an interesting open debate, with controversial evidences, is
ongoing on the effect of organic farming, vs conventional farming, on
soil microbial biodiversity (Lupatini et al. 2017; Zhang et al. 2019; van
Rijssel et al., 2022). Increasing organic farming in EU is one of the
strategic objectives of the EU Farm to Fork strategy (EC, 2020) and
multicriteria approaches to investigate and demonstrate the sustain-
ability of organic farming options would significantly contribute to
boost both consumers and farmers confidence in organic production
adoption.

Although, many indicators of impacts have been associated to food
production and food systems (Chaudhary et al., 2018; Willett et al.,
2019; Béneé et al., 2019; Boschiero et al., 2023), the number of single
studies concurrently reporting multiple indicators is significantly lower
(Béné et al., 2019) and even lower is the comparative analysis for the
organic farming sector. The most frequently available studies,
comparing organic farming (OF) vs. conventional farming (CF), are
based on LCA methodology. Boschiero et al. (2023) compared 77 pair-
wise LCA studies using 15 environmental impacts indicators (including
climate change, ozone depletion, ecotoxicity, human toxicity, acidifi-
cation, eutrophication, use of resources, water, and energy); Borsato
et al. (2020) evaluated water and carbon footprint, an integrated indi-
cator of vineyard management practices and an economic indicator (net
income) to drive conclusions on vineyard OF and CF managements;
Michos et al. (2018) used energy flow, carbon and water footprint to
compare OF and CF in vineyards, kiwi and apple orchards; a complex
multiple indicator model, RISE (Grenz et al. 2009), based on 57 sus-
tainability parameters condensed into twelve indicators, was used in 10
paired studies in Poland by Berbec et al. (2018). A vast literature exists
on the effect of organic farming vs conventional farming on specific soil
chemical, physical and biological parameters, but a synthesis is not
generally associated to climate, water, nitrogen, energy and land foot-
print indicators.

To contribute to the ongoing debate on the organic farming sus-
tainability, we analyzed and compared grape production in vineyard
trials (Pinot blanc, Rhine Riesling) managed with integrated and organic
management, using a multi-indicator approach, based on the most
relevant impacts of agriculture on the planetary systems (Willett et al.,
2019) and relevant to EU policy targets. We selected the carbon footprint
(CF), relevant for climate change (IPCC, 2019a) and EU climate
neutrality targets (Regulation EU, 2021), the nitrogen footprint (NF), i.e.
the “leakage” amount of reactive nitrogen (Nr) into the environment,
relevant to key environmental impacts, including climate, eutrophica-
tion, biodiversity changes, acid rain, coastal ‘dead zones’ (Galloway
et al., 2003, 2008); the water footprint (WF) relevant to water agricul-
tural management, evapotranspiration balance, water withdrawal and
water pollution (Hoekstra et al., 2011; ISO, 2014); soil microbial diversity,
strongly linked to soil and plant health and functionality, resilience and
crop productivity (Cordovez et al., 2019; Xiong and Lu, 2022), with soil
microbiota including beneficial, neutral and pathogenic microorganisms
the balance of which is significantly affected by land management
practices (Xiong and Lu, 2022); soil carbon, relevant to soil health (Grilli
etal., 2021) as well as to C farming and climatic objectives (Goglio et al.,
2015).
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Table 1
Farming management practices in the three experimental vineyard treatments
(INT, ORG1 and ORG2).

Actions Farming management

INT ORG1 ORG2

Mechanical treatment Suckering X
Leafing X
Shredding pruning X
Harrowing

Green manure

Grass mowing X X
Mineral fertilization X
Compost sprinkling X
Plant protection X X X
Chemical weeding X

Mineral fertilization X

Composted manure X
Biodynamic preparation
Green manure

Grassing

Foliar coverage

Pruning residues
Pesticides

Inorganic pesticides
Herbicide

Vineyard plant

Fertilizers packaging

Plant protection packaging
Herbicides packaging

Ea T T B B

Fertilization

>
KoxWoM X

Chemical treatment

Farming waste material

MoM X M XK M XK M X M

The different indexes were evaluated singularly to compare the pro
and cons of the different management strategies for each specific impact,
and where also combined into a multi-indicator sustainability index (SI),
using a rating and weighting procedure based on the Analytical Hier-
archy Process-AHP method (Saaty, 1977; 1980), one of the most used
approaches of multi-criteria decision analysis for evaluating and ranking
alternatives in socio-economic and environmental studies (Ramanathan,
2001; Eakin and Bojorquez-Tapia, 2008; Busico et al., 2019; Kazakis
et al., 2019; Kumar and Pant, 2023).

2. Materials and methods
2.1. Site characteristics and farming managements

The study sites located in the experimental area of the Fondazione
Edmund Mach (46° 11’ 44" N, 11° 08’ 12" E, 236 m a.s.]) at San Michele
all’Adige (Trento, Italy), were characterized by a well-drained calcar-
eous loamy soil, with sub alkaline pH (7.8-7.9) and an terrain inclina-
tion of 6 %. The average annual precipitation was about 1034 mm, with
an average daily temperature of 22.9 °C during the hottest month of July
and 1.0 °C during the coldest month of January. The vineyard trials
started in 2011, in an area previously treated with integrated manage-
ment (Morelli et al., 2022). From 2011 to date, three distinct farming
managements were carried out, organized in six randomized blocks of
about 0.25 ha each: an integrated management (INT, DPI, 2016) where
mineral fertilizers were used; an organic management with cattle
manure fertilization (ORG1); an organic management with green
manure fertilization (ORG2). All organic practices were performed ac-
cording to Reg. UE 834/2007. The farming practices and managements
applied in the three systems are reported in Table 1. Each management
was applied to two vineyard cultivations, Pinot blanc and Rhine Ries-
ling, on plots of 0.25 ha replicated two times per each management for
each cultivar, for a total of 1.5 ha of experimental vineyard. In each plot,
the vineyard was organized with a planting system of 2.8 m x 0.5 m
(simple pergola trentina trellis system). The materials used to create the
vineyard structure were the same for each plot and are listed in Table S1.
The vegetative and yield parameters were measured at technological
grape ripeness from 2016 to 2018, in ten replicates per cultivar and
thesis (Morelli et al., 2022).
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2.2. Multiple indicators for sustainability assessment

The selected indicators, carbon footprint (CF), nitrogen footprint
(NF), water footprint (WF), diversity of microbial communities (alpha
diversity indexes of bacteria, fungi, oomycetes communities) and soil C
accrual, were evaluated on the three management systems using as
reference year 2018, 7 years since the setup of the experimental trials.
The grape productivity, as well as the data used to evaluate the three
footprints, were collected for 3 years (2016-2018) to provide a more
robust average of the management systems, while parameters related to
the soil system, organic C and microbial biodiversity, were analysed on
soil sampled in spring 2018. To evaluate the C stock change data were
also compared with baseline values measure at the beginning of 2012.

The footprint indexes are expressed both as product-based (1 kg of
grape) and land-based (1 ha of vineyard). The former functional unit is
the most typically used to communicate information on the food impact
intensity (to managers of the food systems, consumers), whereas the
latter provides information on the management impact on the land. Soil
C accrual and biodiversity cannot be expressed per unit of product, but
they integrate the footprints information on the quality level of the
environmental management of the farming system. The normalization
used in the rating and weighting procedure applied to each indicator in
the combined index, translates the values of each indicator into a-
dimensional classes, where the quality of the indicator rather than its
unit of measure is compared.

2.2.1. The carbon footprint (CF)

The CF (ISO, 2018) of a product is defined as the total amount of
carbon dioxide equivalent (CO5-eq) released into the environment along
the supply-chain and is based on LCA methodology in accordance with
the requirements specified in ISO 14067 (ISO, 2018); ISO 14001 and ISO
14040 (ISO, 2006a), and ISO 14044 (ISO, 2006b). An attributional
approach “cradle to farm gate” was applied to the experimental vine-
yards, divided by farming management and grape variety. The pro-
duction and transport of raw materials, field operations, direct and
indirect NoO soil emissions, end-life of structural materials of the vine-
yard and waste materials, were included in the system boundary. From a
spatial point of view, the system boundary coincided with farming
management, while in terms of time dimension, it coincided with the
annual cycle of vineyard production. SimaPro v9.3.0.3 software was
used for the LCA analysis. Data used for the Life Cycle Inventory (LCI)
(Table 1) were collected directly on site through measurements, in-
terviews, and field record books and, when not available, conservative
data were derived from international databases or reports, handbooks of
agriculture, or calculated using appropriate models. The indirect loads
due to production and transport activities of the materials were esti-
mated using the databases Eco invent 3.8 and Industry data 2.0. The
estimates of diesel and lubricant consumption for field operations
(Table S2), based on the use of a diesel-powered isodiametric orchard
tractor Carraro 75 HP, were taken from Ribaudo (2017) and from the
hectare/crop table for fuel consumption of the Autonomous Province of
Trento (TEC, 2016). Direct loads due to tractor combustion were esti-
mated consulting the EMEP/EEA air pollutant emissions inventory
guidebook 2019 (Ntziachristos and Samaras, 2019). For the operation of
irrigation, a consumption of electricity (Table S2) was estimated as
0.239 KWh/m? of pumped water (average depth of pumping of 48 m)
(WFLDB, 2020). External N inputs, (Table S3) included NPK 12-12-17,
mature cow manure, applied in alternate years, N fixed by herbaceous
leguminous plants incorporated in the soil. The biogenic direct and in-
direct NoO emissions, as well as NO3 leaching were estimated with a
IPCC Tier 1 approach (IPCC, 2006, ref. IPCC, 2019b, equ. S7-S10), while
the Tier 2 of the EMEP/EEA (2019) methodology was applied to esti-
mate NHj volatilization (equ. S5-S10). The packaging data, related to
the chemical used for field operations, were directly measured
(Table S4). Waste materials for one year of cropping cycle included
packaging waste and the yearly fraction of the end-life materials used to
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Table 2

Meteorological data input, average annual temperature (Tayg), humidity (U),
sunshine (S), wind (W) and rainfall (P)), averaged for the period 2016-2018,
used in CROPWAT software, derived from the meteorological station of San
Michele all’Adige (TN).

Months Tavg (°C) U (%) W (km/h) S (h) P (mm)
Jan 1.8 70.9 5.8 5.1 28.6
Feb 5.6 68.5 7.0 6.3 81.5
Mar 9.8 61.6 8.5 8.2 74.6
Apr 14.2 58.5 10.1 10.0 65.3
May 17.0 66.7 8.3 11.2 98.4
Jun 21.2 65.5 8.7 12.5 118.0
Jul 23.3 65.3 9.1 11.5 124.2
Aug 23 66.8 8.9 10.3 116.8
Sep 18.7 71.4 7.2 8.7 54.3
Oct 13.2 74.6 6.0 7.1 119.9
Nov 7.4 78.9 5.9 5.3 100.2
Dec 2.1 72.8 4.8 5.0 52.5
Average 13.1 68.4 7.5 8.4 1034.3

create the vineyard plant (Table S1). LCIA was carried out using the
method IPCC 2021 (SimaPro v9.3.0.3), with the impact category of
Global Warming Potential 100 (GWP 100), based on AR6 (GWP of 273
for N2On, 29.8 for CH4 by fossil origin and 27.2 for non-fossil origin).

2.2.2. The nitrogen footprint (NFp)

The NF of grape production reported in this study refers to the total
amount of reactive nitrogen (Nr) released into the environment because
of farm management (Galloway et al., 2014) and is reported per unit of
grapes (1 kg) (equ. S3-S4). It excludes the N in the grapes that is
removed from the agroecosystem. Being referred to one unit of produced
grape, NF represents a fraction of what is generally defined as the N
footprint of human consumption, which includes both the production
and consumption phases in the overall calculation (Leach et al., 2012).
To estimate the total amount of Nr, data used for LCA calculations were
also used to extract direct and indirect, abiotic and biogenic production
of N species, biologically, photochemically and/or radiatively active,
such as N0, NO3, NO3, NH; and NHJ. For the final quantification of Nr
using LCA, a dedicated module was created to aggregate Nr data coming
from different N sources.

2.2.3. The water footprint (WF)

The three components of the WF, green water, blue water, and grey
water, were estimated as follows. The green water footprint (green WF),
i.e., the water from precipitation that is stored in the root zone of the soil
and evaporated, transpired, or incorporated by plants (Hoekstra et al.,
2011), was estimated as the sum of the green water calculated for each
month, ug (mm/month) included in the cropping cycle (equ. S11-S15).
The value ug equal to the minimum between effective rainfall Per and
crop evapotranspiration ET, (Hoekstra et al., 2011), was estimated for
both the vine plants and for the grass layer, the latter being character-
ized by different management cycles and species in the three tested
systems. For each system, the total ug value represented the sum of ug of
the two different plant covers. Peg and ET. were calculated using FAO
CROPWAT v8.0 software. The ET¢ is the product of the potential
evapotranspiration (ETg, mm/d) of the crop and K¢, the crop coefficient.
ETy calculation in CROPWAT is based on the Penman-Montheith
Equation and required the following climatic data: average annual
temperature (Tayg), humidity (U), sunshine (S), and wind (W), which
were derived from the local meteorological station (Table 2).

The K¢ value for vines and grass, as well as the other parameters
required to run CROPWAT (Table S5), were derived from Allen et al.
(1998). The P, calculated using CROPWAT, was estimated as equal to
Pegr = Py x (125-0.2 x Py)/125 based on the USDA Soil Conservation
Service (SCS) methodology, when Py < 250 mm, with P; representing the
total monthly rainfall. The blue water footprint (blue WF) is the surface
or groundwater that is evaporated, incorporated into a product or taken
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Table 3
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Impacts and weights used to identify the scores defining the 5 classes of the sustainability index.

Impact class (I) Weight (W)  Sustainability index (SI) classes scores

Indicator [INBBM Low Medium High 2 3 [ 4
C footprint 1 2 3 4 5 0,45 0,45 0,9 1,35 1,8 2,25
W footprint 1 2 3 4 5 0,29 029 0,58 0087 1,16 1,45
Soil C 5 4 3 2 1 0,14 0,70 = 0,56 042 028 0,14
N footprint 1 2 3 4 5 0,08 0,08 0,16 0,24 0,32 0,40
Biodiversity 5 4 3 2 1 0,04 020 0,16 0,12 0,08 0,04
Total Sustainability score per class 1,72 2,36 3,00 3,64 4,28

from one body of water and returned to another, or returned at different
time (Hoekstra et al., 2011, equ. S16). In the experimental sites, only
emergency irrigation was used on a few occasions during the summer,
with a total amount which was almost irrelevant compared with green
water. The grey water footprint (grey WF) is an indicator of the water
volume needed to dilute a pollutant load that reaches a water body so to
reach a pollutant concentration within the national water quality stan-
dards (Franke et al., 2013). The methodology to calculate the grey WF
(Franke et al., 2013, equ. S17-S19) considers the pollutant load (L)
entering a water body, the maximum acceptable concentration (Cpax)
(Directive EU 2020/2184) and the natural background concentration of
the chemical in the receiving water body (Cpat). The estimated pollutant
load was first multiplied for a scalar (0-1) to consider the effect of the
application method on the reduction of available pollutant for disper-
sion into the environment (Franke et al., 2013). In case of diffuse sources
of water pollution, like the use of pesticides and fertilizers in agriculture,
it is assumed that only a fraction () of the pollutant released in the field
reaches freshwater bodies. The a value was derived following the
methodology of Franke et al. (2013). The pollutants considered for the
grey WF analysis used in the field trials were pesticides, herbicides and
nitrogen and phosphate from fertilization (Table S9).

2.2.4. Microbial biodiversity

For the present study the alfa biodiversity of three main microbial
groups, bacteria, fungi and oomycetes, was analysed and the Shannon-
Wiener diversity index (Shannon and Weaver, 1949) was chosen as
the main index to be included in the integrated multi-indicator; the Faith
phylogenetic diversity index (Faith, 1992) and the Pielou index of
evenness (Pielou, 1966) were also estimated to discuss the biodiversity
results.

The estimate of biodiversity was based on a metagenomics analysis
applied to composites soil samples, one for each plot obtained from 3
replicated cores (0-20 cm). Total DNA was extracted from sieved (2
mm) fresh soil (0.33 g) (MoBIO Power Soil DNA Isolation kit, MoBIO
Laboratories, Inc., CA, USA). The DNA concentrations were quantified
with a Qubit dsDNA BR Assay kit (Thermo Fisher Scientific Inc., MA,
USA), before amplification. Additionally, three mock communities
(Oomycetes, Fungi, and Bacteria) were created by pooling DNA from a
pure culture of different species and used as controls, processed in the
same way as the samples. For the PCR amplification procedure of DNA
see supplementary information. Paired-end sequencing was carried out
on an Illumina MiSeq sequencer (2x300 bp) by Genesupport SA (Plan-
les-Ouates - Switzerland). The pipeline reported by Morales-Rodriguez
et al., (2019) was used for the analysis of Illumina results (details in
supplementary information). Alpha diversity indexes were calculated
with QIIME2 program (Caporaso et al., 2010). Differences among
managements were estimated for each alpha diversity index by Kruskal-
Wallis one way analysis of variance, followed by Dunn’s test for multiple
pairwise comparison, where necessary. Null hypotheses were rejected in
all cases when P < 0.05. This analysis was done using Prism 8 (Graph
Pad Software, San Diego, CA, USA).

2.2.5. Soil C stock

To estimate the soil C accrual, data sampled in 2018 were compared
with baseline data sampled in 2012. In 2018, four soil cores (0-20 cm
depth) were sampled in each plot together with samples for bulk density.
Total organic carbon (TOC) was measured on air-dried, sieved (<2 mm)
and grinded (<0.2 mm) soil, and it was calculated as the difference
between total carbon, measured by elemental analyser CN equipped
with a TCD detector, and inorganic carbon determined by volumetric
method (Morelli et al., 2022). The soil C stock change (t C ha™? yr’l) was
calculated empirically, by direct difference of soil C stocks in 2012 and
2018. Soil C stocks were estimated as the product of the content of SOC
in the fine soil (%) for the bulk density measured at the same sample
depth, corrected for possible rock fragment presence.

2.2.6. The multi-indicator sustainability index (SI) and the Analytical
Hierarchy Process-AHP method

For the evaluation of the sustainability index (SI), a rating and
weighting procedure was used based on the Analytical Hierarchy
Process-AHP method (Saaty, 1977; 1980). First, a preliminary ranking
was assigned to each indicator based on the following criteria: a. the
relevance of the indicator for critical environmental pressures set as
priority goals in international and EU policies, b. the criticality of the
indicator for local resources depletion/degradation, c. science-based
evidence and strength connecting the indicator to the “health and sus-
tainability” status of agroecosystem. Based on these three criteria the
five indicators were ranked as follows, from 1 (higher priority) to 5
(lower priority): 1. C footprint, 2. water footprint, 3. soil C accrual, 4. N
footprint, 5. biodiversity (Shannon index). The C footprint and water
indicators (water footprint, blue water), generally rank first and second
in most studies dealing with food sustainability and agriculture impacts
(Chaudhary et al., 2018; Béne et al., 2019). Soil C sequestration is very
important for soil quality and health (Grilli et al., 2021) and climate
mitigation, however less robust evidence is available to generalize the
effect of different managements on C sequestration rates (IPCC, 2006,
2019b). The N footprint reflects pressures generated by N use in agri-
culture, for which significant scientific evidence exists (Gu et al., 2023),
but much less data are available to compare and rank agro-products
based on their N footprint. We ranked biodiversity last not because it
was considered of minor importance but because, referring to soil mi-
crobial biodiversity studies, no univocal and strong scientific evidence
exists yet that demonstrates the level of microbial community biodi-
versity considered “healthy” for an agronomic system. The ranking was
then used as input in the following analysis using the Analytical Hier-
archy Process method (Saaty, 1980), which provided the weights of the
5 indicators. The measure of each indicator was determined by priori-
tizing and ranking the variables in a pairwise comparison scale, and then
defining a linear hierarchy of importance among the factors (Saaty,
1980). The consistency ratio (CR), CI/RI, where RI is the random index
and Cl is the consistency index, was used to check the consistency of the
application (Saaty, 1977). The weights, obtained for each indicator, are
reported in Table 3.

For each indicator five impact classes were identified and the range of
indicators’values for each “impact” class was created using data
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Table 4
Average yield (£1 st.dev.) of the two grape types (Pinot blanc and Rhine Ries-
ling) analyzed over three years (2016-2018), n = (30 per thesis per year).

Vineyard Average yield (Tons/ha)

INT ORG1 ORG2
Pinot blanc 13.54 + 5.51 14.12 + 5.40 14.23 + 6.00
Rhine Riesling 12.28 + 4.00 13.22 + 4.49 13.10 + 3.84

reported in literature (Table S10). The “impact”scores were assigned a
class value from 1 to 5 for those parameters where less is better (less
GHG emitted, less water lost, less reactive N released) or from 5 to 1 for
those parameters where more is better (more soil C accrual, more
biodiversity). Classes of Impacts were represented in banding colours,
from dark green (most sustainable option) to red (less sustainable op-
tion) (Table 10).

The sustainability index (SI) was calculated as: SI :.Z“l:swi x I;

where Wi is the “weight” of each indicator (i) obtained with the AHP
method, which is multiplied for Ii, its “impact class value” (Table 3).

The five classes of the “sustainability index” (SI), estimated with this
approach, have the following values, class 1 x < 1.72, class 21.72 <x <
2.36, class 3 2.36 < x < 3, class 4 3 < x < 3.36, class 5 x > 3.64
(Table 3). Each SI class was associated to a banding color going from the
most sustainable class 1 to the least sustainable option, class 5 red.

3. Results and discussion
3.1. Effect of management on grape yield

Yield plays an important role in the use of “footprint” indicators
when they are expressed per unit of product, as is often the case. This is
particularly relevant when comparing conventional and organic
farming, as the latter is generally considered to provide lower yields.
This difference can vary from an average of 20 %, as reported by Seufert
et al. (2012) in a meta-analysis study carried out mostly in developed
countries, to around 5 % under favourable climatic and edaphic con-
ditions combined with optimized management (Willer and Kilcher,
2011). In this study, no statistical difference (One-Way ANOVA, P >
0.05) was found among the grape yields of the three investigated
managements within each grape variety (Table 4). The yield of grapes
varied between 9.8 and 16.7 tons/ha depending on the treatment, year
and cultivar (Morelli et al., 2022).

The similar yield values, obtained for INT and ORG, could be
explained by the very high degree of naturalness applied in all the
managements including INT, which also made use of permanent grass
and minimal use of machinery in favour of manual treatments (e.g.,
topping, pruning, tying, shoot management, leaf removal, etc.).
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Furthermore, the high sustainability of the vineyard made it possible to
achieve a low impact of diseases on the grapes (powdery mildew, downy
mildew and rot). Carrying out the practice of thinning in all the trials
was essential to allow compliance with the grape growing regulations,
which set yield limits of 15 and 14 tons/ha, respectively for DOC Pinot
blanc and Rhine Riesling wines. This similarity in yield allowed a better
appreciation of the difference in footprint due to the management
impact alone (Chiriaco et al., 2022).

3.2. Carbon footprint

The grape CF values (kg CO2eq/kg), as well as the total GHG/ha (kg
CO9eq/ha), were in the order INT > ORG1 > ORG2 for both cultivars
(Fig. 1, Table S6-S8).

The highest contribution to the total GHG emissions came from the
use of fuel and energy (37 %-52 %) and materials necessary for the
vineyard plant structure (29 %-39 %) (Fig. 1). Mineral fertilization and
chemicals accounted for about 32 % in the INT, only 8 % in ORG1 and
20 % in ORG2. A lower use of external materials reduced the waste
generated in ORG1 and ORG2 and the GHG emissions associated to its
end-life. Overall, the GHG emissions associated with organic manage-
ments were 24 % — 31 % lower than those estimated for the integrated
treatment, when reported per land basis (ha). This GHG saving is com-
parable with results for “vegetable” and “fruit” typologies reported by
Chiriaco et al. (2022), who analysed 41 food items from 27 peer-
reviewed studies, comparing the CF of the food produced in paired ex-
periments of organic versus not organic (mostly conventional) man-
agement. In absolute terms, the measured emissions from the three
systems were below the 50th percentile of values reported in Chiriaco
et al. (2022) for organic management. The CF of the INT grape was
0.213 and 0.227 kg CO,-eq/kg of grapes, 0.144 and 0.168 kg COz-eq/kg
grape in ORG1 and 0.134 and 0.147 kg CO2-eq/kg of grapes in ORG2, for
Pinot and Riesling cultivars, respectively. Using the 3 years of obser-
vation for each cultivar as replicates for statistical analysis, no difference
was observed among treatments considering the overall C footprint.
Only GHG emissions per unit of grapes associated to fertilizer and
chemical use were statistically higher in the INT treatment compared to
ORG1 and ORG2 (Table S6). The biggest contribution to the CF came
from the use of fossil fuels and energy as well as from the vineyard plant
set up, for all the treatments (Fig. 1). The latter is characterized by
concrete posts that are still commonly used in this production sector.
The most relevant difference between INT and ORG (1 and 2) was
associated with the different fertilizers used and chemicals for pest
control. INT made specific use of mineral fertilizers, which significantly
contribute to GHG emission during both phases of industrial production
(abiotic) and field application (biogenic emissions). The contribution of
agricultural wastes treatment to total CF was negligible (below the 1 %

ac
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Pinot
ORG-1

Pinot Riesling
INT INT

Il Vineyard structure [l Fuel and energy consumption [l Fertilization
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Fig. 1. Carbon footprint of grapes (kg CO»eq./kg of product) estimated for the integrated (INT) or organic farming (ORG1 and ORG2) managements, applied in the

experimental vineyard trials. For statistical differences see Table S6.
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Table 5
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Nr associated to each phase of the life cycle of grape production reported as land-based (kg Nr/ha) and product-based (g Nr/kg grape) for the three treatments (INT,
ORG1 and ORG2) and two cultivars (Pinot blanc and Rhine Riesling). Different letters in apex indicate significant differences among treatments (INT, ORG1 and ORG2)

(One Way ANOVA, P < 0.01, Holm-Sidak test for multiple comparisons).

Farming management Vineyard structure Fuel and electricity consumption Fertilization Chemical treatments Farming wastes Total
kg Nr/ha

INT Mean 0.097 0.011 12.7 0.373 0.003 13.2

ORG1 Mean 0.097 0.011 5.9 0.113 0.002 6.1

ORG2 Mean 0.097 0.009 7.1 0.111 0.003 7.4

Pinot blanc g Nr/kg grape

INT Mean 0.0075° 0.0008* 0.993% 0.0292° 0.0002° 1.031*

ORG1 Mean 0.0068 0.0008? 0.409° 0.0079° 0.0002° 0.425°

ORG2 Mean 0.0069° 0.0006" 0.509" 0.0079" 0.0002° 0.525"

Rhine Riesling g Nr/kg grape

INT Mean 0.00817 0.0009 1.057% 0.0310? 0.0003? 1.097°

ORG1 Mean 0.0079° 0.0009° 0.478" 0.0092° 0.0002° 0.497°

ORG2 Mean 0.0076° 0.0007° 0.558" 0.0087" 0.0002° 0.575"
Table 6

ETc, Peff, green water and green water footprint (L/kg grape) reported for the grapes of the cultivars under three managements (INT, ORG1 and ORG2). There is no
statistical difference among treatments for each wine variety (One Way ANOVA, P > 0.05).

Farming management ETc Peff Green water Year Green WF - Pinot Green WF - Riesling
mm/ha mm/ha mm/ha L/ha L/kg grape L/kg grape
INT 817.2 873.4 817.2 8.17E + 6 2016 860.2 605.3
2017 567.5 833.9
2018 489.3 600.9
Mean 639.0 680.0
SD 195.5 133.3
ORG1 817.2 873.4 817.2 8.17E + 6 2016 664.4 548.5
2017 523.8 763.7
2018 563.6 583.7
Mean 583.9 632.0
SD 72.4 115.5
ORG2 713.5 873.4 713.5 7.13E + 6 2016 517.0 454.4
2017 575.4 654.6
2018 432.4 561.8
Mean 508.3 556.9
SD 71.9 100.1

cut-off value). Overall, the CF of the grapes were in the range, and below
the mean value, of CF values reported for grapes in the Petersson et al.
(2021) CF database (mean: 0.33 kg CO2eq/kg, range: 0.15-0.88 kg
CO2eq/kg). Considering the sole organic theses, the CF was significantly
lower than the Q1 (0.27 kg CO2eq/kg) value of the 15 studies reported
by Petersson et al. (2021).

3.3. Nitrogen footprint
The Nr associated to one ha of land treated with organic management

Table 7

was between 44 and 55 % (Table 5) lower than Nr estimated for the INT
management. Around 96 % of the estimated Nr derived from fertilizer
application, while the other processes contributed for less than 1 %,
except for chemical treatment application in the INT management. The
NF of grapes in the INT management (1.03-1.10 g Nr/kg) was signifi-
cantly higher than NF measured for ORG1 (0.42-0.50 g Nr/kg) and
ORG2 (0.52-0.57 g Nr/kg). These values are lower than the lowest NF
value of 2 g Nr/kg product reported for sugar beet, fruits and vegetables,
and potatoes by Leip et al. (2014), who analysed 14 food categories in
EU27 at country level. As also reported by Leip et al. (2014), the most

ETc, Peff, blue water and blue water footprint (L/kg grape) reported for the grapes of the cultivars under three managements (INT, ORG1 and ORG2). There is no
statistical difference among treatments for each wine variety (One Way ANOVA, P > 0.05).

Farming management Chemicals treatments water Irrigation water Blue WF Year Blue WF - Pinot Blue WF - Riesling
L/ha L/ha L/ha L/kg grape L/kg grape

INT 3.30E + 4 2.40E + 5 2.73E +5 2016 28.8 20.2

2017 19.0 27.9

2018 16.4 20.1

Mean 21.4 22.7

SD 6.5 4.5
ORG1 3.40E + 4 2.40E + 5 2.74E + 5 2016 22.3 18.4

2017 17.6 25.6

2018 18.9 19.6

Mean 19.6 21.2

SD 2.4 3.9
ORG2 3.36E + 4 2.40E + 5 2.74E + 5 2016 19.9 17.4

2017 22.1 25.1

2018 16.6 21.6

Mean 19.5 21.4

SD 2.8 3.8
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Table 8
Grey water and grey water footprint (L/kg grape) reported for the grapes of the
cultivars under three managements (INT, ORG1 and ORG2).

Ecological Indicators 158 (2024) 111297

relevant contribution came from N leaching, run-off and ammonia
volatilization, therefore, mitigation measures aimed at reducing not
only N inputs but also the aforementioned processes might further

Farming Pollutant Grey Year Grey WF  Grey WF - reduce the Nr footprint of grapes.
management water - Pinot Riesling The N investment factor (NIF) of grapes, defined as the quantity of
m3/ha liters/kg  liters/kg new reactive N required to produce one unit of N in the grapes, varied in
grape grape our case between 0.5 and 0.6 Nr/kg N for the ORG treatments and
INT (Scenario Potassium 7.92E 2016  834E+  5.87E+4 1.3-1.4 kg Nr/kg N for the INT treatment. In all cases NIF was, as ex-
with phosphonate  +5 4 pected, lower than NIF reported for N reach plant-based products like
pesticides) 2017 5.50E + 8.08E + 4 A .
4 pulses (1-2 kg N/kg N) and much lower than NIF of animal products like
2018  4.74E+  5.82E+4 beef (15-20 kg N) (Leip et al., 2014).
4
Mean 6.19E+  6.59E+4° 3.4. Water footprint (WF)
4
SD 1.89E +  1.29E + 4
4 The three components of WF, green, blue and grey WF, calculated for
INT NPK 12-12- 735 2016  7.74 5.45 the grapes of the three treatments and two cultivars are reported in
(Scenariow/o 17 2017 511 7.50 Table 6, 7 and 8, respectively. The green WF varied between 508.3 and
pesticides) ;?18 :;gb 2.‘;12" 680 L/kg grape, with the mean value estimated for the three years
ean . . . . .
SD 1.76 1.20 decreasing in the order INT > ORG1 > ORG2, although the difference
ORG-1 18.4 2016  1.49 1.23 among treatments was not statistically significant.
2017 118 1.72 This is to be expected, as greening with grass was present in all the
2018 1.27 131 three systems with similar plant density (Morelli et al., 2022). Rainwater
Mean  1.31¢ 1.42¢ . . . : s -
D 016 0.26 was sufficient to satisfy crop requirements thus requiring limited
ORG-2 19.7 2016 1.43 1.26 emergency irrigation resulting in a very low blue WF of 19.7-22.5 L/kg
2017 1.59 1.81 grape, with no significant difference among treatments or cultivars
2018  1.20 1.55 (Table 7).
Mean  1.41°¢ 1.54¢ : s .
The biggest difference was found analyzing the grey WF (Table 8).
SD 0.20 0.28 e . . . .
When only fertilization and nutrient inputs were considered in the
evaluation of the potential water pollution generated by the three
Bacteria Fungi Oomycetes
< 5.5 a
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Fig. 2. Alpha diversity indexes of soil microbial communities. Shannon index, Pielou’s evenness index and Faith’s phylogenetic diversity indexes calculated from
the metagenomics data of Bacteria, Fungi, and Oomycetes for integrated (INT) and organic (ORG 1 and ORG2) managements of experimental vineyard trials.

Difference letters indicate significant difference, Dunn’s test; P < 0.05.
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management, the grey WF was generally quite low (1.31-6.12 L/kg) due
to the relatively low amount of fertilizer added to the vineyard treat-
ments, compared with other cultivations. The INT grey WF was signif-
icantly higher than the grey WF of ORG1 and ORG2, which did not
significantly differ.

When, however, also the chemical treatments were added in the
evaluation, the very low limits posed by EU regulation (Directive EU
2020/2184) for synthetic organic chemical concentration in water
raised the grey WF of INT from 5.7 to 6.12 L/kg to 65,900 L/kg of grape
(Table 8, Table S8). These stringent thresholds assigned to organic
pesticides lead to very high WF values in conventional and integrated
managements (Borsato et al., 2018).

Although in the panorama of reported values of food WF this high
value might seem surprising, we have to consider that the majority of
publications, reported for large scale analysis, mainly considered
pollution derived from fertilizer application (Mekonnen and Hoekstra,
2011; Hoekstra, 2017), due the more robust data that can be found for
fertilizer use and application, compared with the extremely high un-
certainty associated to identification of pesticides applied and leaked
into the environment. Additionally, while green and blue WF represent
indeed a real flux of water and provide also a measure for potential
water loss and use in the system which can be concretely used for water
management planning, the grey WF is rather a concept which gives an
order of magnitude of the potential water polluting effect of a process or
management and assimilation capacity of the water bodies, as the exact
dilution of a chemical in fresh water depends on the hydrogeology of the
system/s analyzed. If we hence report the WF excluding pesticide
impact, the analyzed total WF was on average 666 and 708 L/kg grapes
for INT (Pinot and Riesling), 605 and 655 L/kg for ORG1 (Pinot and
Riesling), and 529 and 580 L/kg for ORG2 (Pinot and Riesling). These
values are in the range of values previously reported for grapes
(506-608 L/kg Mekonnen and Hoekstra, 2011). It however, relevant to
consider that adding pesticides in the calculation dramatically changes
the level of WF.

3.5. Microbial biodiversity

After bioinformatic treatment of the data, a total of 1311 OTUs were
used for downstream analyses, 110 oomycete OTUs, 634 fungal OTUs,
and 567 bacteria OTUs. Rarefaction curves of all taxa reached an
asymptote and showed saturation, indicating that the sampling size was
acceptable and suggesting that most of the biodiversity of the samples
was detected (data not shown). The Oomycetes group did not show any
significant difference among treatments, for any of the three alpha di-
versity indexes (Fig. 2). The Shannon index (H), that indicates the di-
versity of species in a particular community, showed the highest value
for the bacteria, followed by fungi and oomycetes. For both, fungi and
bacteria, H was significantly higher in ORG1 (H = 9.67; P < 0.05)
compared with ORG2 and INT (which did not differ), the difference
being more evident for fungi (H = 8.6; P < 0.05). No effect of man-
agement on evenness was found in this study in the oomycetes group,
while for both fungi and bacteria ORG1 was significantly higher than
ORG2 and similar to INT. Bacteria showed higher evenness followed by
fungi and oomycetes (Fig. 2).The Pielou’s evenness measures how the
species are evenly distributed in a community, with low evenness values
indicating an uneven distribution with high densities of only few
opportunistic species and higher evenness generally indicating higher
community stability.

The third index, the Faith’s Phylogenetic index (pd), a measure of
biodiversity based on phylogeny (the tree of life) showed the highest pd
values in ORG1, higher in the fungal group, slightly lower for bacteria
and very low for oomycetes. Although not statistical difference was
observed, the fungal pd value increased in the order ORG2 < INT <
ORG1 (19.79 < 20.59 < 23.28). For the bacterial community the pd
order was ORG2 < INT < ORG1 (16.66 < 17.67 < 18.64) and was al-
ways significantly different (H = 10.48; P < 0.05) (Fig. 2). Generally,

Ecological Indicators 158 (2024) 111297

Table 9

Total soil organic C in the studied vineyard soils (median, minimum, maximum,
first — Q; — and third — Q3 — quartile). No statistically significant was evidenced
between year 2012 and 2018 (Kruskal-Wallis text, p < 0.05) for the same
management.

Farming management Year SOC Min - Max Q;-Qs3
(gkg'dw) (gkgldw) (gkgldw)
INT 2012 23.2 22.0—27.8 22.6—25.5
2018 23.8 20.9—35.4 22.3—29.6
ORG1 2012 20.3 19.7—24.4 20.0—22.3
2018 22.3 18.0—26.1 19.7—24.7
ORG2 2012 21.2 15.1—26.7 15.4—26.7
2018 21.5 18.6—26.1 19.4—24.4

high Faith’s Phylogenetic index values suggests a stable ecosystem with
many different niches and low competition (high richness and even-
ness), whereas lower values indicate systems with few potential niches
where only a few species dominate (low richness and evenness). The.

There is evidence that soil biodiversity confers stability to stress and
disturbance, although the mechanisms are not yet fully understood
(Brussard et al., 2007). Fertilization management has been found to
influence soil microbial communities in agroecosystems (Zhang et al.,
2020). Hartmann et al. (2015), analysing the response of the bacterial
and fungal communities to more than two decades of organic vs con-
ventional farming management, using a high-throughput pyrosequenc-
ing approach on ribosomal markers, found that organic farming
increased soil microbial richness but the effect was visible only where
conventionally managed soils received exclusively mineral fertilization,
whereas the difference became smaller when conventionally managed
soils were under an integrated fertilization scheme. This result might be
coherent with the level of biodiversity observed in this study in the INT
management, often like ORG2, as also in the INT management a per-
manent cover of grass was maintained over the years. ORG1 presented
the highest biodiversity indices and hence it might be hypothesised that
cattle manure had a positive effect of soil microbiome. Although cattle
manure can be used in grapevines as organic fertilizer, to our knowl-
edge, information about soil microbial communities of vineyards treated
with cattle manure fertilization is limited. Composted chicken, cow, and
sheep manure applied alone or in combination with plant growth-
promoting bacteria were found a promising tool for the management
of phytoparasitic nematodes, enrichment of free-living nematodes and
predacious nematodes and for the improvement of plant growth and
grapevine yield by El-Ashry (2021). Bacterial diversity in tea plantations
treated with cow manure fertilization was found to be significantly
higher than in soils treated with chemical fertilization by Zhang et al.
(2020). The cow manure was found to increase soil pH, nitrogen,
available potassium and organic matter respect to the unfertilized soil or
fertilized with urea (Zhang et al., 2020). Soil pH indeed is a critical
factor for bacterial diversification and exerted a strong influence on the
structure of soil microbial communities (Zhalnina et al., 2015). Soil
organic matter is considered a factor influencing the microbial com-
munity composition (Zhang et al., 2017) and cattle manure could pro-
vide rich carbon sources to promote the activity of soil microorganisms.
Also, soil available potassium has been found to have positive effect on
soil microbial community composition (Yan et al., 2020). Unexpectedly,
addition of green manure (mix of Poaceae 47 %, Fabaceae 40 %, and
Brassicaceae 13 %) in ORG2 did not seem to lead to an increase in soil
microbial alpha diversity indices. Previous studies with greening man-
agement, in conditions similar to ORG2, showed that bacterial alpha
diversity was significantly higher compared to soils fertilized with
organic fertilizer or treated with biodynamic management, whereas no
differences were found in fungal communities among treatments (Longa
et al.,, 2017). However, more studies would be needed to drive general
conclusions.
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Table 10
The Sustainability index (SI) calculated for each managements option for the two grape cultivars.
Pinot Blanc Rhine Riesling
Treatment SI Score SI Class SI Score SI Class
INT 2.70 3 2.70 3
ORG1 1.79 2 1.79 2
ORG2 146 IS 175 2

Table 11

Breakdown of the impact score class of each indicator, relative to each management, calculated for both cultivars.

Riesling Impact score (I) Rieslin Impact score (I) Pinot
h 2 3 4 H 2 3 4 -1
C footprint INT INT
ORGl ORGl
ORG2 ORG2
Water footprint ! 2 3 4 2 3 4 -
INT INT
ORG1 ORGl
ORG2 ORG2
SoilCarbon SN 4| 3| 2 4 3| 2/E
INT INT
ORG1 ORGl1
ORG2 ORG2
N footprint [ 2 3| 48 2] 3| 418
INT INT
ORGl ORG1
ORG2 ORG2
Biodiversity 4| 3 2 4] 3] 2/l
INT INT
ORG1 ORGl
ORG2 ORG2

3.6. Soil quality

An average increase of soil C was observed in 2018 (Table 9) in all
the treatments compared to 2012 (0.075, 0.25 and 0.037 g Ckg ™! yr !,
for INT, ORG21 and ORG2, respectively), corresponding to about 0.29,
0.97- and 0.15-Tons C ha™! yr’1 (0-30 cm depth). The increase, how-
ever, was not statistically significant, hence it should be considered as a
trend and additional years could be necessary to consolidate the treat-
ment effect on soil C accrual. As no statistical difference was observed
between treatments we calculated an average C sequestration rate of
0.47 Tons C ha~! yr™! for all the treatments.

Organic farming, as well as greening and increased organic inputs
are considered as effective measures to improve soil C accumulation
(Vicente-Vicente et al., 2016). However, it is generally recognized that
especially in soils with a medium to good level of organic C, it may take
several decades to observe a significant change in C content due to
management (IPCC, 2006). Morelli et al. (2022), analysed the fractions
of soil C with different stability on the same samples and reported a
significant increase of the most stable fraction and the labile fraction in
ORG 2, and only the labile organic C in ORG1. The stable fraction of soil
organic C, resistant to acid hydrolysis, represents the most strongly
protected fraction of soil C from microbial decomposition, is associated
to the mineral component and is characterized by a long lifetime, all
positive factors to contribute to C accrual in the ecosystem (Rovira and
Vallejo, 2002; Mclauchlan and Hobbie, 2004; Hoosbeek et al., 2006; von
Liitzow et al., 2006).

3.7. Multi indicator comparison between integrated and organic
management

The sustainability index calculated for the three management op-
tions of the two cultivars, Riesling and Pinot, (Table 10) showed that,
considering the whole scenario of evaluated impacts, the sustainability

level of both organic farming management systems was higher
compared to the integrated management, but it also showed a quite
good level of sustainability in the integrated treatment. For the latter,
the major cause of class 3 (yellow) was to be attributed to the very high
grey footprint associated to the use of organic pesticides (Table 11).
The available studies reporting comparisons of conventional vs.
organic farming with multi-indicators approaches, provide supporting
evidence for a better performance of organic systems, despite the
generally lower yield. Boschiero et al. (2023), revising 77 paired case
studies where impacts were evaluated with LCA methodology,
concluded that organic systems had overall a better environmental
performance than conventional ones for all the analysed LCAI cate-
gories, when reported on land basis, and only for climate change, ozone
depletion, ecotoxicity and use of resources (i.e. abiotic, mineral and
metal resources) when expressed as product-base. Fruit and nuts pro-
vided the most clear difference between systems, although a significant
variability was observed within the same commodity depending on site
characteristics and management (Boschiero et al., 2023). A crucial
conclusion of their review, was that fundamental aspects of agricultural
systems, such as biodiversity, soil organic carbon, impact on soil and
land “are still rarely taken into account in LCA studies, despite the
available evidence on the fundamental role that these aspects play in
mitigating GHG emissions and in ensuring the resilience of food sys-
tems” and that scientific effort is needed to propose monitoring meth-
odologies that include such neglected impacts in LCA farming studies.
An other positive result, based on multi-footprint approach on
vineyards, is reported by Borsato et al. (2020), who included a multi-
criteria descriptor of farming sustainability (VIVA) in their analysis and
showed that organic management in viticulture gave better environ-
mental performances results without economic losses. Michos et al.
(2018) using three main indicators, energy efficiency of the farming
systems, carbon and water footprint, on 15 vineyards, could not differ-
entiate organic from integrated management, as results depended on the
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farm and specific managements applied.

Vanham et al. (2019) in their systematic review of multi-footprint
studies, pointed out that “the footprint family is a flexible framework
where particular members can be included or excluded according to the
context or area of concern”. A comprehensive set of indicators is hence
necessary to get this type of flexibility.

4. Conclusions

The integration of complementary footprints and indicators to assess
environmental sustainability is recognised as fundamental for
“comprehensive understanding of environmental issues, policy formu-
lation and assessment of trade-offs between different environmental
concerns” Vanham et al. (2019) to respond to Sustainable Development
Goals (SDGs) and environmental planetary challenges. With a multi-
indicator approach we showed that the organic management could be
considered an important option in the analysed vineyard to increase the
sustainability of grape production for the most important spheres of
intervention necessary to stay within the limits of Earth sustainability
planetary boundaries.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ecolind.2023.111297.

References

Allen, R.G., Pereira, L.S., Raes, D., Smith, M., 1998. Crop evapotranspiration — Guidelines
for computing crop water requirements — FAO Irrigation and drainage paper 56,

p. 326.

Béné, C., Prager, S.D., Achicanoy, H.A.E., Alvarez Toro, P., Lamotte, L., Bonilla, C.,
Mapes, B.R., 2019. Global map and indicators of food system sustainability. Sci. Data
6, 279. https://doi.org/10.1038/s41597-019-0301-5.

Berbeé, A.K., Feledyn-Szewczyk, B., Thalmann, C., Wyss, R., Grenz, J., Kopinski, J.,
Stalenga, J., Radzikowski, P., 2018. Assessing the Sustainability Performance of
Organic and Low-Input Conventional Farms from Eastern Poland with the RISE
Indicator System. Sustainability10, 1792. https://doi.org/10.3390/su10061792.

Borsato, E., Zucchinelli, M., D’Ammaro, D., Giubilato, E., Zabeo, A., Criscione, P.,
Pizzol, L., Cohen, Y., Tarolli, P., Lamastra, L., Marinello, F., 2020. Use of multiple
indicators to compare sustainability performance of organic vs conventional
vineyard management. Sci. Total Environ. 711, 135081.

Boschiero, M., De Laurentiis, V., Caldeira, C., Sala, S., 2023. Comparison of organic and
conventional cropping systems: A systematic review of life cycle assessment studies.
Environ. Impact Assess. Rev. 102, 107187 https://doi.org/10.1016/j.
eiar.2023.107187.

Brussard, L., De Ruiter, P.C., Brown, G.G., 2007. Soil biodiversity for agricultural
sustainability. Agr. Ecosys. Environ. 121 (3), 233-244. https://doi.org/10.1016/j.
agee.2006.12.013.

Busico, G., Giuditta, E., Kazakis, N., Colombani, N., 2019. A hybrid GIS and AHP
approach for modelling actual and future forest fire risk under climate change
accounting water resources attenuation role. Sustainability 11, 7166. https://doi
:10.3390/5u11247166.

Caporaso, J., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F.D., Costello, E.K.,
Fierer, N., Pena, A.G., Goodrich, J.K., Gordon, J.I., Gavin, A., Kelley, S.T., Knights,
D., J.E, Ley, R.E., Lozupone, C.A., McDonald, D., Muegge, B.D., Pirrung, M., Reeder,
J., Sevinsky, J.R., P.J., Walters, W.A., Widmann, J., Yatsunenko, T., J., Knight, R.
2010. QIIME allows analysis of high-throughput community sequencing data. Nat.
Methods 7, 335-336. https://doi.org/10.1038/nmeth.f.303.

Chaudhary, A., Gustafson, D., Mathys, A., 2018. Multi-indicator sustainability assessment
of global food systems. Nat. Commun. 9, 848. https://doi.org/10.1038/541467-018-
03308-7.

Chiriaco, M.V., Castaldi, S., Valentini, R., 2022. Determining organic versus conventional
food emissions to foster the transition to sustainable food systems and diets: Insights

10

Ecological Indicators 158 (2024) 111297

from a systematic review. J. Clean. Prod. 380, 134937 https://doi.org/10.1016/j.
jclepro.2022.134937.

Cordovez, V., Dini Andreote, F., Carrion, V.J., Raaijmakers, J.M., 2019. Ecology and
evolution of plant microbiomes. Annu. Rev. Microbiol. 73, 69-88. https://doi.org/
10.1146/annurev-micro-090817-062524.

DPI, 2016. Disciplinare per la Produzione Integrata — Settore ortofrutticolo. Edizione
2016. Provincia Autonoma di Trento — APOT. https://www.winbdf.it/bdf-archivi/
disciplinari/dpi_trento_2016.pdf.

Eakin, H., Bojorquez-Tapia, L.A., 2008. Insights into the composition of household
vulnerability from multicriteria decision analysis. Glob. Environ. Change 18,
112-127. https://doi.org/10.1016/j.gloenvcha.2007.09.001.

El-Ashry, R., 2021. Application of Animal Manure and Plant Growth- Promoting
Rhizobacteria as Effective Tools to Control Soil Nematode Population and Increase
Crop Yield in Grapevine Orchards. Egypt. J. Agronematol. 20, 34-52. https://doi.
0rg/10.21608/ejaj.2021.141311.

European Commission. 2020. “A Farm to Fork Strategy for a Fair, Healthy and
Environmentally-Friendly Food System.” COM(2020) 381 Final. Brussels: European
Commission. https://eur-lex.europa.eu/legal-content/ EN/TXT/?uri=CELEX%
3A52020DC0381.

Faith, D.P., 1992. Conservation evaluation and phylogenetic diversity. Biol. Conserv. 61,
1-10. https://doi.org/10.1016/0006-3207(92)91201-3.

Franke, N., Hoekstra, A. Y., & Boyacioglu, H. (2013). Grey water footprint accounting:
Tier 1 supporting guidelines. (Value of Water Research Report; No. 65). Unesco-IHE
Institute dor Water Education.

Galloway, J.N., Aber, J.D., Erisman, J.W., Seitzinger, S.P., Howarth, R.W., Cowling, E.B.,
Cosby, B.J., 2003. The nitrogen cascade. BioScience 53, 341-356. https://doi.org/
10.1641/0006-3568(2003)053[0341:TNC]2.0.CO;2.

Galloway, J.N., Townsend, A.R., Erisman, J.W., Bekunda, M., Cai, Z., Freney, J.R.,
Martinelli, L.A., Seitzinger, S.P., Sutton, M.A., 2008. Transformations of the nitrogen
cycle: recent trends, questions and potential solutions. Science 320, 889-892.
https://doi.org/10.1126/science.1136674.

Galloway, J.N., Wilfried, W., Leip, A., Leach, A.M., Bleeker, A., Erisman, J.W., 2014.
Nitrogen footprints: past, present and future. Environ. Res. Lett. 9, 115003 https://
doi.org/10.1088/1748-9326,/9/11/115003.

Gattingera, A., Mullera, A., Haenia, M., Skinnera, C., Fliessbacha, A., Buchmann, N.,
Madera, P., Stolzea, M., Smithc, P., El-Hage, S.N., Niggli, U., 2012. Enhanced top soil
carbon stocks under organic farming. PNAS 109, 18226-18231. http://www.pnas.
org/cgi/doi/10.1073/pnas.1209429109.

Goglio, P., Smith, W.N., Grant, B.B., Desjardins, R.L., McConkey, B.G., Campbell, C.A.,
Nemecek, T., 2015. Accounting for soil carbon changes in agricultural life cycle
assessment (LCA): a review. J. Clean. Prod. 104, 23-39. https://doi.org/10.1016/].
jclepro.2015.05.040.

Grilli, E., Carvalho, S.C.P., Chiti, T., Coppola, E., D’Ascoli, R., La Mantia, T.,

Marzaioli, R., Mastrocicco, M., Pulido, F., Rutigliano, F.A., Quatrini, P., Castaldi, S.,
2021. Critical range of soil organic carbon in southern Europe lands under
desertification risk. J. Environ. Manag. 287, 112285 https://doi.org/10.1016/j.
jenvman.2021.112285.

Gu, B., Zhang, X., Lam, S.K., et al., 2023. Cost-effective mitigation of nitrogen pollution
from global croplands. Nature 613, 77-84. https://doi.org/10.1038/541586-022-
05481-8.

Hartmann, M., Frey, B., Mayer, J., Mader, P., Widmer, F., 2015. Distinct soil microbial
diversity under long-term organic and conventional farming. ISME J. 9, 1177-1194.
https://doi.org/10.1038/ismej.2014.210.

Hoekstra, A.Y., 2017. Water Footprint Assessment: Evolvement of a New Research Field.
Water Resour. Manage. 31, 3061-3081. https://doi.org/10.1007/s11269-017-1618-
5.

Hoekstra, A.Y., Chapagain, A.K., Aldaya, M.M., Mekonnenet, M.M., 2011. The water
footprint assessment manual: setting the global standard. Earthscan, London https://
www.waterfootprint.org/resources/TheWaterFootprintAssessmentManual_English.
pdf.

Hoosbeek, R.M., Li, Y., Scarascia-Mugnozza, G.E., 2006. Free Atmospheric CO2
Enrichment (FACE) increased labile and total carbon in the mineral soil of a short
rotation poplar plantation. Plant Soil 281, 247-254. https://doi.org/10.1007/
511104-005-4293-x.

IPBES 2019: Global assessment report on biodiversity and ecosystem services of the
Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services.
E. S. Brondizio, J. Settele, S. Diaz, and H. T. Ngo (editors). IPBES secretariat, Bonn,
Germany, pp. 1148. https://doi.org/10.5281/zenodo.3831673.

IPCC, 2006. Guidelines for National Greenhouse Gas Inventories, Volume 4 Agriculture,
Forestry and Other Land Use.

IPCC, 2019a. Climate Change and Land: an IPCC special report on climate change,
desertification, land degradation, sustainable land management, food security, and
greenhouse gas fluxes in terrestrial ecosystems [P.R. Shukla, J. Skea, E. Calvo
Buendia, V. Masson-Delmotte, H.O. Portner, D. C. Roberts, P. Zhai, R. Slade, S.
Connors, R. van Diemen, M. Ferrat, E. Haughey, S. Luz, S. Neogi, M. Pathak, J.
Petzold, J. Portugal Pereira, P. Vyas, E. Huntley, K. Kissick, M. Belkacemi, J. Malley,
(eds.)]. In press.

IPCC, 2019b refinement to the 2006. Guidelines for National Greenhouse Gas
Inventories. Chapter 11. N2O emissions from managed soil, and CO, emissions from
lime and urea application.

1SO 14040:2006 Environmental management — Life cycle assessment — Principles and
framework. 2006 a.

1SO 14044:2006 Environmental management — Life cycle assessment — Requirements
and guidelines 2006b.

ISO 14046:2014 Environmental management — Water footprint — Principles,
requirements and guidelines (2014).


https://doi.org/10.1016/j.ecolind.2023.111297
https://doi.org/10.1016/j.ecolind.2023.111297
http://refhub.elsevier.com/S1470-160X(23)01439-5/optrsIgRwSWgg
http://refhub.elsevier.com/S1470-160X(23)01439-5/optrsIgRwSWgg
http://refhub.elsevier.com/S1470-160X(23)01439-5/optrsIgRwSWgg
https://doi.org/10.1038/s41597-019-0301-5
https://doi.org/10.3390/su10061792
http://refhub.elsevier.com/S1470-160X(23)01439-5/h0010
http://refhub.elsevier.com/S1470-160X(23)01439-5/h0010
http://refhub.elsevier.com/S1470-160X(23)01439-5/h0010
http://refhub.elsevier.com/S1470-160X(23)01439-5/h0010
https://doi.org/10.1016/j.eiar.2023.107187
https://doi.org/10.1016/j.eiar.2023.107187
https://doi.org/10.1016/j.agee.2006.12.013
https://doi.org/10.1016/j.agee.2006.12.013
https://doi%3a10.3390/su11247166
https://doi%3a10.3390/su11247166
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1038/s41467-018-03308-7
https://doi.org/10.1038/s41467-018-03308-7
https://doi.org/10.1016/j.jclepro.2022.134937
https://doi.org/10.1016/j.jclepro.2022.134937
https://doi.org/10.1146/annurev-micro-090817-062524
https://doi.org/10.1146/annurev-micro-090817-062524
https://doi.org/10.1016/j.gloenvcha.2007.09.001
https://doi.org/10.21608/ejaj.2021.141311
https://doi.org/10.21608/ejaj.2021.141311
https://doi.org/10.1016/0006-3207(92)91201-3
https://doi.org/10.1641/0006-3568(2003)053[0341:TNC]2.0.CO;2
https://doi.org/10.1641/0006-3568(2003)053[0341:TNC]2.0.CO;2
https://doi.org/10.1126/science.1136674
https://doi.org/10.1088/1748-9326/9/11/115003
https://doi.org/10.1088/1748-9326/9/11/115003
http://www.pnas.org/cgi/doi/10.1073/pnas.1209429109
http://www.pnas.org/cgi/doi/10.1073/pnas.1209429109
https://doi.org/10.1016/j.jclepro.2015.05.040
https://doi.org/10.1016/j.jclepro.2015.05.040
https://doi.org/10.1016/j.jenvman.2021.112285
https://doi.org/10.1016/j.jenvman.2021.112285
https://doi.org/10.1038/s41586-022-05481-8
https://doi.org/10.1038/s41586-022-05481-8
https://doi.org/10.1038/ismej.2014.210
https://doi.org/10.1007/s11269-017-1618-5
https://doi.org/10.1007/s11269-017-1618-5
http://refhub.elsevier.com/S1470-160X(23)01439-5/h0120
http://refhub.elsevier.com/S1470-160X(23)01439-5/h0120
http://refhub.elsevier.com/S1470-160X(23)01439-5/h0120
http://refhub.elsevier.com/S1470-160X(23)01439-5/h0120
https://doi.org/10.1007/s11104-005-4293-x
https://doi.org/10.1007/s11104-005-4293-x

C. Simona et al.

1SO 14067:2018(en) Greenhouse gases — Carbon footprint of products — Requirements
and guidelines for quantification (2018).

Kazakis, N., Busico, G., Colombani, N., Mastrocicco, M., Pavlou, A., Voudouris, K., 2019.
GALDIT-SUSI a modified method to account for surface water bodies in the
assessment of aquifer vulnerability to seawater intrusion. J. Environ. Manag. 235,
257-265. https://doi.org/10.1016/j.jenvman.2019.01.069.

Kumar, A., Pant, S., 2023. Analytical hierarchy process for sustainable agriculture: An
overview. MethodsX 10, 101954. https://doi.org/10.1016/j.mex.2022.101954.

Leach, A.M., Galloway, J.N., Bleeker, A., Erisman, J.W., Kohn, R., Kitzes, J., 2012.

A nitrogen footprint model to help consumers understand their role in nitrogen
losses to the environment. Environ. Dev. 1, 40-66. https://doi.org/10.1016/j.
envdev.2011.12.005.

Leip, A., Weiss, F., Lesschen, J., Westhoek, H., 2014. The nitrogen footprint of food
products in the European Union. J. Agric. Sci. 152, 20-33. https://doi.org/10.1017/
50021859613000786.

Longa, C.M., Nicola, L., Antonielli, L., Mescalchin, E., Zanzotti, R., Turco, E., Pertot, L,
2017. Soil microbiota respond to green manure in organic vineyards. J. App.
Microbiol. 123, 1547-1560. https://doi.org/10.1111/jam.13606.

Mclauchlan, K.K., Hobbie, S.E., 2004. Comparison of labile soil organic matter
fractionation techniques. S.S.S.A.J. 68, 1616-1625. https://doi.org/10.2136/
sssaj2004.1616.

Mekonnen, M.M., Hoekstra, A.Y., 2011. The green, blue and grey water footprint of crops
and derived crop products. Hydrol. Earth Syst. Sci. Discuss. 8, 763-809. https://doi.
org/10.5194/hess-15-1577-2011.

Michos, M.C., Menexes, G.C., Mamolos, A.P., Tsatsarelis, C.A., Anagnostopoulos, C.D.,
Tsaboula, A.D., Kalburtji, K.L., 2018. Energy flow, carbon and water footprints in
vineyards and orchards to determine environmentally favourable sites in accordance
with Natura 2000 perspective. J. Clean. Prod. 187, 400-408. https://doi.org/
10.1016/j.jclepro.2018.03.251.

Morales-Rodriguez, C., Sferrazza, 1., Aleandri, M., Dalla Valle, M., Mazzetto, T.,
Speranza, S., Contarini, M., Vannini, A., 2019. Fungal community associated with
adults of the chestnut gall wasp Dryocosmus kuriphilus after emergence from galls:
Taxonomy and functional ecology. Fungal Biol. 123, 905-912. https://doi.org/
10.1016/j.funbio.2019.09.009.

Morelli, R., Roman, T., Bertoldi, D., Zanzotti, R., 2022. Can Comparable Vine and Grape
Quality Be Achieved between Organic and Integrated Management in a Warm-
Temperate Area? Agronomy 12, 1789. https://doi.org/10.3390/
agronomy12081789.

Ntziachristos, L., Samaras, Z. 2019. EMEP/EEA air pollutant emission inventory
guidebook 2019 - Update Oct. 2021.

Persson, L., Carney Almroth, B.M., Collins, C.D., Cornell, S., de Wit, C.A., Diamond, M.L.,
Fantke, P., Hassellov, M., MacLeod, M., Ryberg, M.W., Jgrgensen, P.S., Villarrubia-
Gomez, P., Wang, Z., Zwicky Hauschild, M., 2022. Outside the Safe Operating Space
of the Planetary Boundary for Novel Entities. Environ. Sci. Technol. 56, 1510-1521.
https://doi.org/10.1021/acs.est.1c04158.

Petersson, T., Secondi, L., Magnani, A., Antonelli, M., Dembska, K., Valentini, R.,
Varotto, A., Castaldi, S., 2021. A multilevel carbon and water footprint dataset of
food commodities. Sci Data 8, 127. https://doi.org/10.1038/541597-021-00909-8.

Pielou, E.C., 1966. The measurement of diversity in different types of biological
collection. J. Theor. Biol. 13, 131-144. https://doi.org/10.1016/0022-5193(66)
90013-0.

Poore, J., Nemecek, T., 2018. Reducing food’s environmental impacts through producers
and consumers. Science 360, 987-992. https://doi.org/10.1126/science.aaq0216.

Ramanathan, R., 2001. A Note on the Use of the Analytic Hierarchy Process for
Environmental Impact Assessment. J. Environ. Manag. 63, 27-35. https://doi.org/
10.1006/jema.2001.0455.Regulation. EU) 2021/1119 of the European parliament
and of the Council of 30 June 2021 establishing the framework for achieving climate
neutrality and amending Regulations (EC) No 401/2009 and (EU) 2018/1999
(‘European Climate Law’.

Ribaudo, F., 2017. Prontuario di agricoltura — Seconda edizione. Hoepli.

Rockstrom, J., Steffen, W., Noone, K., et al., 2009. A safe operating space for humanity.
Nature 461, 472-475. https://doi.org/10.1038/461472a.

Rovira, P., Vallejo, V.R., 2002. Labile and recalcitrant pools of carbon and nitrogen in
organic matter decomposing at different depths in soil: an acid hydrolysis approach.
Geoderma 107, 109-141. https://doi.org/10.1016/50016-7061(01)00143-4.

Saaty, T.L., 1977. A scaling method forms priorities in hierarchical structures. J. Math.
Psychol. 15, 234-281. https://doi.org/10.1016,/0022-2496(77)90033-5.

11

Ecological Indicators 158 (2024) 111297

Saaty, T.L., 1980. The Analytic Hierarchy Process. McGraw-Hill, New York.

Seufert, V., Ramankutty, N., Foley, J., 2012. Comparing the yields of organic and
conventional agriculture. Nature 485, 229-232. https://doi.org/10.1038/
naturel1069.

Shannon, C.E., Weaver, W., 1949. The mathematical theory of communication.
University of Illinois Press, Urbana, IL, p. 125.

TEC, 2016. Tabelle ettaro/coltura per 1’assegnazione del carburante agricolo da
ammettere all’impiego agevolato in agricoltura in provincia di Trento file:///C:/
Users/simon/Dropbox/11%20mio%20PC%20(DESKTOP-5B4809B)/Downloads/
delibera+2170+dd+02-12-2016%20(5).pdf.

Vanham, D., Leip, A., Galli, A., Kastner, T., Bruckner, M., Uwizeye, A., van Dijk, K.,
Ercin, E., Dalin, C., Brandao, M., Bastianoni, S., Fang, K., Leach, A., Chapagain, A.,
Van der Velde, M., Sala, S., Pant, R., Mancini, L., Monforti-Ferrario, F., Carmona-
Garcia, G., Marques, A., Weiss, F., Hoekstra, A.Y., 2019. Environmental footprint
family to address local to planetary sustainability and deliver on the SDGs. Sci. Total
Environ. 693, 133642 https://doi.org/10.1016/j.scitotenv.2019.133642.

Vicente-Vicente, J.L., Garcia-Ruiz, R., Francaviglia, R., Aguilera, E., Smith, P., 2016. Soil
carbon sequestration rates under Mediterranean woody crops using recommended
management practices: A meta-analysis. Agric. Ecosys. Environ. 235, 204-214.
https://doi.org/10.1038/541893-020-0489-6.

von Liitzow, M.V., Kogel-Knabner, I., Ekschmitt, K., Matzner, E., Guggenberger, G.,
Marschner, B., Flessa, H., 2006. Stabilization of organic matter in temperate soils:
mechanisms and their relevance under different soil conditions — a review. Eur. J.
Soil Sci. 57, 426-445. https://doi.org/10.1111/j.1365-2389.2006.00809.x.

Willer, H., Kilcher, L. (Eds.), 2011. The World of Organic Agriculture - Statistics and
Emerging Trends 2011. IFOAM, Bonn and FiBL, Frick.

Willett, W., Rockstrom, J., Loken, B., Springmann, M., Lang, T., Vermeulen, S.,
Garnett, T., Tilman, D., DeClerck, F., Wood, A., Jonell, M., Clark, M., Gordon, L.J.,
Fanzo, J., Hawkes, C., Zurayk, R., Rivera, J.A., De Vries, W., Majele Sibanda, L.,
Afshin, A., Chaudhary, A., Herrero, M., Agustina, R., Branca, F., Lartey, A., Fan, S.,
Crona, B., Fox, E., Bignet, V., Troell, M., Lindahl, T., Singh, S., Cornell, S.E., Srinath
Reddy, K., Narain, S., Nishtar, S., Murray, C.J.L., 2019. Food in the Anthropocene:
the EAT-Lancet Commission on healthy diets from sustainable food systems. Lancet
(london, England) 393, 447-492. https://doi.org/10.1016/50140-6736(18)31788-
4.

Xiong, C., Lu, Y., 2022. Microbiomes in agroecosystem: Diversity, function and assembly
mechanisms. Environ. Microbiol. Rep. 14, 833-849. https://doi.org/10.1111/1758-
2229.13126.

Yan, M., Chen, S., Huang, T., Li, B., Li, N., Liu, K., Zong, R., Miao, Y., Huang, X., 2020.
Community compositions of phytoplankton and eukaryotes during the mixing
periods of a drinking water reservoir: dynamics and interactions. Int. J. Environ. Res.
Public. Health 17, 1128. https://doi.org/10.3390/ijerph17041128.

Zhalnina, K., Dias, R., Quadros, P., Davis-Richardson, A., Camargo, F., Clark, M.,
Mcgrath, S., Hirsch, P., Triplett, E., 2015. Soil pH determines microbial diversity and
composition in the park grass experiment. Microb. Ecol. 69, 395-406. https://doi.
org/10.1007/s00248-014-0530-2.

Zhang, W., Ricketts, T.H., Kremen, C., Carney, K., Swinton, S.M., 2007. Ecosystem
services and dis-services to agriculture. Ecol. Econ. 64, 253-260. https://doi.org/
10.1016/j.ecolecon.2007.02.024.

Zhang, S., Sun, L., Wang, Y., Fan, K., Xu, Q., Li, Y., Ma, Q., Wang, J., Ren, W., Ding, Z.,
2020. Cow manure application effectively regulates the soil bacterial community in
tea plantation. BMC Microbiol. 20, 190. https://doi.org/10.1186/512866-020-
01871-y.

Zhang, X., Zhang, Q., Liang, B., Li, J., 2017. Changes in the abundance and structure of
bacterial communities in the greenhouse tomato cultivation system under long-term
fertilization treatments. Appl. Soil Ecol. 121, 82-89. https://doi.org/10.1016/j.
apsoil.2017.08.016.

Further reading

Morelli, R., Bertoldi, D., Baldantoni, D., Zanzotti, R., 2020. Labile, recalcitrant and stable
soil organic carbon: comparison of agronomic management in a vineyard of Trentino
(Italy). BIO Web of Conf. 44, 02007. https://doi.org/10.1051/bioconf/
20224402007.


https://doi.org/10.1016/j.jenvman.2019.01.069
https://doi.org/10.1016/j.mex.2022.101954
https://doi.org/10.1016/j.envdev.2011.12.005
https://doi.org/10.1016/j.envdev.2011.12.005
https://doi.org/10.1017/S0021859613000786
https://doi.org/10.1017/S0021859613000786
https://doi.org/10.1111/jam.13606
https://doi.org/10.2136/sssaj2004.1616
https://doi.org/10.2136/sssaj2004.1616
https://doi.org/10.5194/hess-15-1577-2011
https://doi.org/10.5194/hess-15-1577-2011
https://doi.org/10.1016/j.jclepro.2018.03.251
https://doi.org/10.1016/j.jclepro.2018.03.251
https://doi.org/10.1016/j.funbio.2019.09.009
https://doi.org/10.1016/j.funbio.2019.09.009
https://doi.org/10.3390/agronomy12081789
https://doi.org/10.3390/agronomy12081789
https://doi.org/10.1021/acs.est.1c04158
https://doi.org/10.1038/s41597-021-00909-8
https://doi.org/10.1016/0022-5193(66)90013-0
https://doi.org/10.1016/0022-5193(66)90013-0
https://doi.org/10.1126/science.aaq0216
https://doi.org/10.1006/jema.2001.0455.Regulation
https://doi.org/10.1006/jema.2001.0455.Regulation
http://refhub.elsevier.com/S1470-160X(23)01439-5/h0260
https://doi.org/10.1038/461472a
https://doi.org/10.1016/S0016-7061(01)00143-4
https://doi.org/10.1016/0022-2496(77)90033-5
http://refhub.elsevier.com/S1470-160X(23)01439-5/h0280
https://doi.org/10.1038/nature11069
https://doi.org/10.1038/nature11069
http://refhub.elsevier.com/S1470-160X(23)01439-5/h0290
http://refhub.elsevier.com/S1470-160X(23)01439-5/h0290
https://doi.org/10.1016/j.scitotenv.2019.133642
https://doi.org/10.1038/s41893-020-0489-6
https://doi.org/10.1111/j.1365-2389.2006.00809.x
http://refhub.elsevier.com/S1470-160X(23)01439-5/h0315
http://refhub.elsevier.com/S1470-160X(23)01439-5/h0315
https://doi.org/10.1016/S0140-6736(18)31788-4
https://doi.org/10.1016/S0140-6736(18)31788-4
https://doi.org/10.1111/1758-2229.13126
https://doi.org/10.1111/1758-2229.13126
https://doi.org/10.3390/ijerph17041128
https://doi.org/10.1007/s00248-014-0530-2
https://doi.org/10.1007/s00248-014-0530-2
https://doi.org/10.1016/j.ecolecon.2007.02.024
https://doi.org/10.1016/j.ecolecon.2007.02.024
https://doi.org/10.1186/s12866-020-01871-y
https://doi.org/10.1186/s12866-020-01871-y
https://doi.org/10.1016/j.apsoil.2017.08.016
https://doi.org/10.1016/j.apsoil.2017.08.016
https://doi.org/10.1051/bioconf/20224402007
https://doi.org/10.1051/bioconf/20224402007

	A multi-indicator approach to compare the sustainability of organic vs. integrated management of grape production
	1 Introduction
	2 Materials and methods
	2.1 Site characteristics and farming managements
	2.2 Multiple indicators for sustainability assessment
	2.2.1 The carbon footprint (CF)
	2.2.2 The nitrogen footprint (NFP)
	2.2.3 The water footprint (WF)
	2.2.4 Microbial biodiversity
	2.2.5 Soil C stock
	2.2.6 The multi-indicator sustainability index (SI) and the Analytical Hierarchy Process-AHP method


	3 Results and discussion
	3.1 Effect of management on grape yield
	3.2 Carbon footprint
	3.3 Nitrogen footprint
	3.4 Water footprint (WF)
	3.5 Microbial biodiversity
	3.6 Soil quality
	3.7 Multi indicator comparison between integrated and organic management

	4 Conclusions
	Declaration of Competing Interest
	Data availability
	Appendix A Supplementary data
	References
	Further reading


