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• The environmental impact of organic rice
cultivation was evaluated using LCA.

• Inventory data were collected in 10 farms
for 3 years and for different cultivation
practices.

• Yield is the main driver of the environ-
mental impact.

• Shifting from the worst to the best man-
agement up to 40 % of impact reduction
can be achieved.
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Rice cultivation has a key role in food security worldwide; on the other hand, it has a high potential impact on the en-
vironment and human health, mainly due to the extensive pesticides use and greenhouse gas emissions caused by
flooded cultivation. In Italy, the rice sector based mainly on high-input monoculture. The transition toward organic
agriculture can improve the environmental performance of rice farming according to the actual European sustainable
food production strategy. Through LCA methodology, the study aims to evaluate the variability of the environmental
impacts and the mitigation potential of four management strategies suitable for organic rice production in North Italy
and two production potential levels observed during three-year monitoring on 10 farms in the study area. The LCA
analysis includes the wide range of agronomic realities that characterise this farming system, assessing the variation
in environmental performance by exploring eight plausible and possible scenarios for organic rice. Results suggest a
considerable potential of organic rice production to mitigate its impact on natural resources, depending on the chosen
agricultural practices. In particular, six LCA indicators showed a potential of reduction over 40 %, shifting from the
worst-performing management to the better one.
Finally, the large variability of climate change impacts assessed, both in this study and in literature, is due to the cor-
responding existing large variability in terms of yield and available patterns of agricultural practices.
Today the farmers could reach acceptable yield values thanks to more efficient management than in the past. The ac-
knowledgement for that performances relates to the development of the farmers' know-how and to the productive im-
provement connected to the long-term processes which characterise the organic systems (e.g. generation of soil
fertility based on biological fertility and stable humus components; lowering of weeds pressure through the gradual
introduction of other crops in rotation).
.
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1. Introduction

Food production addresses one of the most essential and basic
human needs. That is even more true considering rice, a crop with a
key role in food security in many countries worldwide (Seck et al.,
2012). On the other hand, rice farming has a high potential impact on
the environment and human health, due to the extensive pesticides
use, in particular herbicides, that occurs when the economic growth
and rising labour cost lead to a progressive giving up of hand weeding
practice (Naylor, 1994). The rice crop is significantly affected by the
crop-weed competition that, in the absence of agrochemicals, is consid-
ered the leading cause of yield variability and the main constraint of
realising potential yield (Delmotte et al., 2011; Hazra et al., 2018).
Rice was identified as one of the most important crops regarding the
market value of sold and consumed agrochemicals (Woodburn, 1990),
and rice sustainable farming management is still a crucial field of
research (Yuan et al., 2021).

In Italy, the rice sector is mainly based on high-input monoculture, and
the highest degradation of water quality due to pesticides and herbicides
pollution is in the Northern rural areas (i.e. between the Piedmont and
Lombardy regions) (ISPRA, 2018), where 94 % of the national rice area is
placed (ISTAT, 2016). Thus about 49 % of the European rice cultivations
are concentrated (FAO, 2018). In this context, the transition towards
organic agriculture can improve the environmental performance of rice
farming. Nowadays, that transition is also encouraged by the European sus-
tainable food production strategy “Farm to Fork,” which is the core of the
European Green Deal aiming to make food systems fair, healthy and envi-
ronmentally friendly, encouraging the expansion of the organic agriculture
sector (European Commission, 2020).

In general, organic farming is capable of reducing the environmental
impact of agriculture by avoiding the use of synthetic compounds
(e.g. fertilisers, pesticides) and by promoting practices (e.g. crop rota-
tion, leguminous cultivation, organic fertilisers, green manure crops,
and green mulching.) able to increase the soil carbon stock, and prevent
the indirect environmental impacts due to the industrial production of
inputs (Acuna et al., 2018). Organic agriculture produces biodiversity,
with increases in abundance and species richness observed for birds,
mammals, invertebrates and flora (Hole et al., 2005), shows higher eco-
nomic values concerning some ecosystem services (Sandhu et al., 2008),
and leads to a decrease of nitrate concentration into the water (Honisch
et al., 2002). For rice, in particular, the organic system was observed to
be able to increase the soil carbon storage capacity (Komatsuzaki and
Syuaib, 2010) and organic matter content, facilitating the soil prepara-
tion (Mendoza, 2004) and promoting the ecological succession and
temporal heterogeneity of the macrophyte communities into the soil
(Martínez-Eixarch et al., 2017).

The Life Cycle Assessment (LCA) is an approach to quantify the environ-
mental impacts of products and or services, and it is increasingly a key tool
to support the transition towards more sustainable production patterns.
Even if initially developed for industrial processes, LCA was more and
more applied to agricultural systems over the years (Fusi et al., 2014, Fusi
et al., 2017). Several LCA studies were carried out about conventional
rice cultivation systems in developed (Bacenetti et al., 2020; Zoli et al.,
2021) and in developing countries (e.g., Escobar et al., 2022). However, re-
sults from LCA reveal peculiar features of organic rice cultivation compared
to other herbaceous organic crops. Aguilera et al., 2015 studied the global
warming potential of 38 pairs of conventional and organic herbaceous
cropping systems in Spain (functional unit: 1 kg product), showing the re-
duction of emission by 36–65 % organic management was assessed, except
for rice. Unlike the other crops, organic rice showed an increase in emission
by 8 %, compared to conventional rice. The authors highlighted that the
rice cultivation in flooded fields differs from other crops because the green-
house gases (GHG) balance mainly focuses on the methane emissions
generated in water-saturated conditions for the anaerobic decomposition
of organic matter. Organic rice involves incorporating the soil of organic
manure and crop biomass, which, together with the lower yield, increases
2

the methane emissions for a share that the carbon sequestration could
not overcome and thus could not offset. Hokazono and Hayashi
(2012), Hokazono et al. (2009), and Bacenetti et al. (2016), comparing
organic and conventional rice, came to similar results, respectively, in
Japan and North Italy, assessing an overall higher impact on organic
management. Similarly, the study by (Blengini and Busto, 2009),
carried out in North Italy, pointed out that although organic rice can de-
crease the impact per unit of cultivated area, this benefit declines when
the product is a functional unit due to the yield decrease. Therefore, de-
spite the above-mentioned ecological benefit and positive externalities
related to organic rice and organic agriculture, the LCA environmental
evaluations, considering the environmental impacts, suggest that or-
ganic rice farming needs to apply mitigation practices on par with the
conventional system, choosing among different management options
those with the lower impacts.

However, few studies address this issue, evaluating the variability of
LCA outputs and assessing the mitigation potential among different
management strategies available for organic rice growing. The compar-
ative studies between organic and conventional rice show some limita-
tions. Insufficient attention was on the existing range of practices and
productive performances for organic rice. Often, organic farming
seems to be considered a unique system, based on applying a universal
management recipe extendible, with a slight approximation, from one
monitored farm to all the organic farms of the study area. Most LCA car-
ried out on organic rice assumes a limited variation and slight differ-
ences in agricultural practices between farms or between the growing
seasons, so much that it is enough to consider few farms or one season
to obtain data on management and yield (and thus environmental as-
sessments), representative of the majority. Concerning the previously
mentioned studies, Aguilera et al. (2015) considered three rice farms,
characterised by shallow, productive performances (i.e. 2.48 t/ha d.
m.), without providing details on crop management. Blengini and
Busto (2009) considered the organic management adopted by only
one rice farm and the resulting yield (i.e. 4.4 t/ha). Hokazono and
Hayashi (2012) assessed the environmental impact based on the yield
(3.37 t/ha) averaged on two different managements identified for or-
ganic rice. Bacenetti et al. (2016) considered the average yield reached
during one growing season in 19 fields (i.e. 4.5 t/ha at commercial mois-
ture 14 %) by only one rice farm, and the related management, based on
mechanical weed control (i.e. four passages of harrow) and large or-
ganic matter input (i.e. incorporation into the soil of both compost
and cover crop biomass).

However, Bell et al. (2008) pointed out that organic agriculture is more
than a process of recipe adoption: the universal practices and standard
protocols are unsuitable for managing the complexity of organic cropping
systems, affected by cumulative effects of long-term dynamics. Concerning
rice, Orlando et al. (2020), monitoring 50 organic rice fields belonging to
10 farms during a three-year study in North Italy, reported the adoption
by the farmers of knowledge-intensive adaptive management strategies.
The authors identified three main functional principles underlying these
strategies: weed control, involving mechanical action to exploit phytotoxic
effects (Vitalini et al., 2020a; Vitalini et al., 2020b). Each identified strategy
was not a universal recipe but involved a wide range of operative variants,
maintaining the same functional principle but shaping the agronomic prac-
tices to the case-specific needs (i.e. season-specific and site-specific).
Furthermore, a wide range of productive performance occurred (i.e. grain
yield at commercial moisture 14 %: in middle-quartile 4 t/ha, in upper-
quartile 6 t/ha). The organic rice yield was affected by many sources of
variability, such as the history of the field (i.e. previous crop rotation)
and the farmer's know-how. The farmer's experience and ability to identify
the strategy fitting the site-specific cultivation conditions and promptly
apply the related agronomic practices during the growing season were
crucial in determining the productive performance. All this results in a
wide range of management and production scenarios.

In this context, Bacenetti et al. (2016) study starts from the cropping
system adopted by only one farm, it compares the current management
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practices (i.e. baseline scenario) with five alternative management
practices scenarios. The authors assumed for the LCA the introduction of
aeration during the cultivation period and replacing compost with other or-
ganic manures, analysing the related mitigation potential in environmental
impact. The changes in fertiliser management reduced the environmental
impacts from 13 % to 51 %, depending on the impact categories.

Regarding management strategy, practices, and productive perfor-
mance, differences among different scenarios could explain discrepancies
between the comparative studies, organic vs conventional, carried out on
rice with LCA methodology.

He et al. (2018) found for organic rice cropping systems in China
lower impacts (functional unit: 1 kg product) concerning non-
renewable energy depletion, water depletion, acidification potential,
eutrophication potential, aquatic toxicity potential and human toxicity
potential, and recommended the organic rice farming as sustainable ag-
ricultural practices, in comparison with conventional. These results are
based on data collected from 98 farms, thus considering a wide range of
farm realities and management systems practised for 5, 10 and 15 years,
with the related average yield (i.e. 5.3, 6.0 and 6.1 t/ha, respectively).
Conversely, Hokazono and Hayashi (2012) found that organic rice has
worst environmental performance than conventional rice for the follow-
ing impact categories: non-renewable energy depletion, acidification
potential, eutrophication potential; and similarly, Bacenetti et al.
(2016) for the following impact categories: mineral and fossil resource
depletion (i.e. similar to non-renewable energy depletion category), ter-
restrial acidification (i.e. similar to acidification potential category),
freshwater and marine eutrophication (i.e. components of the eutrophi-
cation potential), and human toxicity potential.

In contrast with the current literature, Yodkhum et al. (2017)
showed that the GHG emissions of organic paddy rice were consider-
ably lower than conventional, considering data collected from sixteen
farms in Thailand and information retrieved from different local
sources (Don-Chiang Organic Agricultural Cooperative, Mae-teang
district, Chiang Mai province, Office of Agricultural Economics, Minis-
try of Agriculture and Cooperatives). The authors explained the
highest environmental performance found for organic rice with the
lower use of organic fertilisers, the lower diesel fuel consumption
and the different water regime during the cultivation period (i.e.
rain-fed and deep water, instead of continuous flooding) compared
to the conventional system and other organic systems considered by
previous studies.

In this context, the present study aims to evaluate the variability of the
environmental impacts and the mitigation potential of four management
strategies suitable for organic rice production in North Italy through LCA.
The study compares four alternative patterns of agricultural practices and
two production potential levels observed during three-year monitoring on
10 farms in the study area (Orlando et al., 2020). The study wants to
make the LCA analysis inclusive of the wide range of agronomic realities
that characterise this farming system, assessing the variation in environ-
mental performance by exploring eight plausible and possible scenarios
for organic rice.

2. Materials and methods

2.1. Study area and data collection

The study area was the North Italian rice cultivation district,
where during three growing seasons (i.e. 2016, 2017, 2018), the re-
search considered a total number of 50 rice paddy fields. The fields
belonged to ten organic farms in the two crucial Italian rice prov-
inces: Vercelli and Pavia province (in the Piedmont and Lombardy
regions, respectively), covering 67 % of the national production
(ISTAT, 2016).

The monitoring involved ten farmers identified as local pioneers of or-
ganic rice farming during the participatory research by Orlando et al.
(2020). The farmers are representative of the local reality of the organic
3

sector, thanks to key information such as i) the farms were controlled by
agronomists and specialized technicians in the rice sector with a deep
knowledge of the territory, who as responsible for company inspections,
in addition to those carried out by the certification body, they verify the
standards of real organic cultivation; ii) they are local pioneers of organic
rice cultivation, with a pre-existing relationship of trust with the research
group (e.g. ex-student); iii) farmers are part of the Organic Rice Network
cited in Orlando et al., 2020. The latter study aimed to fill the knowledge
gap about the management strategies and productive performance reach-
able by growing rice with an organic system, and the present work started
from the author's conclusions to define the scenarios described in the
following Sections 2.3 and 2.4.

A wide range of cultivation conditions characterised the 50 fields (see
Appendix A):

– 62 % and 38 % were in Pavia and Vercelli provinces, respectively
(fewer fields in Piedmont where the organic rice sector is a younger
reality);

– 44% characterised by silty-loam soil and 12% by silt soil (mainly asso-
ciated with fields in Vercelli province, whose soils are characterised by
a higher percentage of silt), while 40 % was characterised by sandy-
loam and 4 % by loamy-sand soil (mainly associated with fields in
Pavia province, whose soils are characterised by a higher percentage
of sand);

– 30 % were monitored in the 2016 growing season, 44 % in 2017 and
26 % in 2018;

– 46%wasmanaged by farmerswith eight ormore years of experience in
organic farming (most farmers of Pavia province), while 54 % of
farmers started to grow organic rice between 2014 and 2015 (most
farmers of Vercelli province).

For all the fields, information concerning the agricultural practices,
agronomic inputs, and the resulting grain yield (ton/ha at 14 % of com-
mercial moisture) were collected through face-to-face farmer interviews
and field surveys, in the beginning, during and at the end of the crop
cycle.

Background data for the production of seeds (rice, ryegrass and
vetch), fuel, organic manure, tractors and agricultural machines
were from the Ecoinvent database Database v.3.7 (Althaus et al.,
2007; Frischknecht et al., 2007; Jungbluth et al., 2007; Nemecek
and Käggi, 2007; Spielmann et al., 2007). The fuel consumption and
intervention time were measured directly during field surveys
through a stopwatch and a graded portable fuel tank for a sample of
ten fields. This sub-sample of fields was representative of some agro-
nomic interventions underlying the management strategies that were
taken into account (see Section 2.4). The data were used to validate
the fuel consumption values assessed with the support of the
Ecoinvent database Database v.3.7 for the less common machinery
used in the organic rice field (e.g. minimum tillage machinery).
The production of straw was considered a harvest index of 0.45
(Boschetti et al., 2006).

2.2. Life Cycle Assessment

The Life Cycle Assessment (LCA) aim to evaluate the environmental
impacts of the organic rice cropping system, considering eight scenarios,
given by four management strategies combined with two production
levels, as shown in Table 1. The scenarios are better detailed in Sections
2.3 and 2.4.

The LCA was performed following the ISO 14040/44 standards (ISO,
2006) and the Environmental Product Declarations (EPD) guidelines
defined for “Arable Crops” (Environdec, 2014).

The selected functional unit (FU) was 1 ton of rice grain, at commercial
moisture (14%). Concerning the system boundaries, the study performed a
“from cradle to farm gate” assessment, considering the following processes:
the extraction of the raw materials (e.g. minerals, fossil fuels and metals),
the production of agricultural inputs (e.g. seeds, fertilisers, tractors,



Table 1
Environmental impact (EI) categories computed in eight scenarios for organic rice
cultivation, given by four management strategies (GM_1 = green mulching with
broadcast rice sowing; GM_2 = green mulching with dry period; SD = stale seed-
bed in dry paddy; SF = stale seedbed in flooded paddy), each one combined with
two production levels (Q2=middle yield, 3.91 t/ha; Q3=upper yield, 5.65 t/ha).

EI category and abbreviation Scenarios

Unit n. Management
strategy

Production
levels

Climate change (CC) kg CO2 eq. 1 GM_1 Q2
Ozone depletion (OD) kg CFC-11 eq. 2 GM_1 Q3
Human toxicity (HTc) CTUh
Particulate matter (PM) kg PM2.5 eq. 3 GM_2 Q2
Photochemical ozone formation
(POF)

kg NMVOC eq. 4 GM_2 Q3

Terrestrial acidification (TA) molc H+ eq.
Terrestrial eutrophication (TE) molc N eq. 5 SD Q2
Freshwater eutrophication (FE) kg P eq. 6 SD Q3
Marine eutrophication (ME) kg N eq.
Freshwater ecotoxicity (FEx) CTUe 7 SF Q2
Mineral and fossil resource
depletion (MFRD)

kg Sb eq. 8 SF Q3
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machines, lubricant), the supply of inputs to the farm (e.g. transport), the
use of agricultural inputs (e.g. fertiliser application, diesel fuel and lubri-
cant consumptions, tire abrasion, and the related pollutant emissions), the
maintenance and final disposal of machines, the grain and straw produc-
tion, the emissions of N and P compounds due to fertilisers applications,
field flooding (methane), and fuels combustion.

The inventory data were collected by means of surveys at the farms and
interviews with the farmer. Primary data were used with regard to yield
and the consumption of seed, fertilisers, pesticide, and fuels. According to
Lovarelli and Bacenetti (2017), regarding the mechanization of field
operations the modelling considered the mass of the different machines,
Table 2
Patterns of agricultural practices concerning the “stale seedbed in dry paddy” (SD) and t
control.

Section Field operation Peri

SD strategy
Tillage Levelling Ever

Field banks Eve
Ploughing (20 cm) End
Harrowing (15 cm) Earl

Organic manure Spreading End
Mechanical weeding Comb harrowing

n. 7 interventions
(5 cm)

n. 3
10–
n. 4
16–

Sowing Row-sowing (6 cm) 15 M
Harvesting & Storage Harvest Octo

Transport
Drying

Days of flooding 67

SF strategy
Tillage Levelling Eve

Field banks Eve
Ploughing (15 cm) End
Harrowing (15 cm) Earl

Organic manure Spreading Eve
Mechanical weeding Modified smoothing 2 interventions (3 cm) Pre-

12–
Sowing Broadcast-sowing 20 M
Harvesting & storage Harvest Octo

Transport
Drying

Days of flooding 101

4

their life span and annual working time as well as their effective field
capacity (ha/h).

Secondary data were used with regard to the emissions from
fertiliser application and from organic matter decomposition. Nitrogen
emissions were evaluated as: (i) ammonia volatilization: using emis-
sion factors suggested by EMEP/CORINAIR (EMEP/EEA, 2019); (ii)
N2O and NO direct emissions: using emission factors calculated by
Bouwman et al. (2002); (iii) N2O indirect emissions: using emission
factors suggested by IPCC (2019); and (iv) nitrate emissions (leaching
and runoff): using emission factors suggested by IPCC (2019). Phos-
phate emissions in water were calculate following Prahsun (2006).
The methane emissions were estimated using the emission factors
and the methodology proposed by the IPCC (2019). Pesticide emissions
were estimated according to the Product Category Rules for Arable
Crops (Environdec, 2014).

The impact assessment was carried out using the characterisation
factors provided by the midpoint ILCD method (Wolf et al., 2012) and
considering the impact categories described in Table 1.

2.3. Scenarios: production levels

The organic rice yield data published by Orlando et al. (2020) was con-
sidered since the vast number of monitored fields (i.e. 50), with heteroge-
neous features, supply a representative framework concerning the
possible production trend drawn by organic rice farming in the study
area. The yield dataset showed normal distribution and high variability,
with mean values of 3.91 t/ha and 5.65 t/ha, respectively, in the middle
(Q2) and upper (Q3) quartiles. Therefore, LCA analysis considered two
plausible and probable production levels. i) the currentlymore common sit-
uation in the study area (i.e. middle yield level Q2) and ii) an improvement
scenario inwhich the yield increases in the short-term,mainly thanks to the
crop rotation adoption and the development of the farmer's know-how and
her/his adaptive management (with resulting decrease of yield losses due
to weed incidence).
he “stale seedbed in flooded paddy” (SF) strategies, both based on mechanical weed

od Fuel Other input

kg/ha product kg/ha

y 3 years 54.5
ry 3 years 8.6
April 45.5
y May 9.9
April 34.9 Pelleted organic manure 450
in pre-sowing
15 May

7.2

in post-sowing
30 May

9.6

ay 5.3 Rice seeds 240
ber 38.4

30.2
–

ry 3 years 54.5
ry 3 years 8.6
April 40
y May 9.9
ry 3 years 34.9 Hoof and horn fertiliser 500
sowing
17 May

3.3
3.3

ay 0.9 Rice seeds 240
ber 38.4

30.2
–



Fig. 1. Stale seedbed in dry paddy (SD) management strategy. Fig. 2. Stale seedbed in flooded paddy (SF) management strategy.
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2.4. Scenarios: management strategies

The most promising management strategies resulting from the field
monitoring were based: i) on mechanical weeding, with stale seedbed
and superficial tillage, performed in dry paddy field (i.e. strategy named:
stale seedbed in dry paddy; SD) or flooded paddy field (i.e. strategy
named: stale seedbed in flooded paddy; SF); ii) onweeds control performed
through greenmulching from a cover crop, and the flooding of the resulting
biomass close to the sowing (strategy named: green mulching with broad-
cast rice sowing; GM_1) or after a post-sowing dry period (i.e. strategy
named: green mulching with dry period; GM_2). The LCA considered the
four crop management options. The agricultural practices, agronomic
input and flooding days data are in Tables 2 (SD and SF) and 3 (GM_1,
GM_2), described below and showed in Figs. 1, 2 and 3.

2.4.1. “Stale seedbed in dry paddy” (SD)
The strategy based on the weeds' mechanical control and the well-

known technique of the stale seedbed in the dry field (Ferrero, 2003).
After the harrowing follows a superficial passage with a comb harrow, car-
ried out pre-and post-sowing. The number of passages with comb harrow
varies depending on the weed incidence until seven steps. The rice sowing
is in-row on dry land. The sowing depth (5 cm) and the post-sowing dry
period (on average 23 days) are adopted to comb harrow operability and
avoid rice seedlings damage. The strategy is feasible in intermittent water
access (i.e. constrained by the water supply calendar established by the
local authority), but it is not so suitable for soil with a firm texture. Fig. 1
resumes the SD strategy.

2.4.2. “Stale seedbed in flooded paddy” (SF)
Contrary to the SD strategy, after the harrowing, the rice paddy field is

flooded for an average of 14 days before sowing. So, weed eradication
5

occurs in water through minimum tillage (i.e. two interspersed passages).
The farmers used innovative machinery for this operation and realised
modifying existing ones (i.e. adding tines to a bar generally used for field
levelling). After that, the broadcast sowing of rice occurs in water. The
weed control is performed mechanically and by the “puddling” effect
(Bhagat et al., 1996, physical obstacle and anaerobic conditions provided
by mud). Fig. 2 resumes the SF strategy. This strategy requires flexible
access to the irrigation water supply, and it is not so suitable for loose soil
with fast drainage.

The agricultural practices, agronomic input and flooding days data
related to the green mulching strategy are named GM_1 and GM_2 which
are described below and reassumed in Table 3 GM_1, GM_2 and Figs. 3
and 4

2.4.3. “Green mulching with broadcast rice sowing” (GM_1)
A cover crop mixture (i.e. graminaceous, such as Lolium multiflorum

Lam., and leguminous, such as Vicia sativa L.) sown before rice, and
the weed control based on complex dynamics that involve the cover
crop competition, the green mulching effect, the allopathic relation-
ships between weeds and the sowed species (Vitalini et al., 2020a;
Vitalini et al., 2020b), and the toxic effects of the organic acids devel-
oped as a consequence of the cover crop biomass fermentation. The
broadcast sowing of rice is on dry land and the standing cover crop. Im-
mediately after, chopping the cover crop and the field flooding, activat-
ing the fermentation processes. This flooding lasts on average five days
and follows a dry period (on average 12 days). Timely water manage-
ment is a crucial element for the success of this strategy. Then, flexible
access to the water supply is required.

2.4.4. “Green mulching with dry period” (GM_2)
This strategy is a variant of the GM_1 system, developed by the farmers

to minimise the negative impact of the organic acids on rice germination.



Fig. 3. The green mulching strategy underlining the two options: green mulching with broadcast rice sowing, GM_1 and green mulching with dry period, GM_2).
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The main differences are the following: i) the rice is sown in-row, on dry
land and the standing cover crop; ii) instead of flooding, a post-sowing
dry period follows (on average 30 days), at the end of which the cover
crop chopped, and the field flooded. This flooding lasted on average eight
days and was followed by a dry period (on average 12 days). The postpon-
ing of these operations later in the season, compared to the GM_1 strategy,
shifts the fermentation period when rice is at the leaf development stage
(3°–4° leaves unfolded) instead of at the germination stage, and in the
farmer's opinion, this could be able to reduce the adverse effects of organic
acids on rice.

Among the four management strategies, some operations are in
common: the field levelling and bank maintenance, and, even if car-
ried out in different periods or at different depths, the ploughing and
harrowing. On the other hand, the organic manuring differs i) the SD
system is high-intensive in mechanical operations and often applied
in soil characterised by higher sand percentage and faster mineralisa-
tion rate. Therefore, it is good practice to integrate the soil fertility
with an annual input of organic manure; ii) in the GM_1 and GM_2 sys-
tems, combining leguminous species as a cover crop and minimum
6

tillage conservative practices, the organic manuring is planned every
three years and the same occurs in SF systems: since usually the
farmer, that chooses the SF strategy, decides to apply it year in, and
year out, alternating with the GM_1 or GM_2 systems. Fig. 3 resumes
the GM strategy.

Finally, the irrigation schedules (i.e. cycles of flooding and dry periods)
are in Fig. 4: all the strategies have in common a dry period in July, even
if with different duration, and involved a non-irrigated pre-harvest
period starting from about 20th August. On the other hand, the SD and
GM_2 systems are characterised by a long dry period compared to the other
strategies.

3. Results

3.1. Comparison between the management strategies

Table 4 reports organic rice production's environmental impacts
based on 11 impact categories, considering eight different scenarios,
combining four management strategies and two production levels. The



Table 3
Patterns of agricultural practices concerning the “green mulching with broadcast rice sowing” (GM_1) and the “green mulching with dry period” (GM_2) strategies, both
based on weed control through the use of cover crops and their biomass.

Section Field operation Period Fuel Other input

kg/ha product kg/ha

GM_1 strategy
Tillage Levelling Every 3 years 54.5

Field banks Every 3 years 8.6
Ploughing (25 cm) End August 51.4

Cover crop Row-sowing (3 cm) combined with harrowing (15 cm) Early September 0.9 Vetch 25
Italian ryegrass 25

Biomass chopping 15th May 9.0
Organic manure Spreading every 3 years 34.9 Hoof and horn fertiliser 500
Sowing Broadcast-sowing 14 May 0.9 Rice seeds 240
Harvesting & storage Harvest October 38.4

Transport 30.2
Drying –

Days of flooding 79

GM_2 strategy
Tillage Levelling every 3 years 54.5

Field banks every 3 years 8.6
Ploughing (25 cm) end August 51.4
Harrowing (15 cm) early September 9.9

Cover crop Broadcast-sowing early September 7.4 Vetch 25
Italian ryegrass 25

Biomass chopping 12th May 9.0
Organic manure Spreading every 3 years 34.9 Hoof and horn fertiliser 500
Sowing Row-sowing (3 cm) 18 April 4.5 Rice seeds 240
Harvesting & storage Harvest October 38.4

Transport 30.2
Drying –

Days of flooding 52
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contribution analysis for the Climate Change impact category is shown
in Fig. 5.

Fig. 6 shows the SD system the better environmental performance
concerning the impact categories: CC, PM, ME, TA (Fig. 6a–d) and TE
(Appendix B), while the worst one in terms of MFRD (Fig. 6f).

Fig. 5 shows for SD management the lower percentage contribution to
CC due to methane emissions (i.e. 50.2 % vs a range of 52.6–60.7 %
assessed for the other systems) and emissions from fertilisers (i.e. 11.7 %
vs a range of 16.0–27.6 % of the others), but the more significant contribu-
tion due to mechanical operations (i.e. 14 % vs a range of 4.2–6.8 % of the
others) and depth sowing (i.e. 6.2 % vs a range of 3.3–3.6 % of the others).
The lower environmental impacts are due to the incorporation of stabilised
organic matter into the soil through organic fertilisers, instead of the green
Fig. 4. Irrigation schedule describing the cycles of flooding for themanagement scenario
or rice broadcast-sowing and subsequent flooding (i.e. SF and GM_1).

7

biomass used by the “green mulching” systems (GM_1 and GM_2), and to
the shorter period of flooding (total 67 days), compared to SF (101 days)
or GM_1 (79 days) systems, thanks to the post-sowing dry period. That
reduces the impact on natural resources, minimising the negative phenom-
ena associated with the anaerobic decomposition of organic matter in the
rice paddy field. On the other hand, the SD system involves mechanical
weed control, based onmany passages of shallow tillage and depth sowing,
leading to more consumed fuel.

The SF system follows second in place the SD strategy in the best
environmental performances (Table 4) for what concern the categories:
CC, PM, ME, TA (Fig. 6a–d) and TE (Appendix B), with lower impacts
than GM_1 and GM_2 systems. The MFRD values, even if higher than the
“green mulching” strategies, are much lower than SD (Fig. 6f), thanks to
s, characterised by a rice row-sowing and post-sowing dry period (i.e. SD and GM_2)



Table 4
Environmental impact (EI) categories referred to 1 t of paddy rice at commercial moisture, evaluated in eight scenarios for organic rice cultivation. Legend:Δ=variation, Q3-
Q2; GM_1 = green mulching with broadcast rice sowing; GM_2= green mulching with dry period; SD= stale seedbed in dry paddy; SF= stale seedbed in flooded paddy;
Q2 = middle yield; Q3 = upper yield.

Impact
category

Unit GM_1 GM_2 SD SF

Q2 Q3 Δ Q2 Q3 Δ Q2 Q3 Δ Q2 Q3 Δ

CC kg CO₂ eq 1365 1038 −24 % 1296 975 −25 % 780 623 −20 % 1050 832 −21 %
OD mg CFC-11 eq. 38.7 32.3 −17 % 32 25.6 −20 % 38.5 30 −22 % 31.3 25.1 −20 %
HTc CTUh 1.59 × 10−5 1.33 × 10−5 −16 % 1.31 × 10−5 1.05 × 10−5 −20 % 1.63 × 10−5 1.27 × 10−5 −22 % 1.28 × 10−5 1.03 × 10−5 −20 %
PM kg PM2.5 eq. 1.18 0.89 −25 % 1.17 0.88 −25 % 0.44 0.38 −14 % 0.62 0.5 −19 %
POF kg NMVOC eq. 2.94 2.18 −26 % 2.82 2.07 −27 % 2.7 1.99 −26 % 2.38 1.75 −26 %
TA molc H+ eq. 50.14 37.95 −24 % 49.97 37.79 −24 % 15.34 13.83 −10 % 24.62 20.21 −18 %
TE Molc N eq. 224.2 169.4 −24 % 223.9 169.1 −24 % 68.2 61.4 −10 % 109.9 90.1 −18 %
FE kg P eq. 0.16 0.12 −25 % 0.149 0.109 −27 % 0.15 0.11 −27 % 0.147 0.108 −27 %
ME kg N eq. 22.65 17.09 −25 % 22.62 17.07 −25 % 7.36 6.49 −12 % 11.47 9.31 −19 %
FEx CTUe 1449 1169 −19 % 1245 967 −22 % 1483 1134 −24 % 1232 958 −22 %
MFRD g Sb eq, 6.18 4.59 −26 % 5.78 4.2 −27 % 13.89 9.82 −29 % 7.47 5.36 −28 %
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the few mechanical passages and the broadcast sowing. Fig. 5 shows SF
management has the highest percentage contribution to CC due tomethane
emissions (i.e. 60.7 % vs a range of 50.2–53.7 % of the others), resulting
from the more extended flooding period that starts two weeks before
sowing. Moreover, contrary to the SD system, moderate fuel consumption
makes the mechanical operations responsible for 6.8 % of the GHG
emissions in the SF strategy. In SF management, the moderate use of fuel
and organic fertiliser balances the environmental impact due to the
prolonged period of flooding. This strategy can obtain an adequate weed
control, thanks to the combination of the mechanical action with targeted
watermanagement and the “puddling” effect, and at the same time involves
a low fuel consumption, close to “green mulching” systems but avoiding
their environmental complications due to the fermentation of green
biomass.

Table 4 shows for the “greenmulching” systems the worst environmental
performance for what concerns the categories: CC, PM, ME, TA (Fig. 6a–d)
and TE (Appendix B). However, for these categories, a noticeable potential
for improvement is revealed, shifting from Q2 to Q3 level of production. SD
and SF systems showed slight differences in the environmental performance
between the two production scenarios (i.e. Q1 and Q2); GM_1 and GM_2
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Fig. 5. Percentage contribution of different sources of GHG emissions to climate change
broadcast rice sowing; GM_2 = green mulching with dry period; SD = stale seedbed in
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showed a more considerable difference and, thus, a wide variation range
decreasing their environmental impacts at the yield increase. Moreover,
GM_1 andGM_2 showed a lower impact onMFRD (Fig. 6e). The low fuel con-
sumption is due to the “sod seeding” (GM_2) or broadcast sowing (GM_1) and
the replacement of mechanical weeding with the green mulching practice.
On the other hand, precisely this innovative and successful practice for
weed control (Orlando et al., 2020) determined the lower environmental per-
formance concerning the anaerobic fermentation of the flooded green
mulching or the release of nitrogen compounds from the long-term decompo-
sition of the leguminous biomass. No noticeable differences between GM_1
and GM_2 are in Fig. 5 regarding the percentage contribution of the GHG
emissions sources to CC value. On the other hand, both systems showed
higher percentages for the emissions from fertiliser (i.e. macro-nutrients
from the cover crop biomass) than the SD and SF management
(26.2–27.6 % vs a range of 11.7–16.0 % of the others). In absolute terms
(Table 4), the two “green mulching” systems have, in most cases, similar
environmental performances, except for the categories: HTc (Fig. 6f), OD
and FedEx (Appendix B, figures bc and be), for which GM_2 showed lower
impact than GM_1, probably concerning its more extended post-sowing dry
period. Concerning these environmental categories (i.e. HTc, OD, FedEx),
6.8
3.6

11.8

1.2

16.0

60.7

SF (Q2)

Methane emissions

Emissions from fertilizer

Fertilizer (product &

distribution)

Harvest & Post-harvest

Cover crop sowing (seeds &

distribution & biomass cut)

Rice sowing (seeds &

distribution)

Soil tillage & mechanical

weeding

total value assessed for each management strategy (GM_1 = green mulching with
dry paddy; SF = stale seedbed in flooded paddy).



Fig. 6.Represents the environmental impact categories CC, PM,ME, TA,MFRD, HTc, theminimum,maximum, andmean value (the bottom, top andmiddle line of each box,
respectively), evaluated for the four management strategies (i.e. GM_1, GM_2, SD, SF).
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GM_2 and SF systemsmovedwithin a similar values range, performing better
than GM_1 and SD strategies.

Finally, the results (Table 4) show, for organic rice, environmental
impact values within a wide range of variations, depending on the farmer's
choices regarding the water management, the weed control strategy, and
the nutrients and organicmatter replenishment plans.Moreover, the results
9

suggest different environmental impacts, shifting fromQ2 toQ3 productive
level, with different sensitivities depending on the management strategy:
the four systems showed different improvement potential for some impor-
tant impact categories.

The management based on the mechanical weed control and external
fertiliser input (i.e. SD) results globally in the best environmental



Table 5
Percentage variation of the environmental impact (EI) categories between
the management strategies (i.e. maximum vs minimum value across the
analysed managements) for each productive level (Q2 = middle yield,
Q3 = upper yield).

EI % Variation

Q2 Q3

CC −43 −40
OD −19 −22
HTc −21 −23
PM −63 −58
POF −19 −19
TA −69 −64
TE −70 −64
FE −8 −10
ME −68 −62
FEx −17 −18
MFRD −58 −57
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performance. At the same time, the GM_1 and GM_2 systems showed the
worst performance for most categories, even if theywere based on good ag-
ricultural practices, such as the use of resources internal to the farm for the
maintenance of soil fertility and the low soil disturbance throughminimum
tillage and the cover during the winter period. However, extensive liter-
ature established the multiple environmental benefits due of the use of
winter cover crops (Dabney et al., 2001), leguminous plants (Stagnari
et al., 2017) and green mulch (Thakur and Kumar, 2020). These
practices are among the topics addressed by the European Innovation
Partnership (EIP-AGRI; https://ec.europa.eu/) in order to foster com-
petitive and sustainable farming, and the local police support them for
agriculture in many countries and by FAO in the strategies of conserva-
tion agriculture (FAO, 2011) or integrated soil fertility management
(FAO, 2018). This discrepancy with the LCA outputs highlights the
need to integrate the comparison between the organic rice manage-
ments with other evaluations and use non-LCA indicators to obtain an
all-encompassing assessment of the environmental performance of
each farming system.

4. Discussion

The assessed environmental performance of organic rice production
took into account two productive levels recorded for the study area by
Orlando et al. (2020), 3.91 t/ha (Q2) and 5.65 t/ha (Q3), and thus a
range of yield variability consistent with the data shown in literature by
similar studies (e.g. 3.83 t/ha, Hokazono and Hayashi, 2012; 4.4 t/ha,
Blengini and Busto, 2009; 4.5 t/ha, Bacenetti et al., 2016; 5.3 t/ha and
6.0 t/ha, He et al., 2018). Table 5 shows the relative variation of the
environmental impacts among the management strategies for each produc-
tion level.

The results suggest considerable potential for organic rice produc-
tion to mitigate its impact on natural resources, depending on the cho-
sen agricultural practices. In particular, six LCA indicators showed a
potential of reduction over 40 %, shifting from the worst-performing
management to the better one, with the following Q2–Q3 average
values: TE and TA — 67 %, ME — 65 %, PM — 61 %, MFRD — 58 %,
and CC — 42 %. The remaining ones (i.e. HTc, OD, POF, FEx, FE)
showed a potential mitigation potential, with values ranging between
−8 % and−22 %. Similarly, Bacenetti et al. (2016), considering differ-
ent options in terms of water and soil fertility management, found a po-
tential to decrease the environmental impacts, compared to a baseline
scenario, over −40 % for most of the LCA-indicators (i.e. TE, TA, PM,
MFRD, CC, OD, HT, POF).

Focusing on the impact category “climate change” (CC), the values
assessed across the scenarios were characterised by a wide range of
variability, ranging from 623 to 1365 kg CO2 eq. (i.e. minimum-
10
maximum values, Table 4). Comparing this range with the values shown
in literature by similar studies (i.e. LCA of organic rice system “from cradle
to gate”), Yodkhum et al. (2017) found a value close to our minimum (i.e.
580 kg CO2 eq.), while Hokazono and Hayashi (2012) found, in correspon-
dence to the highest yield (i.e. 3.8 t/ha), a value close to our maximum (i.e.
1500 kg CO2 eq.). Concerning the latter study, the CC value assessed by the
authors is still 10 % higher than ours, but the rice system that they have
considered involved continuous flooding for a total of 180 days, vs our
range of 52–101 days, and this leads to a higher potential for methane
emissions.

Blengini and Busto (2009) assessed for organic rice produced in the
same study area of our research (i.e. Vercelli province, in Piedmont Re-
gion) a level of GHG emissions 20 % more than the conventional sys-
tems, namely of 3480 kg CO2 eq., a value about 2.5 times higher than
our maximum. However, the authors performed the study in 2009
when the organic rice cultivation covered only 3 % of the total culti-
vated area of the province: it was exceptional management in its early
days, rarely adopted by the farmers. Moreover, as the same authors
highlighted, it resulted in a general lack of data for organic rice farming.
Therefore, it is probably that the improvement in soil and water man-
agement during the last 10 years has reduced the GHG emissions due
to organic rice production significantly.

Another study carried out by Bacenetti et al. (2016), in the same study
area of our research (i.e. Pavia province, in Lombardy Region), assessed
for a baseline scenario of organic rice cultivation a level of GHG emission
much higher than our maximum and close to that found by Blengini and
Busto (2009) (i.e. 3270 kg CO2 eq.). However, the authors evaluated the
potential of mitigation for the CC LCA indicator as equal to−47 %, reach-
able thanks to improvements in crop management. The resulting value,
corresponding to 1736 kg CO2 eq., falls roughly within the same order of
magnitude as our maximum. However, in the authors' best management
scenario, the values assessed for the CC impact category were 27 % higher
than our maximum. Nevertheless, in all the scenarios considered by
Bacenetti et al. (2016):

The green manure originated from the cover crop mixture (i.e. vetch
and ryegrass) is combined each year with the further distribution of organic
fertiliser; in our study, instead, when leguminous species are grown during
the winter, the use of an organic fertiliser product is planned only one time
every three years (i.e. GM_1, GM_2).

The cover crop biomass method is combined with mechanical weeding
in several passages of comb harrow; in our study, instead, the two practices
are alternative; the systems based on mechanical weeding (i.e. SD, SF)
exclude the cover crop cultivation.

The overall no flooding period seems not to be considered so large such
in our study where instead, all the strategies involve aeration during July,
and some of them (i.e. SD, GM_2 and GM_1) a post sowing dry period
with different extensions (Fig. 4), since the aeration periods play a role
in the mechanical weeding, in the management of some pests (e.g.
Lissorhoptrus oryzophilus Kuschel 1952) and aquatic weeds (e.g.
Heteranthera reniformis Ruiz & Pav., Heteranthera rotundifolia (Kunth)
Griseb., Alisma plantago-aquatica L., Alisma lanceolatum With., Ammannia
coccinea Rottb., Ammannia robusta Heer & Regel).

Finally, the large variability of climate change impacts assessed for
organic rice farming, both in this study and in literature, is due to the
corresponding large variability in terms of yield and available patterns of
agricultural practices. For example, considering the CC impact category,
the practice patterns affect the contribution of the primary GHG emissions
sources, influencing the underlying processes: e.g. the duration of the soil
aeration period and the amount of the flooded organic matter impact the
anaerobic decomposition of organic matter and consequently the methane
emissions that alone cover 50–61 % of the total CC values (Fig. 5), as well
as, the quantity of green biomass or organic fertiliser and their N and P
contents determine the N and P compounds release into soil, air and
water (i.e. 12–28 % of CC, Fig. 5), and the fuel consumption associated
with the mechanisation of field operations affect the CO₂ emissions
(4–14 % of the CC, Fig. 5).

https://ec.europa.eu/
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Even if this study focuses on the comparison among different cul-
tivation practices of organic rice system it cannot be neglected that
most of the rice produced is grown following the conventional culti-
vation practice. This latter differs from the organic one mainly with
regard to the fertilisation, to the pest and disease management and,
often, for the productive performances. In conventional cultivation,
fertilisation is usually carried out using chemical fertilisers (whose
production is an energy-intensive process), pests and diseases
are managed using synthetic pesticides and the grain yield are
usually lower (up to 50 % of yield reduction) (Bacenetti et al.,
2016). These differences have a direct effect on the environmental
performances:

– when the yield reduction respect to the conventional rice is high
(>30 %) and a mass-based FU is selected, the organic rice systems
show higher environmental impact except than for the impact catego-
ries affected by the emissions of pesticide active ingredients
(e.g., freshwater ecotoxicity);

– when an area-based functional unit is selected the impact of or-
ganic rice is lower respect to the conventional system;

– for the impact categories affected by energy and fossil fuels con-
sumption, in organic rice the use of organic fertilisers and crop ro-
tation to manage soil fertility have a positive effect and reduce the
relative contribution of fertilizing on the total impact.

5. Conclusion

The large variability of environmental performance emerged con-
firm the organic rice farming variability of management strategies,
with a mitigation potential related which shift from the worst to the
best scenario, from −67 % to −8 %, depending on the LCA impact cat-
egory considered. The LCA-indicators that showed the higher reduction
potential, and thus the larger range of variability, were the follows: TE
(−67 %), TA (−67 %), ME (−65 %), PM (−61 %), MFRD (−58 %),
and CC (−42 %). These results agree with the wide variability of the en-
vironmental impacts assessed for organic rice by similar studies and
point out the need to consider the different agronomic options available
for organic systems in the comparative studies with the conventional
system to avoid significant misinterpretations of the outcomes. Con-
cerning this, for example, the maximum value of the climate change im-
pact category, assessed in the worst scenario for organic rice (i.e. lower
yield level and higher impacting management strategy; 1500 kg CO2

eq), resulted in being regardless lower than half of the values evaluated
by other authors in comparative studies (i.e. conventional vs organic
farming systems) carried out in the same study area (e.g. 3270 kg CO2

eq in Pavia province, Bacenetti et al., 2016; 3480 kg CO2 eq in Vercelli
province, Blengini and Busto, 2009). The discrepancy is mainly due to
the different management patterns considered by the different re-
searchers. Indeed, the environmental performances in the present
study are a consequence of an improvement path followed by organic
farmers. The results showed that today, the farmers could reach accept-
able yield values thanks to more efficient management than in the past
(e.g. more extended soil aeration, less input in green or organic ma-
nure). The acknowledgement of that performances relates to the devel-
opment of the farmers' know-how (Orlando et al., 2020) and to the
productive improvement connected to the long-term processes which
characterise the organic systems (e.g. generation of soil fertility based
on biological fertility and stable humus components; lowering of
weeds pressure through the gradual introduction of other crops in
rotation).

The study points out the need to review the outcomes of compara-
tive studies, conventional vs organic systems, in the light of these new
results, including in the impact assessment of the organic farming var-
iability recognised from different points of view (e.g. yield, manage-
ment and practices efficiency). Moreover, the different management
strategies adopted for organic rice cultivation in the present study,
11
the SD system (i.e. based on the mechanical weed control and the
use of external fertiliser products), showed the best environmental
performance, with significant lower impacts for 5 out 11 LCA-
indicators (i.e. CC, PM, ME, TA, TE), the SF system showed overall in-
termediate performance.

In contrast, the “green mulching-based” managements (i.e. GM_1
and GM_2) showed the worst performance, with significantly higher im-
pacts for 5 out of 11 LCA-indicators lowest impacts only for the MFRD
impact category. However, concerning this, the “green mulching” sys-
tems showed a more considerable impact decrease potential, in corre-
spondence of yield improvements, and involves the “good practices”
(i.e. use of cover crop and leguminous species, use of input internal to
the farm) that are supported by the public authorities and by the policies
for the sustainability.

The LCA approach was adopted because it is largely used to assess
the environmental impact of the agriculture process (Saber et al.,
2021; Soussana, 2014; Yodkhum et al., 2018). However, Notarnicola
et al., 2017 underlined that LCA is focused on the impacts of process
and neglects the environmental benefits and, externalities i.e. biodiver-
sity and habitats conservation, and further ecosystems services also re-
lated to agricultural process and activities. From an LCA viewpoint,
organic agriculture is not an obvious answer to environmental problems
because LCA express impacts per unit of a product by default, which
should be a precise measure of what the system delivers but cannot con-
sider, for example, indirect effects. However, organic agriculture gener-
ally emits fewer pollutants per unit of land occupied than conventional
agriculture (an area-based approach); it may have higher impacts per
unit of product due to its lower yields per unit area (van der Werf
et al., 2020).

Finally, the “good practices” penalisation by the LCA outcomes
points out the need to integrate this tool, suitable for the assessment
of the impact, with others, suitable for the evaluation of the envi-
ronmental benefits and ecosystem services (Pavan and Ometto,
2018), in order to obtain a reliable, systemic and integrated assess-
ment of the sustainability of farming systems and its management
systems.
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Appendix A

That annex shows in a table the features of the monitored organic rice fields: the experience in organic agriculture of belonging farmer, the Province (P = Pavia, V =
Vercelli), the soil texture (SA-LO = sandy-loam; SI-LO = silty-loam; LO-SA = loamy-sand; SI = silt) and the growing season of data collection.
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Appendix B
That annex showsfigures a, c, d, and e for the environmental impact categories TE, FE, OD, POF, FEx, the minimum,maximum andmean value (the bottom,
top and middle line of each box, respectively), evaluated for the four management strategies (i.e. GM_1, GM_2, SD, SF).
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