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ABSTRACT
A common technique to manage weeds in organic rice in Italy involves winter cover crops (CC) that are grown in the in-
tercropping period and terminated at rice seeding to create a mulching layer. The physical effect of the CC biomass and its 
degradation in flooded conditions with the release of potentially phytotoxic organic acids may impact both weeds and rice. 
Field trials were conducted in 2023/2024 to evaluate the impact of this technique on weed suppression and crop growth. 
The fields differed in the CC species, soil tillage and crop precession. Mulch-free control areas, where the CC biomass was 
removed, were included within each field to assess the effect of the flooding water alone. The organic acids released dur-
ing biomass degradation were identified and quantified. Weed density was lower when the technique was combined with 
a crop precession different to rice and with ploughing prior to CC seeding (23.2 plants m−2) compared to fields where the 
preceding crop was rice and CC was seeded after minimum tillage (596.6 plants m−2). Overall, weed density was higher in 
the mulch-free control areas, while little differences were observed in rice growth compared to the rest of the field. Acetic 
and propionic acids were the most abundant; within the first week, acetic acid peak ranged between 158.2 and 233.9 mg L−1, 
while propionic acid ranged between 99.8 and 167.4 mg L−1. This technique can reduce weed density, but the efficacy relies 
upon the CC biomass, since weed control is mainly due to the presence of a mulching layer, and the agronomic practices, 
particularly ploughing and crop rotation.

1   |   Introduction

Organic farming is an approach that combines sustainable 
environmental practices, the preservation of biodiversity and 
natural resources, and the strict limitation of the use of chemi-
cally synthetised inputs (Council Regulation (EC) No. 834/2007 
2007). European Union policies promote the spread of a more 
sustainable food system, and the Farm to Fork strategy within 
the European Green Deal set the 25% of organic agricultural 

land as a target to reach by 2030 (European Union 2020). Even 
though meeting this target in the next years is ambitious, it is 
crucial to support the spread of organic farming by studying sus-
tainable alternatives to manage pests and soil fertility.

In the context of organic rice (Oryza sativa) cultivation, the 
potential contributors to yield reduction are deficiencies or un-
balances in soil nutrients and severe crop–weed competition 
(Hazra et  al.  2018). In the specific context of Italian organic 
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rice production, different studies highlighted that weed control 
remains the major challenge in order to stabilize organic rice 
system productivity and to reduce yield gap with conventional 
system (Ferrero and Vidotto 2007; Bacenetti et al. 2016). Weed 
control effectiveness is influenced by different factors, such as 
the optimisation of management techniques, the expression of 
the soil weed seed bank, the variety of rice, the fertility of soil, 
the climate and the weather conditions (Orlando et  al.  2020). 
The effect of the latter factors are difficult to manage in the 
short term and are deeply related with the pedo-climatic condi-
tions of the rice-growing area, but optimisation of management 
techniques for effective weed control can be achieved in several 
ways, including the adoption of direct mechanical methods, 
crop rotation, timely water management and precision-levelled 
fields to ensure uniform flooding depth (Ferrero et al. 2021; Uno 
et  al.  2021). In most cases, the combination of different tech-
niques is more effective than the implementation of a single 
technique (Blackshaw et al. 2001).

Recently, the agroecological practice of using green mulch from 
various cover crops (CC) has become the dominant technique in 
Italian organic rice farming. This method facilitates the incor-
poration of nitrogen (N) when leguminous CC are used, while 
also controlling weeds (Orlando et al. 2020; Fogliatto et al. 2021; 
Vaglia et  al.  2022). The CC, for example Lolium multiflorum 
(Italian ryegrass), Secale cereale (rye) and Vicia villosa (hairy 
vetch), is seeded in autumn and cultivated in the intercropping 
period. Subsequently, a variety of techniques can be employed to 
terminate the CC (e.g., shredding, rolling or left standing) and 
rice is broadcast seeded either before or after the CC termina-
tion, depending on the farmer's requirements. Immediately after 
CC termination, fields are flooded.

Weed control in the green mulching technique is potentially ob-
tained with: (i) the direct competition between CC and weeds 
during the CC growing period; (ii) the formation of a physical 
barrier on soil surface after CC termination, that hinders the 
growth of weeds in rice crop; (iii) the release of chemical com-
pounds from the living or dead tissues of CC species with phyto-
toxic effects; (iv) the production of organic acids (such as acetic, 
propionic and butyric acid) derived from biomass fermentation 
in flooded condition (Vitalini et al. 2020; Fogliatto et al. 2021). 
The accumulation of these acids is due to the establishment of 
anaerobic conditions in flooded paddy soils and the consequent 
shift of microbial activity towards anaerobic metabolic path-
ways (Le Mer and Roger  2001). Acetic acid (AA) is the most 
produced organic acid from rice straw degradation (Camargo 
et al. 2001; Oliveira de Sousa et al. 2002): it reaches its maximum 
concentration within few days after the beginning of flooding 
(Chandrasekaran and Yoshida  1973; Bohnen et  al.  2005) and 
then gradually declines after direct volatilisation or microbial 
transformation to methane (Angeles et  al.  2006). The amount 
of AA released is affected by temperature, pH, the quality and 
quantity of biomass and soil management factors (Tsutsuki and 
Ponnamperuma 1987; Biswas et al. 2001). During the phase of 
accumulation, AA can damage rice seminal roots and shoots to 
a different extent according to both AA concentration and rice 
variety (Masserano et al. 2022).

In a previous study conducted by Fogliatto et al. (2021), the weed 
control efficacy of this technique was investigated by comparing 

different CC. The authors highlighted that even though CC bio-
mass is a crucial parameter, the ability to suppress weeds was 
variable depending on the field management, on the seedbank 
and on climatic conditions. Moreover, they hypothesized that 
the organic acids released during the biomass fermentation 
could have played a role in reducing weed germination (Fogliatto 
et al. 2021). Subsequently, Papandrea et al.  (2025) observed in 
simulated paddy field conditions that the flooding water result-
ing from CC biomass fermentation was not able to reduce weed 
emergence, as weeds were mostly controlled by the presence of 
a CC residue mulch. On the other hand, this aspect has not yet 
been investigated in field conditions, nor have the specific acids 
released during the CC flooding period been identified.

As this technique is typically applied by organic farmers, the 
present field study was conducted through an on-farm approach, 
adhering to the farmers' habits and to their variations of this prac-
tice. The first objective of the study was thus to evaluate the effi-
cacy of different applications of the green mulching technique in 
controlling weeds. Secondly, we sought to establish specific areas 
within each field where the CC residue mulch was absent, in order 
to investigate the extent to which the flooded mulch layer affects 
weeds and rice in comparison to areas where only the flooding 
water was present. The final objective was to study the dynamic 
behaviour of organic acids in the flooding water, by identifying 
and quantifying them during the CC biomass degradation process.

2   |   Materials and Methods

2.1   |   Site Characteristics, Experimental Design 
and Agronomic Management

A 2-year field trial was conducted in 2022–2023 and 2023–
2024 on two organic rice farms located in north-west Italy, in 
the Piedmont region. Both farms apply the green mulching 
technique for weed control, as described in the introduction, 
although with some minor differences in the management 
practices. Farm 1 applies green mulching according to the 
traditional technique (T), which entails the seeding of rice on 
the standing CC, immediately followed by rolling the CC and 
flooding the field. In Farm 1, Italian ryegrass (L. multiflorum) 
was used as a CC, at a seeding rate of 50 kg ha−1. Farm 2 applies 
both the traditional technique (with the difference that rice is 
seeded immediately after CC rolling) and an innovative tech-
nique (I), which involves rolling the CC, flooding the field and 
subsequently seeding rice in water approximately 10 days later. 
Therefore, in the case of the innovative technique CC has un-
dergone some anaerobic decomposition processes prior to rice 
seeding; in this farm, a mixture of rye (S. cereale), hairy vetch 
(V. villosa) and Italian ryegrass (L. multiflorum) was seeded 
respectively at 40, 30 and 30 kg ha−1. Farm 2 typically applies 
the innovative technique in fields where the previous crop was 
different from rice, for example rye (S. cereale). In such cases, 
the CC is seeded earlier, following the harvest of the previous 
crop and the ploughing of the field. Conversely, the traditional 
technique is usually applied after one rice season, therefore the 
CC is seeded later in the autumn, after the rice harvest and a 
minimum tillage operation. Seven fields were considered for the 
trial, with three fields selected in the first year and four in the 
second year; the field size ranged between 10 000 and 24 000 m2. 
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In 2022–2023, two fields (1_T, Farm 1 and 2_T, Farm 2) were 
managed with the traditional technique (both with rice as a pre-
vious crop and minimum tillage), while a third field (3_I, Farm 
2) was managed with the innovative technique, implying rye as 
a previous crop and ploughing. In 2023–2024, two fields were 
managed with the traditional technique: 4_T in Farm 1, follow-
ing buckwheat (Fagopyrum esculentum) and ploughing, and 5_T 
in Farm 2, following rice and minimum tillage. Two more fields 
were managed with the innovative technique: in field 6_I (Farm 
2) the technique was applied as usual, with rye as a previous 
crop and ploughing; in field 3_I (already considered in 2022–
2023 in Farm 2), the innovative technique was applied again, 
but after one rice season and with minimum tillage. The treat-
ment was repeated on the same field only in the case of the field 
3_I. A diagrammatic illustration of fields layout and agronomic 
practices is reported in Figure 1. Field operations of all fields are 
summarized in Table 1 for the 2022–2023 season and in Table 2 
for the 2023–2024 season.

In each field, four control areas of 4 m2 each were created along 
the field diagonal. In these areas, the CC was cut at the base be-
fore the termination (which occurs before flooding the field) and 
the biomass was removed. While the effect on crop and weeds 
in the field is attributable to both the physical mulching effect of 
the rolled CC and the organic acids released in flooding water, 
the controls were exclusively influenced by the potential phyto-
toxic effect of the compounds released during the CC decompo-
sition. Creating these areas within each field allowed to have a 
similar seedbank between the controls and the rest of the field. 
In field 3_I, that was considered for both years, different control 
areas were made in the 2 years (Figure 1).

In the first year of the trial, both winter and spring were char-
acterized by low rainfall; in particular, cumulative rainfall of 
March and April was only 54.0 mm, while both in May and in 
June the total precipitation was above 100 mm (Figure  2). In 
the second year, starting from February precipitations were 

FIGURE 1    |    Experimental fields layout in 2023 and 2024. Red squares represent control areas in which the cover crop was removed prior its ter-
mination. The letter T near the field number indicates the traditional technique, the letter I the innovative technique. Field 1_T and 4_T belong to 
Farm 1, that applies the traditional technique by seeding rice on the standing CC, terminating the CC and flooding the field immediately after. Farm 
2 applies both the traditional technique (but rice is seeded immediately after CC termination) and the innovative technique, which involves terminat-
ing the CC, flooding the field and seeding rice in water approximately 10 days later. Field 3_I was considered in both years but in 2024 control areas 
were different from 2023. Crops: Rice (Oryza sativa), rye (Secale cereale), buckwheat (Fagopyrum esculentum). Cover crops: Italian ryegrass = Lolium 
multiflorum, Rye = Secale cereale, Hairy vetch = Vicia villosa.

TABLE 1    |    Field operations carried out in 2022–2023 for the first year of trial.

2022–2023

Operation 1_T (Farm 1) 2_T (Farm 2) 3_I (Farm 2)

CC seeding 3/10/2022 29/10/2022 7/10/2022

CC termination 12/04/2023 21/05/2023 5/05/2023

Rice variety and seeding rate Dardo
240 kg ha−1

Gladio
225 kg ha−1

Gladio
225 kg ha−1

Rice seeding 12/04/2023 21/05/2023 18/05/2023

Rice harvest 14/09/2023 18/10/2023 11/10/2023
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more abundant compared to the previous year, with the highest 
monthly rainfall recorded in March (190.2 mm). Temperatures 
were similar between the 2 years, with the highest average tem-
perature recorded in July (25°C). Meteorological data were re-
trieved from the nearest available weather station (45.179263° N, 
8.099674° E) from Regione Piemonte (Rete Agrometeorologica 
Regione Piemonte).

2.2   |   Sampling and Chemical Analyses

In both years, CC biomass was assessed prior to termination by 
randomly sampling 10 quadrats of 0.25 m2 in each field. Plants 
were cut at the base and oven dried at 80°C for 5 days. Average 
CC height (cm) and CC soil cover (%) were also measured. During 
rice growth, weed density (plants m−2) was assessed twice (t1: 
tillering, t2: stem elongation) in two quadrats of 0.25 m2 per each 

control area (8 quadrats in total) and in 15 quadrats of 0.25 m2 in 
the rest of the field. At t1 and t2, rice height (cm) and SPAD index 
(SPAD 502Plus Konica Minolta) were also measured; at the end 
of flowering, both rice height and density (panicles m−2) were re-
corded. Rice was manually harvested by sampling 4 quadrats of 
1 m2 in the four control areas and 4 quadrats of 1 m2 in the rest 
of the field. Rice establishment was poor in the field 5_T due to 
a severe weed infestation, so the crop was not harvested in this 
field. For each grain sample, total grain yield and thousand grain 
weight (TGW) were measured and adjusted at 13% moisture.

Starting from the beginning of the field flooding until the first 
drainage to help rice rooting, water samples were collected at 2–3-
day intervals in 2023 and daily in 2024 in all fields except 4_T. 
This field was excluded in order to sample water in closely located 
fields, since 4_T was located farther from the other fields and had 
different soil characteristics (higher silt rate). Water samples were 

TABLE 2    |    Field operations carried out in 2023–2024 for the second year of trial.

2023–2024

Operation 3_I (Farm 2) 4_T (Farm 1) 5_T (Farm 2) 6_I (Farm 2)

CC seeding 18/10/2023 10/10/2023 8/11/2023 5/10/2023

CC termination 29/04/2024 13/05/2024 13/05/2024 29/04/2024

Rice variety and seeding rate Lasjkk20
250 kg ha−1

Cammeo
180 kg ha−1

Lasjkk20
250 kg ha−1

Lasjkk20
250 kg ha−1

Rice seeding 16/05/2024 13/05/2024 13/05/2024 13/05/2024

Rice harvest 14/10/2024 7/10/2024 -a 11/10/2024
aField 5_T was not harvested due to poor rice development.

FIGURE 2    |    Meteorological data retrieved from the nearest weather station (Crescentino) from October 2022 to October 2024 (Rete 
Agrometeorologica Regione Piemonte).
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filtered using a 0.20 μm syringe filter and analysed through ion 
exclusion chromatography to assess the concentration of oxalic, 
citric, formic, lactic, acetic, succinic and propionic acids, which 
are known to be produced during biomass fermentation and/or 
to exhibit phytotoxic effects (Himanen et al. 2012; Meryemoglu 
et al. 2023). In 2024, incoming plain water was also sampled in 
order to exclude the presence of such organic acids in the flooding 
water before the beginning of the CC decomposition. The chro-
matographic conditions were as follows: sample loop volume: 
25 μL; stationary phase: Dionex IonPac ICE-AS6 9 × 250 mm ana-
lytical column (Thermo Fisher Scientific, Waltham, USA); mobile 
phase: 0.4 mM heptafluorobutyric acid; eluent flow rate: 1.0 mL/
min; suppressor: AMMS-ICE 300; regenerant solution: 5 mM 
tetrabutylammonium hydroxide; temperature: 20°C.

2.3   |   Statistical Analysis

The statistical analysis was conducted with R version 4.5.2 (R Core 
Team 2025). Cover crop biomass, height and visual soil cover, as 
well as weed density prior to CC termination, were analysed by 
fitting a linear mixed-effects model (lme) using NLME package 
(Pinheiro and Bates 2025). The model was fitted with the sam-
pling quadrats as a random factor and the field as a fixed factor. 
The data from the 2 years were analysed separately because dif-
ferent fields and different rice varieties were included in the trial.

The data retrieved on weeds were analysed in two steps. First, 
the data from the control areas were removed from the dataset to 
compare the infestation level observed in the various fields and 
the related applied techniques. In particular, weed density was 
analysed by fitting a linear mixed model with the interaction be-
tween the field and the crop stage (t1 and t2) as fixed factor, and 
with the sampling quadrats as random factor. Means were sepa-
rated with Tukey's post hoc test (p ≤ 0.05); when the interaction 
was significant, means were separated by field within each crop 
stage. In the second step, data related to the control areas were 
included in the dataset, with each field and crop stage being con-
sidered separately, in order to compare weed density between 
the control areas and the rest of the field, highlighting the effect 
of flooding water only on weed density. For each assessment (t1 
and t2), a two-tailed Student's T-test was computed.

A further comparison was made between the control areas and 
the rest of the field regarding rice height, SPAD index and yield 
parameters (rice panicle density, grain yield and thousand grain 
weight). Each field and each sampling date were analysed sepa-
rately, and a two-tailed Student's T-test was computed for each 
assessment and parameter. Data related to the crop development 
were not compared among fields since rice varieties were different.

3   |   Results

3.1   |   Cover Crop Development in 
the Intercropping Period

In 2023, CC biomass was significantly higher in 2_T 
(613.2 g m−2) compared to 1_T (310.4 g m−2), but 3_I (553.6 g m−2) 
was not dissimilar from both (Table  3). With regard to CC 

height and visual soil cover, both 2_T and 3_I had significantly 
higher values compared to 1_T. In all three fields, the weed 
density prior to termination was lower than 1 plant m−2 (data 
not shown). In 2024, CC biomass was significantly higher in 
6_I (504.2 g m−2) compared to 4_T (272.2 g m−2), while 3_I and 
5_T had similar biomass: 378.7 and 375.2 g m−2, respectively. 
Furthermore, a significantly higher CC height was observed in 
field 6_I (84.3 cm) in comparison to 3_I (66.5 cm). The field 4_T 
had the highest weed density in the standing cover crop (112.0 
plants m−2) in comparison to the other fields, which exhibited 
weed density levels below 15 plants m−2 (data not shown), and 
the lowest CC soil cover (62.0%), which was always above 80% 
in the other fields.

3.2   |   Weed Density

3.2.1   |   Between-Field Comparison

In 2023, both weed density and weed soil cover were statistically 
different among fields, while neither the crop stage nor the in-
teraction between crop stage and field was significant (Table 4). 
Weed density was significantly lower in field 3_I (23.5 plants 
m−2) compared to the fields that were managed with the tra-
ditional technique (83.1 plants m−2 in 1_T and 51.1 plants m−2 
in 2_T). The weed soil cover percentage was also significantly 
lower in field 3_I.

In 2024, the interaction between the two factors (field and 
crop stage) was significant, therefore means in Table 4 were 
displayed by field at different crop stages. At t1, field 6_I ex-
hibited the lowest weed density (13.3 plants m−2), while field 
5_T had the highest infestation (658.9 plants m−2). Fields 3_I 
and 4_T showed similar weed density values (156.3 and 214.9 
plants m−2, respectively) and differed significantly from the 
other two fields. The lowest weed soil cover was recorded in 
field 6_I (5.7%), while the highest value was found in field 

TABLE 3    |    Cover crop (CC) biomass, height and visual soil cover in 
the CC prior termination in 2023 and 2024 among different fields.

Year Field

CC 
biomass 
(g m−2)

CC 
height 
(cm)

CC visual 
soil cover 

(%)

2023 p < 0.001 < 0.001 < 0.001

1_T 310.4b 26.5b 77.5b

2_T 613.2a 121.4a 97.0a

3_I 553.6ab 100.5a 100.0a

2024 p 0.036 0.001 < 0.001

3_I 378.7ab 66.5b 89.0a

4_T 272.2b 81.3ab 62.0b

5_T 375.2ab 77.4ab 84.2a

6_I 504.2a 84.3a 88.0a

Note: Different letters represent significant differences according to Tukey's post 
hoc test (p ≤ 0.05). T = traditional technique; I = innovative technique.
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5_T (54.3%). At t2, weed density was significantly higher in 
field 5_T (596.6 plants m−2) compared to all other fields; field 
3_I had a higher infestation compared to field 6_I (137.9 and 
23.2 plants m−2, respectively), while 4_T (92.0 plants m−2) 
did not differ significantly from these two fields. As for weed 
soil cover, all fields were statistically different each other; the 
highest value was found in field 5_T (77.0%), followed by 3_I 
(50.9%), 4_T (25.0%) and 6_I (6.1%).

3.2.2   |   Within-Field Comparison

For each year of the study, statistical differences in terms of 
weed density between the areas in which CC was removed and 
the rest of the field were found in only two fields: in 2_T and 3_I 
in 2023 and in 4_T and 6_I in 2024 (Figure 3).

In 2023, in field 1_T no significant differences were observed be-
tween the control and the rest of the field at either crop stage. The 
average weed density in the first assessment (t1) was 100.0 plants 
m−2 in the control areas and 68.6 plants m−2 in the rest of the field, 
while at t2 weed density was slightly higher. In field 2_T, signif-
icant differences were found in the second assessment only (t2), 
when the average weed density was 93.0 plants m−2 in the control 
and 35.5 plants m−2 in the rest of the field. In field 3_I, weed den-
sity was significantly different between the control and the rest 
of the field in both assessments. At t1, the infestation inside the 
control areas was 65.6 plants m−2, while in the rest of the field the 
weed density was 19.2 plants m−2. At t2, the average weed density 
was 113.5 plants m−2 and 27.7 plants m−2, respectively.

In 2024, in the fields in which the traditional technique was ap-
plied, significant differences were observed in the field 4_T only. 
In particular, in the first assessment (t1) the average weed density 
was 299.5 and 214.9 plants m−2 respectively in the control and in 

TABLE 4    |    Effect of the field and the crop stage on weed density and 
weed soil cover.

Factor

Weed density 
(plants m−2)

Weed soil 
cover (%)

p p

2023

Field < 0.001 < 0.001

Crop stage 0.927 0.102

Field × Crop 
stage

0.053 0.158

Field 1_T 83.1a 38.6a

2_T 51.1a 34.2a

3_I 23.5b 13.9b

Crop stage t1 51.5 24.7

t2 53.6 33.1

Factor

Weed density 
(plants m−2)

Weed soil 
cover (%)

p p

2024

Field < 0.001 < 0.001

Crop stage 0.196 < 0.001

Field × Crop stage 0.008 < 0.001

Crop stage Field

t1 3_I 156.3b 22.7b

4_T 214.9b 13.9bc

5_T 658.9a 54.3a

6_I 13.3c 5.7c

t2 3_I 137.9b 50.9b

4_T 92.0bc 25.0c

5_T 569.6a 77.0a

6_I 23.2c 6.1d

Note: Estimated marginal means are reported. Different letters represent 
significant differences according to Tukey's post hoc test (p ≤ 0.05). When the 
interaction is significant, means are separated by field within each crop stage. 
T = traditional technique; I = innovative technique; t1 = tillering; t2 = stem 
elongation.

FIGURE 3    |    Average weed density in the control areas with no cover 
crop mulching and in the rest of the field in 2023 and 2024 (*p ≤ 0.05, 
**p < 0.01, ***p < 0.001). T = traditional technique, I = innovative tech-
nique, t1 = tillering, t2 = stem elongation.
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the rest of the field. In 5_T, the infestation was severe, with no 
differences between the control and the rest of the field; the final 
weed density recorded in the control areas was 657.0 plants m−2. 
As for the innovative technique, in field 3_I no significant differ-
ences were found, despite having at t1 an average weed density of 
351.4 plants m−2 in the control and 156.3 plants m−2 in the rest of 
field. At t2, the infestation in the control areas was lower than at t1, 
but not dissimilar from the rest of the field. Conversely, in field 6_I 
at t1 the average weed density in the control areas was 113.5 plants 
m−2, which was significantly higher compared to the rest of the 
field (13.3 plants m−2). Also in the second assessment, the density 
was significantly different between the two treatments.

3.3   |   Rice Growth and Yield

In 2023, no differences in rice height were found between the con-
trol and the rest of the field, in the fields in which the traditional 
technique was applied (Table 5). On the other hand, in 3_I rice 
height was slightly but significantly higher in the field compared to 
the control at t1 (42.3 and 39.8 cm, respectively). Regarding SPAD 
index, both in 1_T and in 2_T significant differences between the 
field and the control were found at t1, respectively 40.5 and 31.8 in 
1_T and 28.6 and 30.7 in 2_T. In 2024, significant differences were 
found between the control and the rest of the field in 3_I and 4_T. 
In 3_I at t2 rice height was significantly higher in the field than in 

the control (55.7 and 50.2 cm, respectively). In 4_T, rice height was 
significantly higher in the rest of the field than in the control both 
at t1 (42.3 and 39.8 cm, respectively) and at t2 (65.6 and 52.4 cm, 
respectively). Concerning the SPAD index, in both fields managed 
with the traditional technique at t1 the field average was found to 
be significantly lower compared to the control, while in both fields 
managed with the innovative technique, at t2 the SPAD index was 
significantly higher in the field (37.3 in 3_I and 38.1 in 6_I) com-
pared to the control (34.2 in 3_I and 35.0 in 6_I).

In 2023, no differences were found in the final density of the 
crop (Table 6). Overall, the highest density was found in the field 
3_I, managed with the innovative technique, which had 355.2 
panicles m−2 in the field. The two fields where the traditional 
technique was applied had similar densities: 168.0 and 164.3 
panicles m−2 respectively for 1_T and 2_T in the field, and 142.5 
and 138.0 panicles m−2 in the control. Significant differences in 
the final grain yield were found in 1_T only, with 35% increase 
in the field compared to the control. In 3_I the grain yield was 
higher (5 Mg ha−1) than in 2_T (2.4 Mg ha−1). Thousand grain 
weight was similar between field and control in all fields.

In 2024, significant differences between the treatments in the 
crop density were only found in the fields managed with the 

TABLE 5    |    Average rice height and SPAD index in the control areas 
with no cover crop mulching and in the rest of the field in 2023 and 
2024.

Field Treatment

Height (cm) SPAD index

t1 t2 t1 t2

2023

1_T Field 49.8 66.0 40.5*** 38.5

Control 47.8 67.0 31.8*** 37.5

2_T Field 48.9 64.2 28.6* 30.5

Control 49.4 60.8 30.7* 31.1

3_I Field 42.3* 60.7 32.3 33.6

Control 39.8* 60.3 30.9 34.6

2024

3_I Field 27.3 55.7** 32.8 37.3***

Control 24.0 50.2** 32.3 34.2***

4_T Field 28.7*** 65.6*** 29.8** 31.1

Control 32.2*** 52.4*** 32.3** 30.9

5_T Field 24.1 53.0 29.0** 28.9

Control 25.5 53.6 31.4** 28.6

6_I Field 36.2 71.9 39.2 38.1**

Control 35.7 71.1 38.3 35.0**

Note: T = traditional technique, I = innovative technique, t1 = tillering, t2 = stem 
elongation.
*p ≤ 0.05. 
**p < 0.01. 
***p < 0.001.

TABLE 6    |    Average rice density, grain yield and Thousand Grain 
Weight (TGW) in the control areas with no cover crop mulching and in 
the rest of the field in 2023 and 2024.

Field Treatment

Density 
(panicles 

m−2)

Grain 
yield 

(Mg ha−1) TGW (g)

2023

1_T Field 168.0 5.4* 25.0

Control 142.5 3.5* 25.8

2_T Field 164.3 2.5 28.0

Control 138.0 2.4 27.7

3_I Field 355.2 5.1 25.5

Control 285.5 5.0 25.0

2024

3_I Field 171.7 6.2 52.2

Control 145.5 4.2 49.7

4_T Field 270.4*** 4.2 42.5**

Control 133.5*** 3.1 39.3**

5_T Field 47.2* -a -a

Control 19.5*

6_I Field 230.1 6.2 50.6

Control 171.5 5.7 51.8

Note: Both grain yield and TGW are adjusted to 13% moisture. T = traditional 
technique, I = innovative technique.
aField 5_T was not harvested due to poor rice development.
*p ≤ 0.05. 
**p < 0.01. 
***p < 0.001.



8 of 11 Weed Research, 2026

traditional technique. In 4_T and 5_T, the density was signifi-
cantly higher in the field (270.4 and 47.2 panicles m−2, respec-
tively) compared to the control (133.5 and 19.5 panicles m−2, 
respectively). Yet, the overall crop emergence in field 5_T was 
compromised by the high weed presence. In the fields managed 
with the innovative technique, the final density was on average 
162.6 panicles m−2 in 3_I and 209.7 panicles m−2 in 6_I, regard-
less the treatment. No significant differences in final yield were 
found between the treatments in any field, which ranged from 
3.7 to 6.2 Mg ha−1. A slight reduction of thousand grain weight 
was found in the control areas of field 4_T, 39.3 g compared to 
42.5 g in the rest of the field.

3.4   |   Organic Acid Content

No organic acids were detected in the incoming plain water, in-
dicating that such compounds were absent in the flooding water 
prior to the CC decomposition.

In 2023, in field 1_T (Figure 4) oxalic acid peaked twice during 
the first flooding period, on the third day (42.2 mg L−1) and on the 
seventh day (38.1 mg L−1), while acetic acid peaked on the fifth 
day (20.9 mg L−1). Formic acid had the highest overall concentra-
tion (71.0 mg L−1) that was reached after 10 days of flooding. In 
field 2_T, all acids were below 20 mg L−1, except acetic and pro-
pionic acids on the fifth day (35.9 and 26.2 mg L−1 respectively). 
In field 3_I, on the first day of flooding acetic acid was the most 
abundant (96.5 mg L−1), followed by lactic acid (36.1 mg L−1) and 
oxalic acid (27.5 mg L−1); the highest concentrations were ex-
hibited by acetic and propionic acid on the fourth day (58.2 and 
99.8 mg L−1, respectively).

In 2024, in field 3_I four acetic acid peaks were observed: 
55.7 mg L−1 after 3 days of flooding, 32.6 mg L−1 after 5 days, 
45.3 mg L−1 after 7 days and 60.8 mg L−1 after 9 days. A peak of 
31.3 mg L−1 was observed for propionic on the third day, while 
all the other acids were at concentrations below 10 mg L−1. Also 
in field 5_T, acetic and propionic acid had the highest concen-
tration; in particular, they both peaked on the seventh day of 
flooding with a concentration of 48.4 and 99.4 mg L−1, respec-
tively. Field 6_I exhibited an unusual behaviour, with acetic and 
propionic acid reaching a first peak on the fourth day (233.9 and 
167.4 mg L−1, respectively), followed by a decrease over the sub-
sequent 2 days and then a gradual increase. Notably, propionic 
acid reached 382.6 mg L−1 on the twelfth day and 587.4 mg L−1 
on the final day, the highest values ever recorded in this study.

4   |   Discussion

The green mulching technique in rice spread among organic 
farmers in northern Italy in recent years and has been previ-
ously analysed in different studies (Orlando et al. 2020; Vitalini 
et al. 2020; Fogliatto et al. 2021; Vaglia et al. 2022; Papandrea 
et al. 2025). Nonetheless, the efficacy of this technique to control 
weeds depends on many factors, resulting in variability in the 
data acquired over the years.

Cover crop biomass is a crucial parameter in weed control 
(MacLaren et al. 2019) and CC mixtures generally seem to pro-
duce higher biomass levels, since different species can adapt to 
different environmental conditions (Khan and McVay 2019). In 
fact, in both years of this study, a higher biomass and a higher 
soil cover were observed in the fields where a CC mixture was 

FIGURE 4    |    Organic acid concentration trend in flooding water sampled from the beginning of flooding until the first drainage for rice rooting. 
T = traditional technique, I = innovative technique.
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seeded. On the other hand, in the present study different weed 
densities were observed in fields in which cover crops developed 
similarly. For instance, in 2024 fields 3_I and 5_T had a similar 
CC biomass, but in the latter a severe infestation compromised 
the crop growth. This aspect highlights that the success of this 
technique is not solely dependent on CC biomass. In this study 
we did not focus on the species effect of the CC, which has been 
previously investigated (Fogliatto et al. 2021; Moretti et al. 2025), 
but rather on how different applications of the same agroecologi-
cal approach can lead to different results, given the combination 
of agronomical practices that depend on the farmers' needs.

The innovative technique involves CC seeding after 1 year 
growing a rotational crop such as rye, whose residues are 
usually incorporated into the soil through ploughing. The tra-
ditional technique instead is applied after one or two rice sea-
sons and in this case a minimum tillage is typically performed 
before seeding the CC in the autumn. The absence of a soil 
inversion tillage usually keeps in the topsoil the weed seeds 
that may germinate the following year (Pekrun et  al.  2002). 
The results from the first year showed that the field on which 
the innovative technique was applied had a lower weed den-
sity than the other fields. In 2024, the technique was applied 
in the same way as in the first year (field 6_I), which is after 
rye cultivation and ploughing, but it was also applied on a 
field that had been cultivated with rice the previous year (field 
3_I), followed by a minimum tillage before seeding the win-
ter CC. In field 3_I in 2024, weed density was higher com-
pared to field 6_I, suggesting that the technique itself is not 
capable of significantly reducing the infestation, as no signifi-
cant differences were observed in the control areas. Thus, the 
green mulching technique is probably more effective when in-
tegrated with other agronomic practices, but further studies 
are needed to better understand their role. Ploughing seems 
to play a core role in reducing weed emergence (Gruber and 
Claupein  2009), ensuring the effectiveness of the technique. 
Indeed, the lack of ploughing and a reduced CC development 
were found to be crucial by organic rice farmers to avoid yield 
losses (Orlando et  al.  2020). However, since agriculture is 
shifting to more regenerative systems (Kassam et  al.  2019), 
crop rotation is also a key aspect on which farmers can rely 
to enhance the efficacy of the green mulching technique 
(Cardina et al. 2002; Koocheki et al. 2009). In particular, rye 
straw is known to have a suppressive effect on weed emer-
gence when incorporated in the soil (Sung et al. 2010).

The control areas in the field allowed to distinguish the effect 
of the flooded CC mulching on weed emergence and the effect 
of flooding water alone. In the first year, significant differences 
were highlighted in both the traditional and the innovative tech-
nique, with a higher density in the control areas. This suggests 
that weed control is mainly due to the presence of a mulching 
layer, while the potential phytotoxic effect related to the organic 
acids released in anaerobic conditions appear to be a less sig-
nificant contributing factor to weed control, as suggested by 
Papandrea et al. (2025).

This study allowed to identify which organic acids are mainly 
released during CC degradation under flooding conditions and 
their dynamics in the first 10–15 days of flooding. The peaks 

usually occur within the first week, but they may vary ac-
cording to the organic acid considered, to the CC biomass and 
to the environmental conditions (Rao and Mikkelsen  1977). 
Acetic and propionic acids were among the most abundant 
organic acids detected, but a clear behaviour in the release of 
these two compounds was not observed. In particular, fields 
with a similar amount of cover crop biomass showed different 
organic acid release. For example, in 2023, field 3_I showed 
a higher acetic and propionic acid content compared to field 
2_T, despite the similar cover crop development, but the two 
field had different crop precession (rice in 2_T and rye in 3_I). 
The same behaviour is observed the following year between 
field 3_I and 6_I, with the latter showing the highest concen-
trations, suggesting that rye as the preceding crop could play a 
key role in organic acid release. The highest concentrations of 
these acids in the first days of flooding were detected in 2024 
(233.9 mg L−1 for acetic acid and 167.4 mg L−1 for propionic 
acid). Himanen et al. (2012) observed that the germination of 
cress (Lepidium sativum) and ryegrass (Lolium multiflorum) 
was reduced by 50% at acetic acid concentration between 
about 250 and 380 mg L−1 and at propionic acid concentration 
between 130 and 280 mg L−1, suggesting that some inhibitory 
effect on seedlings could be observed at these rates. However, 
in field condition both rice and weeds are not exposed to a 
constant organic acid concentration, and weed species may 
have a different sensitivity, thus further studies are required 
to focus on the actual effect on weeds.

Organic acids such as acetic, propionic and butyric acids are 
known to inhibit rice growth, especially roots (Neves et al. 2010; 
Tunes et al. 2013; Masserano et al. 2022). However, our study 
compared rice growth only in terms of presence or absence of 
the mulching layer. In general, little differences were observed 
in rice growth. Rice height was found to be slightly lower in 
some control areas, but the reduction of the crop growth is prob-
ably linked to the higher infestation in these areas rather than 
on the presence of organic acids. In both years, a lower SPAD 
index was observed at tillering in the control areas of the fields 
on which the traditional technique was applied, highlighting an 
early weed-crop competition. In the fields managed with the in-
novative technique, SPAD index was reduced at stem elongation 
only in 2024; despite the lower weed density in this fields, it is 
likely that at this stage weeds were more developed and compet-
itive towards the crop. Overall, rice yields were consistent with 
findings from other studies on organic rice in the same geo-
graphical area (Bacenetti et al. 2016; Orlando et al. 2020), but 
also with the study by Fogliatto et al. (2021), in which the green 
mulching technique was applied. In our study, the crop yield in 
the control areas was lower only in the field 1_T in the first year. 
Since the rice varieties were different between the two farms, 
yields were not compared between the fields. However, in Farm 
2 the same rice variety was employed within the same year. In 
2023, the innovative technique field yield was double compared 
to the traditional technique, confirming a lower weed pressure. 
In 2024, field 5_T was not harvested, therefore a comparison be-
tween the two techniques was not possible, but rice height was 
overall lower in field 3_I compared to field 6_I, probably because 
of a higher weed pressure in field 3_I. On the other hand, despite 
this difference in weed pressure, both the innovative technique 
fields had a similar yield.



10 of 11 Weed Research, 2026

It should be noted that, in the fields where the CC biomass was 
high, no rice emergence was observed in some areas, espe-
cially in the innovative technique (data not shown). A similar 
harmful effect was observed in the study conducted by Moretti 
et al. (2025), in which in certain instances the thick mulching 
layer reduced the number of rice plants by more than 90%.

5   |   Conclusions

The green mulching technique is a promising agroecological 
solution for weed control in organic rice, particularly when in-
tegrated with agronomic practices such as ploughing and crop 
rotation. The CC biomass exerts primarily a physical effect, 
although flooding leads to the release of organic acids, mainly 
acetic and propionic acids. Depending on the concentration, 
these compounds may be harmful to rice and potentially also 
to weeds, making this aspect worthy of further investigation.
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