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Abstract

Non-puddled rice cultivation is gaining traction as a sustainable alternative to traditional puddled transplanting, particularly due to its
potential to enhance soil health, nutrient use efficiency and mitigate environmental impacts. This review synthesizes recent findings from
studies conducted in India and other rice-growing nations, comparing the effects of non-puddled and puddled systems on key soil
properties and processes. Evidence suggests that non-puddled rice cultivation generally leads to improved soil physical properties,
including increased porosity and reduced bulk density, facilitating better water infiltration and root development. These changes promote
beneficial soil biota activity, enhancing nutrient cycling and availability. Consequently, non-puddled systems often exhibit higher nitrogen
use efficiency by 15-20 % and phosphorus use efficiency 10-20 % thereby reducing losses and increasing overall nutrient use efficiency
which further influenced to reduced fertilizer requirement. Non-puddled rice systems increase water productivity by improving soil
structure and water infiltration. This enhances root growth, allowing plants to access more water. Reduced percolation and seepage
losses, along with efficient water use by plants, further contribute to higher productivity. Non-puddled systems also facilitate alternate
wetting and drying irrigation, reducing water consumption efficiency compared to puddled transplanted rice. Nutrient and water use
efficiency, requiring lower fertilizer inputs and water, while achieving comparable or even higher yields compared to puddled rice with
respect to soil physical and biological characteristics. Furthermore, the reduced flooding associated with non-puddling significantly
lowers methane emissions, a potent greenhouse gas. This review highlights the potential of non-puddled rice cultivation to contribute
more sustainable and resilient rice production systems while addressing pressing environmental concerns.
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Introduction and productivity in rice-based cropping systems (4). By
minimizing water usage by 10-15 % compared to traditional
transplanted rice and reducing soil disturbance, the non-
puddled method maintains soil structure and promotes the
activity of beneficial microorganisms (5). Furthermore, it
enables better oxygenation of the root zone, leading to an
improvement in nutrient uptake and crop growth. Non-
puddled systems were also observed to enhance the
resilience of rice crops to climate variability, particularly in
areas prone to drought or erratic rainfall patterns (6). This
review article aims to compare the changes in soil physical
properties, soil biota and nutrient transformation in non-
puddled and puddled rice cultivation systems

Rice (Oryza sativa L.) is a staple crop for global food security,
with rice cropping systems providing essential ecosystem
services like nutrient cycling and carbon sequestration (1).
However, rice-rice cropping systems often suffer reduced
productivity due to soil quality degradation caused by
continuous submergence, imbalanced fertilization and
inadequate organic carbon recycling (2). Puddling of soil also
consumes 200-250 mm of water, equivalent to 17 % of the
total water used by rice (3). This significant water
consumption underscores the importance of efficient soil
management practices in rice cultivation. To address this
issue, there is growing interest in alternative rice
establishment  methods, particularly  non-puddled
cultivation, which seems promising for improving soil health
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Soil, water and nutrient dynamics in non-puddled rice
systems

Puddling was classified according to the quality, based on
change in apparent specific volume of the silty clay soil and
availability of the soil moisture, as follows, granulated, paste
AASV = 0.06-0.09 cm® g') and muddy. The AASV of the silty
clay soil was dependent on cropping system, crop residue
management and method of land preparation for rice (7).
However, in non-puddled systems, the soil is not subjected to
intensive mechanical disturbance, which allows the natural
soil structure to be maintained that deviates from the
traditional method (4). The breakdown is, that traditional
puddling involves tilling the soil with standing water to create
a soft, muddled seedbed. While this facilitates transplanting
and initially controls weeds, it leads to, destruction of soil
structure and formation of hard pans, creates anaerobic
conditions by limited oxygen availability, impacts nutrient
cycling and beneficial soil organisms, increases water use
that leads to higher evaporation and percolation losses (8).
Non-puddling aims to minimize or eliminate these drawbacks
by either reduced or zero tillage, moist or dry seedbed
preparation and controlled irrigation (9).

Key features of non-puddling (10)

Better soil health is achieved through better aeration, drainage
and enhanced microbial activity, which creates a more
conducive environment for plant growth. This leads to water
conservation resulting in lower water requirements.
Additionally, nutrient use efficiency is improved, with
potentially higher nutrient availability and reduced nutrient
losses. These practices also offer environmental benefits, such
as lower greenhouse gas emissions and a reduction in water
pollution, contributing to a more sustainable agricultural
system.

Variations in non-puddling (11)

Direct seeding involves sowing seeds directly into the field
without the need for transplanting, offering a more efficient
approach to rice cultivation. The System of rice intensification
(SRI) incorporates a set of specific practices that combine non
-puddling with other management techniques. Non-
puddling, a key aspect of SRI, represents a shift towards more
sustainable rice farming by enhancing soil health, promoting
water conservation and improving nutrient use efficiency.
This method not only benefits the environment but also
supports more sustainable agricultural practices.

Soil physical properties - non-puddling vs. puddling inrice
cultivation

Soil physical properties play a crucial role in conserving the
overall health and productivity of agricultural systems,
particularly in rice cultivation (12). The adoption of non-
puddled rice cultivation techniques significantly influences
the soil physical properties, which in turn had impact on
water and nutrient dynamics, as well as the overall
performance of the rice crop (13). Puddling is the destruction
of soil structure, leading to the formation of a hard pan (14).
This compaction reduces soil aeration, limits the root growth
and impedes the water infiltration, which ultimately affects
the availability of water and nutrients to the crop. In contrast,
non-puddled systems such as reduced or zero tillage helps to
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preserve soil structure and maintain the optimal physical
conditions (15).

Soil structure and aggregation

Transplanted puddled rice leads to the breakdown of soil
aggregates, resulting in a compact soil structure (16). In
contrast, non-puddled rice systems often exhibit improved
soil structure and aggregation, as the soil is not subjected to
the intensive disturbance associated with puddling (17). The
maintenance of soil aggregation in non-puddled systems
could enhance soil aeration, water infiltration and root
growth, which are essential for the optimal growth and
development of rice plants. Non-puddled rice systems had
higher soil aggregate stability and a greater proportion of
macro-aggregates compared to puddled systems (18). This
improved soil structure was attributed to the reduced
physical disturbance and the increased presence of soil biota
such as earthworms, which contribute to the formation and
stabilization of soil stable aggregates, which could be
improved water in soil aggregates of 1.2 mm and 1.8 mm in
puddled and non-puddled soil respectively. This indicates
that non-puddled soils generally have larger, more stable soil
aggregates compared to puddled soils. Non-puddled systems
exhibited a higher proportion of water-stable aggregates,
which could also improve soil water-holding capacity and
reduce the risk of soil erosion (19).

Aggregate stability

Non-puddled systems promote better aggregation due to
reduced soil disturbance, enhanced organic matter content
with an average of 18.4 g kg?, compared to puddled systems,
which had an average of 15.8 g kg* and combined with
residue retention, led to a 15 % increase in microbial biomass
carbon and a 22 % increase in microbial biomass nitrogen
compared to conventional puddling in a rice-wheat cropping
system (20). Aggregate stability in non-puddled soils was
reported to be 10-30 % higher than that of puddled condition
(20). The mean weight diameter (MWD) of soil aggregates, a
measure of stability, was 1.8 mm under non-puddling as
compared to 1.2 mm under puddling through natural
processes that lead to the formation of stable soil aggregates.
This results in a higher MWD, indicating better soil structure,
improved water infiltration, enhanced aeration and increased
resistance to erosion (21). Conversion from puddled to non-
puddled rice cultivation led to a 15 % increase in water-stable
aggregates and a 10 % decrease in soil bulk density (22).
While puddling disrupts soil aggregates by creating a
compact soil layer with high bulk density and low porosity.
This leads to poor aeration, reduced water infiltration and
increased susceptibility to erosion resulting in a decrease in
aggregate stability by 20-50 % (23).

Pore size distribution

Non-puddled systems have the more balanced pore size
distribution, with a higher proportion of macro-pores, which
are crucial for drainage and aeration and micro-pores that is
important for water retention. It could increase macro-
porosity by 10-20 % and total porosity by 5-15 % (20).
However, puddling destroys macro-pores, leading to a higher
proportion of micro-pores and reduced overall porosity. This
results in poor drainage, waterlogging and anaerobic
conditions (24).

https://plantsciencetoday.online


https://plantsciencetoday.online

Soil compaction

Non-puddling reduced the soil penetration resistance by 10-
30 % when compared to puddling (25). Penetration
resistance at a depth of 10 cm was 1.5 MPa under non-
puddling as compared to 2.2 MPa under puddling (26). Direct-
seeded rice in non-puddled systems had 20 % higher root
biomass and 30 % deeper root penetration compared to
transplanted rice in puddled systems (18).

Soil bulk density

Puddling of soil for rice cultivation can lead to the
compaction of the soil, resulting in increased bulk density
and reduced porosity. In contrary, non-puddled rice systems
often exhibit lower bulk density (5-15 %) and higher porosity,
which could enhance water infiltration, gas exchange and
root penetration (25, 27). The maintenance of desirable soil
physical properties, such as low bulk density and high
porosity, in non-puddled rice systems can contribute to
improved water-use efficiency, nutrient uptake and overall
crop performance (28). Non-puddling reduced bulk density
from 1.5 gcm2to 1.3 gcm? in a loam soil, which significantly
improved the root penetration (29). In comparison to non-
puddled soil, puddling increased the bulk density from 1.1 g
cm3to 1.4 gecm2in a clay loam soil (30).

Soil porosity

Enhanced aggregation and reduced compaction in non-
puddled systems create a more favorable pore size
distribution, with a higher proportion of macro-pores
essential for drainage and aeration. Non-puddling increased
the total porosity by 5-15 % and macro-porosity by 10-20 %
(30, 31) over transplanted puddled rice cultivation. In silty
clay loam soil, non-puddling increased the total porosity from
45 % to 52 % and macro-porosity from 10 % to 18 %
compared to puddling. Puddling reduced the total porosity
from 55 % to 48 % and macro-porosity from 20 % to 8 % in
paddy soil, negatively impacting the water infiltration and
aeration (32).

Aeration porosity

Non-puddled systems significantly increased the higher
aeration porosity, particularly in the root zone, which is
crucial for root respiration. Aeration porosity can be 2-3 times
higher in non-puddled soils, especially during the active
tillering stages of rice growth. However, key considerations
will be the type of soil, puddling intensity and management
practices like residue incorporation and crop rotations (33).

Soil hydraulic properties

The adoption of non-puddled rice cultivation had significant
impacts on soil hydraulic properties, such as infiltration rate,

permeability and water-holding capacity (19). Non-puddled
rice systems had higher saturated hydraulic conductivity
compared to puddled systems, indicating improved water
movement and reduced risk of waterlogging (31).
Additionally, non-puddled systems were reported to have
higher water-holding capacity, which can be beneficial during
periods of water scarcity and help mitigate the impacts of
drought on rice production (34). The improvements in soil
hydraulic properties under non-puddled rice cultivation
could contribute to more efficient water use, reduced
irrigation requirements and enhanced water availability for
plant growth and development (13).

Non-puddled systems consistently exhibit higher
infiltration rates across all soil types compared to puddled
systems (Table 1). This has been attributed to the improved
soil structure, reduced compaction and the presence of
macro-pores (25). Like the infiltration rate, Ksat is generally
higher in non-puddled systems due to better water
movement through the soil profile (38). Higher water holding
capacity, particularly in clayey soils, due to the creation of a
puddled layer, which retains more water would also lead to
waterlogging if drainage is poor (39). However, this could vary
significantly depending on specific soil properties, puddling
intensity, management practices and environmental factors
considered as important factors.

Soil compaction

Penetration resistance, a measure of soil compaction, is often
significantly lower in non-puddled soils, particularly in the top
15 cm of the soil profile (40). Non-puddled systems with lower
compaction risk due to reduced soil disturbance that
minimizes soil manipulation, preserving natural soil structure
and reducing compaction from machinery (31). Enhanced
organic matter decomposition in non-puddled systems
improves the soil structure and reduces the susceptibility to
compaction (41). However, pose a higher risk of compaction
under-transplanted puddled rice field, forming a compacted
soil layer resulting low porosity and with poor drainage,
restricting root growth and water infiltration (42, 43).

Erosion risks

Non-puddled systems had a higher initial erosion risk due to
the absence of standing water, which leaves the soil surface
more vulnerable to rainfall impact and runoff (44). While
detrimental to other soil properties, the puddled layer could
act as a barrier to erosion (25, 45). The breakdown of soil
structure in puddled systems can make the soil more
susceptible to erosion during subsequent crops or after heavy
rainfall (46).

Mitigating erosion in non-puddled systems (47)

Residue retention : Leaving crop residues on the soil surface
protects the soil from rainfall impact and reduces runoff

Table 1. Comparison of soil hydraulic properties in puddled and non-puddled system

Soil hydraulic property Soil Type Puddled system Non- puddled system Reference
Clayey 0.5-1.5 1.5-3.0

Infiltration rate (cm/ hr) Loamy 1.0-25 2.5-5.0 (35)
Sandy 2.0-4.0 4.0-7.0
Clayey 0.1-0.5 0.5-1.5

Saturated hydraulic conductivity (cm/ hr) Loamy 0.5-1.5 1.5-3.0 (36)
Sandy 1.0-2.5 2.5-5.0
Clayey 45-55 40-50

Water holding capacity (%) Loamy 40-50 35-45 (37)
Sandy 30-40 25-35
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velocity.

Cover crops : Planting cover crops during fallow periods helps
improve soil structure, increase organic matter and prevent
soil erosion.

Conservation tillage : Minimizing soil disturbance through
reduced tillage practices further protects the soil from
erosion. However, the soil type influenced by soil texture, soil
slope, rainfall patterns, topography and long-term impacts
are the key considerations.

Soil type considerations : The effectiveness of erosion control
strategies is influenced by soil texture, slope and topography,
all of which affect water infiltration and runoff.

Long term impacts : Sustainable erosion control requires
consideration of long term impacts on soil health, ensuring
that practices contribute to the ongoing fertility and stability
of the soil.

Influence of non-puddling on microbial biomass in rice
systems

Microbial biomass serves as a key indicator of soil health,
reflecting the total mass of living microorganisms like
bacteria and fungi present in the soil (48). Non-puddled rice
cultivation consistently demonstrates a positive influence on
microbial biomass compared to puddling systems. This is
attributed to improved soil aeration, enhanced organic
matter decomposition and a more favourable environment
for microbial growth (49). Puddled rice cultivation disrupts
the soil microbial community, leading to a reduction in the
diversity and abundance of beneficial microorganisms (1). In
contrast, non-puddled rice systems often exhibit a more
diverse and active soil microbial community, as the reduced
soil disturbance promotes the establishment and
proliferation of a wide range of microorganisms (50).
Furthermore, non-puddled rice systems had nitrogen-fixing
bacteria, such as Azospirillum and Azotobacter abundantly,
which enhances the availability of nitrogen for plant uptake
and reduces the reliance on synthetic fertilizers (51). Also
showed a higher diversity and abundance of beneficial soil
microorganisms, such as nitrogen-fixing bacteria and
phosphate-solubilizing bacteria, with an average population
of 2.8 x 107 CFU g* and 1.6 x 10® CFU g* respectively,
compared to the puddled system, which had an average
population of 1.9 x 107 CFU g! and 1.1 x 10°® CFU g*
respectively (52). Non-puddled system significantly resulted
in higher abundance and diversity of beneficial soil
microorganisms such as nitrogen-fixing bacteria and
phosphate-solubilizing fungi, with an average population of
3.1x107CFU g*and 2.4 x 10° CFU g* respectively, compared
to the puddled system, which had an average population of
2.2x 107 CFU g*and 1.8 x 10° CFU g™ respectively (53).

The increase in microbial biomass carbon (MBC) and
microbial biomass nitrogen (MBN) in non-puddled systems
typically ranges from 10-30 % compared to puddled
counterparts by improving soil aeration and reduced soil
disturbance in non-puddled systems (54). Non-puddled rice
cultivation, combined with residue retention, led to a 15 %
increase in MBC and 22 % increase in MBN compared to
conventional puddling in rice-wheat cropping system with
positive effects on soil carbon sequestration (55). On long
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term study observed that continuous non-puddled rice
cultivation resulted in significantly higher MBC and MBN
compared to puddled systems resulted in 25 % increase in
MBC after ten years of non-puddled management. It
emphasizes the sustained positive impacts of non-puddling
on microbial biomass over time, contributing to improved
soil health and fertility (47).

Enzyme activity

Enzyme activity is a sensitive indicator of soil biological health
and nutrient cycling potential. Non-puddled rice cultivation
generally enhances enzyme activity compared to puddled
systems, primarily due to improved aeration, better drainage
and enhanced organic matter decomposition (56).

B-glucosidase

Non-puddled systems exhibit 10-30 % higher B-glucosidase
activity compared to puddled systems (57). In non-puddled
rice cultivation, combined with residue retention led to a 25
% increase in B-glucosidase activity that breaks down
cellulose, a major component of plant residues, releasing
glucose for microbial use and contributing to soil organic
matter formation compared to conventional puddling. This
increase was attributed to improved soil aeration and greater
availability of organic matter for decomposition (58).

Phosphatase

Non-puddled systems resulted in 20-50 % higher
phosphatase activity compared to puddled systems. Even
though, non-puddled rice cultivation can enhance both acid
and alkaline phosphatase activities by 15-35 % compared to
puddled systems. This is due to the improved availability of
organic phosphorus substrates, better soil aeration and a
more favorable pH range for phosphatase enzyme
production and activity (56). Non-puddled rice systems
exhibited 30 % higher phosphatase activity, which releases
phosphorus from organic matter, making it available for plant
uptake compared to puddled systems. This increase is
attributed to enhanced microbial activity and improved
phosphorus cycling in non-puddled soils (59).

Urease

Non-puddled systems demonstrate 15-40 % higher urease
activity, that converts urea, a common nitrogen fertilizer, into
ammonia in a plant available form of nitrogen than the
puddled systems due to improved soil structure and greater
microbial abundance. Also noted that urease activity was 25
% higher in non-puddled treatments compared to puddled
treatments, which can lead to improved nitrogen use
efficiency in rice production, reducing nitrogen losses (60).

Beneficial organisms

Earthworm abundance: Non-puddled systems typically
support significantly larger earthworm populations due to
improved aeration. Non-puddled soils have better oxygen
availability, which is essential for earthworm survival and
activity. It enhances drainage by reducing waterlogging in
non-puddled systems to prevent earthworms drowning and
creates more suitable habitats. Non-puddled systems often
exhibit 2-3 times greater earthworm density compared to
puddled fields (61). A 2.5-fold increase in earthworm density
in non-puddled rice compared to puddled rice. This increase
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Table 2. Comparative analysis of rice yields in puddled and non-puddled system

Characteristics Puddled system Non-puddled system Effects References
The improved water productivity and
- higher yields in the non-puddled
Water productivity 0.45 kg/m? 0.68 kg/m? sgyster)rq were attributedpto the
enhanced soil physical properties
such as increased porosity and (75)
reduced bulk density, which
Yield 4.9t/ ha 5.8t/ ha facilitated better water infiltration,
root growth and nutrient uptake by
the rice plants.
Soil organic carbon content 18.4g/ kg 15.8 g/ kg
The improved soil physical properties
Soil porosity 48 % 52 % in the non-puddled system led to (76)
higher rice yields.
Yield 5.6t/ ha 6.2t/ ha

was attributed to improved soil physical properties and
greater availability of organic matter in the non-puddled
system (62).

Mycorrhizal fungi colonization : Non-puddling promotes the
growth and colonization of mycorrhizal fungi, which forms
beneficial associations with plant roots, enhancing nutrient
and water uptake by 15 % increase in mycorrhizal
colonization of rice roots (63).

Detrimental organisms

Methane producing archaea - Puddling creates anaerobic
conditions that favours the methane producing
microorganisms, contributing to greenhouse gas emissions.
Non-puddling mitigates greenhouse gases (GHG) by reducing
the methane emissions by 20-30 % compared to puddled rice
production system (64).

Nutrient transformation and availability - non-puddled
vs. puddled rice systems

The changes in soil physical properties and soil biota in non-
puddled rice cultivation can also influence the
transformation and availability of essential plant nutrients
such as nitrogen, phosphorus and potassium (65).

Nitrogen (N) dynamics

Puddling creates anaerobic conditions, promoting
denitrification, a process that converts nitrate (NO*) into
nitrogen gas (N), leading to significant N loss from the soil
(66). Improved aeration in non-puddled systems reduce
denitrification losses, promoting greater N retention in the
soil with higher N use efficiency, exhibiting 10-20 %, which
utilizes N more effectively from the soil (67). It also enhances
microbial activity, leading to faster decomposition of
organic matter and greater release of plant-available
nitrogen (@ammonium, NH*) with higher nitrogen uptake of
15 % (68).

Phosphorus (P) availability

In puddled conditions, iron and aluminum oxides become
more soluble, leading to increased P fixation, making them
less available to plants (18). Aerobic conditions in non-
puddled systems reduce P fixation, making it more
accessible to plants and resulting in 15-30 % higher P use
efficiency (69). Greater microbial activity in non-puddled
soils enhances the mineralization of organic P, further
increasing its availability, attributed to 20 % higher P uptake
compared to puddled rice, linked to reduced fixation and
enhanced mobilization (70).

Other nutrients

Non-puddled systems generally exhibit better potassium
availability due to improved soil structure and enhanced
nutrient cycling (71). The availability of micronutrients like
zinc and iron can also be enhanced in non-puddled systems
due to improved soil aeration and microbial activity (23).
However, regular soil testing is crucial to monitor nutrient
levels and adjust fertilizer application accordingly in both
puddled and non-puddled rice production systems.

Overall nutrient use efficiency

A meta-analysis in non-puddled rice systems had improved
the nutrient cycling and reduced losses contributing to a
higher N use efficiency of 15-25 % and 10-20 % higher P use
efficiency compared to puddled systems also influences the
lesser N and P requirement of 10-15 % and 5-10 %
respectively to achieve similar yields compared to puddled
rice (72).

Impact on fertilizer requirements

Non-puddled systems often require lower fertilizer inputs to
achieve comparable yields to puddled systems. This is due
to improved nutrient use efficiency and reduced losses (72).

Environmental implications

Non-puddled systems generally have a lower environmental
footprint compared to puddled systems due to lower
methane emissions from reduced flooding ranging from 20-
70 % or even higher, depending on specific practices and
environmental conditions. This reduction is a major
advantage, as methane is a potent greenhouse gas with a
much higher global warming potential than carbon dioxide
(73). Less N and P leaching into water bodies, minimizing
water pollution and eutrophication (74).

Future perspective

Assessing the long-term effects of non-puddled rice
cultivation on soil health, nutrient dynamics and
greenhouse gas emissions in diverse agro-ecosystems.

Investigating the interactions between soil biota,
nutrient cycling and plant growth in non-puddled systems
to identify the key drivers of improved productivity.

Exploring the potential of integrating non-puddled
rice cultivation with other sustainable agricultural practices,
such as organic amendments, cover cropping and
integrated pest management to enhance overall system
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sustainability.

Non-puddled rice systems are more prone to weed
infestation, leading to increased competition for nutrients
and potential nutrient loss. Effective weed management
practices like mechanical weeding, mulching and herbicides
are necessary. While non-puddling offers benefits, proper
weed control is essential for optimizing yields and soil health.

Ultimately, the adoption of non-puddled rice
cultivation systems has the potential to contribute to more
sustainable and resilient rice production systems, also
addressing environmental concerns related to soil
degradation and greenhouse gas emissions.

Conclusion

The transition from puddled rice cultivation to non-puddled
systems represents a significant shift towards a more
sustainable and resilient rice production system. This
comparative analysis has highlighted how non-puddling
fosters a cascade of positive changes, beginning with
enhanced soil physical properties viz., increased porosity and
reduced bulk density. These improvements create a
favourable environment for beneficial soil biota, leading to
greater microbial activity and more efficient nutrient cycling.
Consequently, non-puddled rice cultivation often
demonstrates higher nutrient use efficiency, reduced fertilizer
requirements and minimized environmental impacts
compared to its puddled system. While further research is
crucial to optimize management practices and address
region-specific challenges, the evidence strongly suggests
that the widespread adoption of non-puddled rice cultivation
holds immense promise for promoting both agricultural
productivity and environmental sustainability in global rice
production.
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