agronomy

Review

Do System of Rice Intensification Practices Produce Rice Plants
Phenotypically and Physiologically Superior to
Conventional Practice?

Amod Kumar Thakur *, Krishna Gopal Mandal, Om Prakash Verma and Rajeeb Kumar Mohanty

check for
updates

Citation: Thakur, A.K.; Mandal, K.G.;
Verma, O.P.; Mohanty, R.K. Do
System of Rice Intensification
Practices Produce Rice Plants
Phenotypically and Physiologically
Superior to Conventional

Practice? Agronomy 2023, 13, 1098.
https://doi.org/10.3390/
agronomy13041098

Academic Editor: Min Huang

Received: 25 November 2022
Revised: 25 December 2022
Accepted: 12 January 2023
Published: 12 April 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

ICAR-Indian Institute of Water Management, Bhubaneswar 751023, India; krishna.mandal@icar.gov.in (K.G.M.);
op.verma@icar.gov.in (O.P.V.); rajeeb.mohanty@icar.gov.in (R.K.M.)
* Correspondence: amod_wtcer@yahoo.com or amod.thakur@icar.gov.in

Abstract: The System of Rice Intensification (SRI), an agro-ecological approach to rice cultivation
developed in Madagascar, has generated considerable interest worldwide. Having not been devel-
oped at a research establishment but rather from observation and testing on farmers’ fields, SRI
attracted considerable controversy, for example, with unwarranted objections that it lacked of scien-
tific evidence, and being characterized as based on “‘unconfirmed field observations” (UFOs). One
2004 article concluded that “the system of rice intensification does not fundamentally change the
physiological yield potential of rice”. This assertion was not based on any physiological examination
of rice plants grown using SRI methodology, however, or on any systematic comparison with what
would be considered as best management practices (BMPs), recommended practices (RPs), or farmer
practices (FPs). Other dismissals of SRI have had contestable data selection, analytical methods,
and presentation of results. The published literature provides abundant evidence that the earlier
evaluations of SRI were either not well-informed or objective, and possibly, they discouraged others
from embarking on systematic evaluations of their own. This article examines the results of 78 studies
in the published literature where SRI results were explicitly compared with RPs, including BMPs or
FPs. The results from 27 countries, plus several large-scale evaluations, show that in 80% of the evalu-
ations, grain yield was higher under SRI than with RPs or FPs. SRI gave 24% higher grain yield than
RPs and 56% more than FPs, while reducing seed, water, and fertilizer inputs. Beyond the descriptive
evidence, this paper considers that the phenotypical changes and physiological improvements in
SRI-grown rice plants could account for the reported enhancement in yield. More research remains to
be undertaken to elucidate casual mechanisms, but abundant evidence shows that this is a subject
deserving considerable scientific effort.

Keywords: system of rice intensification; rice; Oryza sativa; morpho-physiology; root-shoot
interactions; yield

1. Background

The System of Rice Intensification (SRI), developed in the 1980s in Madagascar [1],
modifies, often in counterintuitive ways, several major common practices for managing
irrigated rice crops: the continuous flooding of rice paddies, high plant density, trans-
planting older seedlings, and relying on inorganic fertilizer. SRI practices, conversely,
start by transplanting young seedlings singly and widely spaced, thereby greatly reducing
plant density; keeping paddy field soils just moist or alternatively wetting and drying the
field, avoiding continuously standing water that makes the soil hypoxic; controlling weeds
using a mechanical push-weeder at regular intervals during the crop’s initial growth phase
and avoiding the use of chemical weedicides; and using organic fertilization as much as
available and not relying on large quantities of chemical fertilizer.

These SRI practices aim to provide favorable, i.e., optimal, growing conditions for
rice plants, while, at the same time, saving water and improving the soil’s fertility. These
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practices increase grain yield by improving the productivity of the land, labor, water, seed,
and capital employed in production [2]. These effects are essential for having sustainable
rice production and closing yield gaps that can help feed the world’s growing population,
with additional benefits to soil health and environment.

While SRI originated empirically, without much scientific research and validation,
in recent years, the scientific understanding of this methodology has been considerably
strengthened [2—4], as will be elaborated below. This innovation was initially practiced
just on a limited scale by farmers in Madagascar, but since 2000, SRI methods have been
spreading in Asia, Africa, the Middle East, and Latin America and are now validated in
over 60 countries.

An early research paper [5] based on experiments conducted on small plots (40 m?) at
three locations in China reported that SRI has no advantages over conventional scientific
management practices. The average yield from the three locations was actually a bit higher
under SRI than with conventional practices (7.91 t ha~! vs. 7.88 t ha™!), but the difference
was not statistically significant. This parity in yield was achieved despite the SRI trials
having deviated in several respects from a recognized SRI protocol. Inorganic N fertilizer
was applied in excessive amounts, several times more than the IRRI’s recommendation,
which caused crop lodging. As is well-known, SRI recommends mostly organic fertilization
to nurture beneficial soil biota and improve soil quality. In addition, the SRI trials used
agrochemicals for weed control, instead of mechanical weeding that aerates the topsoil, as
is recommended with SRI to promote both root growth and soil biota [6].

The results reported appeared anomalous to this article’s first author, a plant physiolo-
gist working at the ICAR-Indian Institute for Water Management. How could there be no
significant difference in grain yield between SRI and conventional management when SRI's
plant density was less than half of conventional practice, just 11 plants m~2 vs. 25 m~2?
Even if SRI did not show a yield advantage in these trials, its output was achieved with
significant savings of both seed and water.

This disparity raised two obvious questions. First, there must be important morpho-
logical and physiological differences between SRI- and conventionally grown rice plants
if so many fewer SRI plants could give a grain yield equal to that of standard-practice
plants. Conventional practice actually involved much greater plant density: 3 plants per
hill with 20 x 20 cm spacing between hills equals 75 plants m 2, six times more than the
SRI recommendation. Second, if comparisons were being made between the same number
of rice plants grown, respectively, under SRI and conventional management, what would
be the result? With these queries in mind, the authors undertook a series of experiments
over the next six years comparing SRI with scientifically recommended practices, varying
spacing, seedling age, varieties, fertilization regimes, and water management.

Another critical review of SRI published two years later [7] concluded that, except in
Madagascar, SRI methods produced lower yields than did scientific management practices.
It asserted that there was no evidence that SRI practices made any changes in the physiology
of rice plants, an open invitation for undertaking studies in plant physiology. That paper
also cautioned researchers and agricultural development practitioners against promoting
SRI to enhance rice productivity beyond Madagascar.

This 2006 study appeared to have been hurriedly undertaken, with demonstrable
flaws in both its database and methodology [8]. Among the 40 data sets assembled for
this analysis, the data from Madagascar were excluded with the unsupported argument
that the country’s soils are “distinctive”, even though the data sets from Madagascar were
replicated and more methodologically defensible than most others included in the database
for analysis. Most of its data sets were from unpublished reports, with six data sets (nearly
15%) from personal communications. Nearly half of the data sets (nineteen) were from
the proceedings of international conferences or workshops, and nine were from website
reports (over 20%). Only two papers were published in a peer-reviewed journal; one of
them is described above. This suggested that the conclusions could be based on incomplete
or possibly biased information. These two papers summarized above raised our interest
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in SRI and prompted us to do our own evaluations and learn from others’ evaluations to
answer questions such as are SRI yields indeed greater or not. Do SRI practices result in
crops with different morphology and/or physiology? How can any differences observed
be explained?

It is true that, before 2006, there were not many scientific evaluations comparing SRI
with BMPs or FPs. Since then, the early dismissals of SRI have been contradicted by numer-
ous research publications, meta-analyses, and large-scale studies, as seen in the following
sections. The conclusions proposed by Sheehy et al. [5] and McDonald et al. [7] have been
clearly contradicted by a more rigorous meta-analysis by Chinese researchers comparing
SRI and BMPs [9]. Considerable research and documentation have specified ways in which
SRI management practices evoke rice plant phenotypes that are morphologically and phys-
iologically superior to plants derived from the same rice genotype grown using standard
production methods [10-12]. This paper summarizes and assesses the results of research
undertaken around the world that has evaluated SRI, showing how and why it results in
more robust and productive rice plants.

2. Material and Methods

Results from conventional rice crop management, either from scientists’ recommended
practices (RPs) or farmer practices (FPs), have been compared with SRI results in studies
from most of the major rice-growing countries. These studies, summarized as Supplemental
Data in Table S1, provided a database for systematic comparison. After removing two
outliers, there were 78 studies from 27 countries in our database that had compared SRI
results with either RPs or FPs. The data were analyzed using interquartile range (IQR)
distributions. Significance levels between two practices were calculated using t-test.

3. International Comparisons

The largest number of experimental studies were conducted in India (28), followed by
Tanzania (7) and China (6). Out of the 78 studies, 50 studies compared SRI with scientists’
RPs, while the other 28 compared yields obtained using SRI and FPs. Overall, the average
grain yields obtained were under 6.2 t ha~! using SRI, 5.5t ha~1 using RPs, and 3.9 t ha~1
using FPs (Figure 1).
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Figure 1. Violin plots of rice grain yield obtained under SRI, RPs, and FPs. (SRI: system of rice
intensification; RPs: recommended practices; FPs: farmer practices). n = number of data points in
each category.

When assessing all these studies, it was seen that in 80% of the studies (62), SRI
methods produced a higher grain yield than either RPs or FPs, while 20% (15) reported
the reverse. In these latter 15 studies, a majority (9) did not find the yield advantage over
SRI to be statistically significant. On average, SRI practices produced a 24% higher yield



Agronomy 2023, 13, 1098

40f18

than RPs, nearly 1 t ha~! more, and 56% more than FPs, 1.9 t ha~! more (Table 1). It was
not surprising that the analysis showed SRI’s yield advantage to be greater in comparison
with farmer practices than with rice grown using recommended practices. However, it
also showed SRI leading to significantly greater yield than from currently recommended
practices (or BMPs), which is a conclusion consistent with [9].

Table 1. Percent change in rice grain yield under SRI compared with RPs and FPs.

SRI Yield RP Yield % A SRI Yield FP Yield % A
(tha1) (tha1) under SRI (tha1) (tha1) under SRI
6.4 55 5.8 3.9
(1.32) (1.33) *25 (1.92) (1.32) +56
t-test * *

RPs: recommended practices; FPs: farmer practices; standard deviations are given in parentheses. * indicates a
significant difference at the 5% level using t-test.

A scatter graph of the grain yields obtained under RPs or FPs (plotted on the x-axis)
compared those with SRI (on the y-axis) is shown in Figure 2a,b. Each point represents
the result from an individual experiment (n = 78), giving a simple visualization; the points
above the 1:1 line indicate a higher yield for SRI. Note that most of the yields below the
1:1 line are rather close to the line. Even studies that reported a lower yield with SRI than
with RPs or FPs reported other benefits from SRI management apart from yield. These
included water saving, higher water productivity, much lower seed requirements, higher
labor productivity, more resistance to drought and other stresses, reduced contribution
from rice production to global warming potential (GWP), and less pollution of the water
discharged from fields.
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Figure 2. SRI grain yields (t ha~!) vs. comparison yields achieved using (a) recommended practices
(RPs) and (b) farmer practices (FPs) from 27 countries. Each data point represents one experimental
record. Points above the 1:1 line represent favorable productivity responses to SRI.

4. Large-Scale Studies and Meta-Analyses Evaluating SRI Results

Several large comparative studies and meta-analyses of published research papers
have been carried out where SRI has been tested, validated, and adopted by farmers. The
results of large-scale comparison studies from 10 countries, plus the results from two
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meta-analyses (based on 46 published research papers), are provided as Supplementary
Data in Table S2.

In these evaluations, the yield advantages under SRI ranged between 9 and 105%.
The yield advantage for SRI reported from Vietnam was only 9-15% according to data
gathered by the Plant Protection Division of that country’s Ministry of Agriculture and
Rural Development. The SRI area evaluated was 185,000 acres, cultivated by more than
1 million Vietnamese farmers (rice holdings in Vietnam are very small). Yield improvement
using SRI has consistently been less in Vietnam than in most other countries. Possibly this
is because of endemic root-feeding nematodes that are inhibited by continuous flooding.
In addition, some of the limited SRI yield improvement in Vietnam may be attributable
to most of their irrigation systems not being designed and operated to deliver smaller but
reliable issues of water.

The greatest relative advantage in terms of yield improvement under SRI management
was 105%, reported from Cambodia in a study by the national NGO CEDAC that tracked
the experience of 120 farmers who had used the new methods under rainfed conditions
for at least three years. SRI methods more than doubled these farmers’ previous average
yields (1.34 t ha=') to produce 2.75 t ha~!, with farmers’ costs of production reduced by
more than half [13].

The most rigorous evaluation of SRI yield effects comparing SRI to the best man-
agement practices favored by rice scientists was undertaken in China [9]. To construct a
database for proper meta-analysis, Wei searched three databases (in the Chinese language)
and identified 17 studies from seven rice-growing provinces that had made 26 comparisons
(64 data pairs) assessing SRI vs. BMP yields. Only 20% of the trials had used the full set of
recommended SRI practices, but even so, less than full use of SRI practices outperformed
BMPs, on average, by 10.9% across all of the studies.

This finding, we note, was the opposite of what had been reported from a previous
meta-analysis that BMPs yield on average 11% more than SRI [7]. As stated above, there
were reasons to question that earlier finding because of its database and methodology [8].
When the Chinese trials were disaggregated in terms of how fully they had utilized the
recommended SRI practices, the yield advantage of SRI was 20% with “good” use, i.e.,
using most of the recommended practices. When there was “full” use of SRI methods,
SRI’s yield advantage over BMPs was 30%, but the number of these trials was too small for
statistical testing.

Across all of the studies in our database, there was water-saving with SRI, ranging
between 22 and >60% when compared with the water use for RPs and FPs. A previous
meta-analysis of water-saving that evaluated 29 published studies from eight countries
with 251 comparison trials, calculated that SRI reduced total water consumption, including
rainfall, by 23% on average. In addition, 35% less irrigation water was required using SRI
crop management, with almost all of these trials producing higher grain yield [14].

In our database, eight of the studies reported comparative costs of crop management
per hectare. In three-fourths of these studies, it was found that SRI management reduced the
costs of cultivation, while in two studies, there were increased costs with SRI. Unfortunately,
most studies did not report this economic information. All of the studies that reported
income effects reported that income was increased under SRI crop management, ranging
between 18 and 250%, compared with the income per hectare that was generated from
recommended or farmers” methods of rice production.

Field trials in the Lower Mekong Basin (LMB) in Southeast Asia, involving more than
15,000 farmers in 33 districts of 11 provinces of Cambodia, Laos, Thailand, and Vietnam,
showed that SRI practices under rainfed conditions increased average rice yields by 52%,
and raised economic returns by 70%. This study also reported increases of 64% in labor
productivity, 61% in water productivity, and 163% in the efficiency of mineral fertilizer
use. With SR, the total energy input for farming operations was decreased by 34%, while
greenhouse gas emissions were reduced by 14-17% [15]. It was surprising to see GHG
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emissions from rainfed rice production reduced, but with SRI practice, the application of
nitrogenous fertilizers was decreased or stopped.

Field experiments were conducted for 5 years (2013-2017) at 25 locations across India
by the ICAR-Indian Institute of Rice Research. Then, in 2017, it also conducted surveys
to collect data from 262 randomly selected SRI farmers in the Telangana state of India.
The field experimental data showed SRI methods producing up to 55% more grain ha~!
compared to conventional transplanting methods. The survey data showed that total
production costs were reduced by 23% under SRI, and the adoption of SRI reduced total
energy inputs by 14% [16].

5. Evidenced-Based Explanations for the Reported SRI Advantages
5.1. Morpho-Physiological Superiority of SRI-Grown Rice Plants

Significant changes occur in the morphological and physiological characteristics of
rice plants that are grown using SRI practices as well as in the ensuing grain yield (Table 2).
These changes are seen in the growth and functioning of the rice plants themselves, in
their tillering, canopy structure, and physiological activity when compared with rice plants
grown using conventional methods for transplanting and flooding (Figure 3). Data on
these changes have been frequently published [4,10,11,17-19] and are discussed below.
They consistently contradict the claim by McDonald et al. that SRI management has no
significant impact on the physiology of rice plants [7].

Table 2. Effects of rice management practices on morphological-physiological characteristics, grain
yield, and yield attributes in rice.

Management Practices % A
Parameters
SRI RPs LSDy 05 under SRI
Morphological characteristics

Root depth (cm) 335 20.6 35 63
Root dry weight (g m~2) 306.9 291.8 ns 5
Root volume (ml m~2) 1340.0 955.0 180.1 40
Tiller number (m~2) 450.1 441.2 ns 2
Leaf number (m—2) 1997.6 1766.5 ns 13
Leaf area index 4.0 2.6 0.3 52
Specific leaf weight (mg cm~2) 5.5 4.8 0.3 13
Canopy angle (°) 33.1 17.8 3.6 86

Physiological characteristics

Amount of root exudates (g m2) 190.3 123.0 39.7 55
Root exudation rate (g m—2h-1) 7.9 5.1 1.7 55
Leaf elongation rate (cm dayfl) 6.0 45 0.2 36
Total chlorophyll (mg g~ fr. wt.) 3.4 2.7 0.1 30
Transpiration (mmol H,O m~2 s 1) 6.4 7.6 0.3 19
Net photosynthetic rate (umol CO, m2s71) 23.2 12.2 1.6 89
IWUE (umol of CO, mmol H,O~ 1) 3.6 1.6 - 125
Grain yield and yield attributes
Number of panicles (m~2) 439.5 355.2 61.6 24
Number of panicle spikelets ~! 151.6 107.9 12.9 40
Filled spikelets (%) 89.6 79.3 5.1 13
1000-grain weight (g) 247 24.0 0.2 3
Grain yield (t ha=1) 6.5 4.4 0.3 48
Straw weight (tha™1) 7.3 9.2 1.2 —21
Harvest index 0.47 0.32 0.04 47

ns: non-significant; instantaneous water use efficiency (IWUE) is the ratio of photosynthesis to transpiration; RPs:
recommended practices. Sources: [4,10,18].
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Figure 3. Rice plant (Ciherang improved variety) grown using SRI methods from a single seed
near Malang, East Java, Indonesia, presented by farmers to Norman Uphoff in 2009. (Photo by
Norman Uphoff.)

5.1.1. Root Growth and Functioning

Root systems—the “hidden half” of plants—play crucial roles in crop growth, func-
tions, and yield [20]. Many studies have shown that SRI practices lead to more vigorous
root growth with greater root activity than conventional practices [10,18,21]. A study in
Madagascar, for example, showed SRI-grown plants, transplanted singly hill~!, as having
eight times greater root-pulling resistance (RPR) than three conventionally grown rice
plants transplanted hill~! [22].

The growth of rice roots, assessed in terms of effective root depth, total root length, root
density, and dry weight hill !, has been found to be quite superior under SRI management
compared to RPs [10]. With SRI methods that include using mechanical weeders that aerate
the topsoil and alternate wetting-and-drying irrigation that makes the soil intermittently
aerobic, the proportion of white-colored (functional) roots is much higher. This indicates
that the roots are not necrosing due to hypoxia (Figure 4). In Japanese research, at the
time of flowering, 74% of rice roots under SRI management were found to be functional,
i.e., white, while at the same stage, only 46% of the roots under the continuously flooded
conventional management were similarly functioning [17].

With greater root growth and more aerobic soil conditions under SRI, rice plants have
greater enzymatic activity [11], higher levels of cytokinin [23], greater transport of xylem
exudates [10], more aerobic microbial activity [24], and a greater uptake of nutrients [25].
Greater root growth, viability, and better performance of root systems provide a better basis
and physiological foundation for SRI results [10,26].
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Figure 4. (A) The pair of rice plants grown, respectively, using SRI vs. standard methods of rice
cultivation at the Haraz Extension and Technology Development Center in Amol, Iran. The dark
color and stunting of the right-hand plant’s roots reflect their degeneration due to lack of oxygen.
(B) The pair of rice plants grown in Cuba are of the same age (52 days) and the same variety (VN
2084). Right-side plants are grown using SRI and have 483 tillers, and the left one grown using the
standard method have only 5 tillers.

5.1.2. Shoot Growth and Functioning

Significant visual and easily measurable changes occur in an SRI rice crop, such as plant
height, the abundance of tillering, and the thickness and strength of tillers. These parame-
ters are all usually greater than those found with RP rice plants. The transplanting of young,
single seedlings along with the favorable conditions created by SRI management minimize
“transplanting shock” and lead to earlier tiller emergence and more profuse tillering [27]. In
our own research, with SRI practices, we found rice plants have 28-34 tillers hill =1, while
rice plants of the same variety grown under RPs produced only 13 tillers on average [18].
This result was recorded when single seedlings were transplanted under SRI, and RP hills
had three seedlings each.

Figure 3 shows an exceptional SRI plant grown from a single seed by a farmer in
Eastern Indonesia in 2011, with 223 tillers emerging. In addition to the size of the root
system, also note its white color, indicating that the roots were not degrading from lack
of oxygen. This plant was unusually responsive to SRI practices, but it shows how much
genetic potential a rice plant has that can be evoked by providing it with the most favorable
environmental conditions.

In addjition to the increased number of tillers, a higher crop growth rate of rice plants
is usually achieved under SRI management. This has several positive effects on plant
phenotype, particularly on the number, size, and thickness of leaves, as well as on the
leaf area index (LAI) and leaf elongation rate (LER). These are measurable and have been
demonstrably greater in controlled trials [10].

An easily overlooked morphological change in rice plants grown under SRI manage-
ment is that they have a greater canopy angle. This means that their canopy structures have
a more open architecture, with their tillers spreading out to cover more ground area, and
with their leaves being more erect, which reduces mutual shading and increases exposure
to sunlight. Conversely, with RPs, which have greater plant density, the hill structure is
more compact. Tillers grow more vertically because of the close spacing of plants, the
deeper placement of their roots during transplanting, and greater plant density m 2 [18].
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An open canopy structure enables SRI plants to intercept more light than they could in
a compact hill structure. Our study shows that at the stage of panicle initiation, 89% of the
light coming from the sun is intercepted by an SRI canopy, whereas rice plants grown under
RPs intercept only 78% of solar radiation. This gives rice crops under SRI management a
15% advantage in light utilization [10]. This is just one of the several morphological effects
of SRI methods that create physiological advantages for resulting rice plants.

5.1.3. Root-Shoot Interactions and Crop Physiology

The phenotypical changes in rice plant morphology that result from SRI management
greatly affect the plants’ physiological functioning. In addition, the interaction between
their more extensive root systems and the soil biota that live around and inside them results
in a greater uptake of nutrients from the soil. The interactions among plants, soil, and
microbes are extremely complex, with impacts identifiable at the molecular level. These
interactions affect plants’ photosynthesis rate and their synthesis of phytohormones and
other compounds that regulate plant growth, physiology, and crop performance [28,29].
Research has started in these domains that can help explain further the various effects of
SRI management.

Improved root functioning under aerobic soil conditions and rice plants” production
of cytokinins elevate the chlorophyll content of SRI plants’ leaves, and this delays their
senescence. Plants’ fluorescence efficiency is improved, and the rate of photosynthesis in
SRI plant leaves is greater when compared with that of flooded rice [10]. Higher metabolic
activity in the roots also supports a higher photosynthetic rate in the leaves. One particularly
interesting finding has been that SRI-grown rice plants fix 3.6 umol of CO; into sugar and
other substances per millimol of water transpired, while RP plants fix only 1.6 umol of CO,.
This means, quite literally, that SRI plants produce more crop per drop of water, something
that is becoming ever more important in the context of water scarcity [18].

When roots are supplying abundant amount of nutrients to the shoots and leaves,
there is a higher leaf nitrogen content and more activity of the RuBisCo enzymes that enable
photosynthesis to occur [3,11,30,31]. Leaves that are more active photosynthetically can
supply more photosynthate to the roots and the microbes in the plants’ rhizosphere and
endosphere. This helps the roots and associated microbiota to maintain and increase their
functioning and activity, as an example of positive feedback.

The improved root-shoot interactions and the greater growth of both roots and shoots
under SRI management contributes directly to the rice plants having longer panicles, better
grain filling, and usually heavier grains than with conventional rice-growing practices [18].
Greater soluble sugar content, proline, and malondialdehyde (MDA) in leaves and higher
partitioning of carbohydrate and nitrogen, the leaf area, and productive tillers have been
reported under SRI [26]. Longxing et al. reported that more than 45% of carbohydrate from
stems and leaf sheaths contributed to grain yield in SRI [32]. The influence of SRI methods
on various morphological parameters and physiological changes in both roots and shoots
and, ultimately, on grain yield in rice is depicted in Figure 5.

It has been reported that the higher grain yields achieved by super-hybrid rice varieties
in China (Liangyoupeijiu and Huaidao 9) are due to improved root-shoot interaction [33],
something that SRI management promotes. The optimal crop, soil, water, and nutrient
management, as practiced under SRI, leads not only to greater grain production but also to
concomitant water saving [10,14,34], higher nutrient use efficiency [35], and reductions in
greenhouse gas emissions [36-39].

5.2. The Interconnected Effects of SRI Practices

SRI methodology differs in a number of ways from the standard agronomic practices
for irrigated rice that were described by De Datta [40]. SRI involves (a) transplanting
younger seedlings, preferably 8-14 days old (2-3 leaf stage), quickly, carefully, and at a
shallow depth of 1-2 cm; (b) transplanting single seedlings per hill in a square pattern with
wide spacing, usually about 25 x 25 cm, but wider or closer according to the soil fertility
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status and variety used; (c) maintaining more aerobic soil conditions by not keeping the
rice plants submerged, especially during their period of vegetative growth; (d) adding
organic materials to the soil to enrich its stock of organic matter; and (e) controlling weeds
with a mechanical weeder that actively aerates the topsoil [2].
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Figure 5. Influence of the SRI method on morphological, physiological changes, and yield in rice.
Sources: [4,10,18].

SRI practices are not a fixed package but rather interdependent agronomic practices
that modify existing methods for managing plants, soil, water, and nutrients [41]. SRI is
expected to be adapted or adjusted to local conditions, applying its principles as much
as possible, but not necessarily in a uniform way. This means that SRI practices will
vary somewhat from one place to another. Its strategy is one of optimization rather
than uniformity.

For example, at our research farm at Mendhasal, Odisha, India, given its soil and
climate, we found that for SRI, the optimal plant-to-plant and hill-to-hill spacing for
obtaining the highest grain yield is 20 x 20 cm, rather than the usually recommended
spacing of 25 cm [42]. Similarly, we found that the highest grain yield and greatest water
productivity under SRI could be achieved when irrigation water is applied 3 days after the
disappearance of standing water from rice fields, but this timing will vary from soil to soil
and according to climate [43].

Other research has shown that higher yield and greater water productivity can be
achieved by continuing AWD throughout the whole crop cycle up to 7 days before harvest-
ing and not changing to continuous but very shallow flooding after panicle initiation [44].
However, this modification in the original recommendation for SRI water management
has not been confirmed by enough other research to make it a recommendation. Possibly



Agronomy 2023,

13,1098

110f18

the advantages of this change will apply only to certain soils and climates. However, the
original SRI principle for water management—apply the minimum amount of water (le
minimum de I'eau) [1]—will, in all probability, remain relevant guidance.

The impact of SRI practices and their interconnections and feedback effects are pre-

sented in a flow diagram (Figure 6). This depicts how the different practices are responsible
for yield increase, respectively, and collectively. The beneficial effects of all these SRI
practices are due to positive feedback mechanisms between and within the plant roots
and shoots.

Moregrain filling [
A

supply of
roots

ains/ \

Early
maturity

Early tillering
and root

growth

7'y

7Y

BN HiGHErGRAIN
YIELD

A

Increased leaf N &
Chlorophyll
contents/ Enzyme
activity

| Increased _ <

Delayed leaves <

Enhanced nutrient
uptake

A

Less shading
of lower
leaves
7y

A

Increased cytokinin flux

toward shoots

Higher
panicle
numbers

Promotes
root growth
Jactivity

[ Promotes root
growth & root

activity

Reduced root
degeneration

4

Improves physical

A

[ eeiomes Jo

Greater light
interception by

A

& chemic?l soil 7y

Abundant and
diverse aerobic
microbes
7Y

» Activates
beneficial
microbial

7'y

Profuse roots

v
Favors growth
and activity of soil
biota
4

Improves
grain quality

Improves soil
structure &

Aerating the
surface soil

leaves

No or reduced

7y

Reduced competition for
nutrients, water,
radiation, & space

shock

Open

7'y

canopy
structure
v

¥

Transplanting
of young
seedlings

depth

Single seedling per hill
transplanted at shallow

porosity .
4 > Reduced GHG
] ) emissions
Root pruning J
A3 Sustained nutrient
Incorporated weed
supply over longer
as green manure "
More access of period Water /
nutrients, water & r'y Energy savings
light
) /
Wider spacing Inter- Increased use of Moist / AWD
(between plants cultivation to » organic water
to plants & rows) control weeds manures management

Figure 6. A flow diagram showing the effects of SRI management practices responsible for increased

grain yield.

Transplanting young seedlings is beneficial for early crop establishment as it avoids or
minimizes what is known as “transplanting shock”, thereby enhancing both tillering
and rooting [27]. It also contributes to earlier maturity of the crop.

Transplanting single seedlings per hill at shallow depth, as well as at lower plant density,
is responsible for SRI plants’ more open canopy structure [18]. This favors greater light
interception, higher leaf photosynthesis, and more grain-filling. A study unrelated to
SRI has shown that transplanting single seedlings hill ! is superior to transplanting
three seedlings hill~!, the conventional approach, because it improves plant tillering,
root growth, the RuBisCO content in leaves, and cytokinin levels in the roots; it also
delays leaf senescence [23].

Wider spacing between plants gives them greater access to nutrients, water, and light,
and it reduces inter-plant competition for these resources. This significantly enhances
the performance of individual hills, which is conducive for the greater expression of
individual plants’ genetic potential. Prolific tillering, associated root development, and
the flux of hormones toward the shoots results in increased grain formation and develop-
ment. All these contribute to increased yield, with reduced plant populations producing
enough more grains per plant to make up for the fewer number of plants [23,42].
Alternate wetting and drying (AWD) rather than continuous flooding is now considered
to be an effective water-saving technology in rice production, although, by itself, it
may not increase yield [31,45]. A recent review reports that AWD requires 25-70% less
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water than the conventional practice of flooding without any reduction in yield [46].
However, when AWD is complemented by SRI practices, there is both water saving
and higher yield.

In addition to reducing methane emissions from rice fields, AWD reduces the accu-
mulation of heavy metals (As and Hg) in grains. The reduced degeneration of roots under
AWD and an abundance of associated aerobic soil microbes leads to enhanced nutrient
uptake by plants, more grain yield, better grain quality, and higher concentrations of
micronutrients in the grain [25,46,47].

o The application of organic manure improves soil structure and porosity, favors the abun-
dance and activities of soil biota, and provides a sustained supply of nutrients, espe-
cially micronutrients, in the soil. This, of course, enhances plants’ nutrient uptake [25].
Organic fertilization, combined with AWD, significantly increases the uptake of N, P,
and K, contributing to a significant increase in grain filling, grain weight, and grain
yield [22,48].

o [nter-cultivation/weeding is essential for obtained the best results under SRI because,
with no continuous flooding, weeds become a challenge. Mechanical weed control has
several advantages: it aerates the soil around the roots while incorporating the weeds
into the soil; prunes superficial roots and induces deeper root growth; and creates a
small channel between the rice hills for better irrigation. These effects enhance both
root growth and crop health, the populations of beneficial microbes in the soil and
plant, and physio-chemical dynamics within the soil system [24].

These practices and their positive impacts on crop growth and plant functions, soil
health and soil microbes, and nutrient uptake are all connected, as indicated in Figure 6. In
combination, they lead to profuse and active root systems. This greater root development
promotes beneficial soil microbes in the rhizosphere, enhances the production of growth
hormones (cytokinins), and makes for more efficient acquisition of water and nutrients to
support shoot growth. The greater flux of nutrients and growth hormones from roots to the
shoot results in delayed leaf senescence, a higher chlorophyll content in leaves, and more
photosynthesis there.

Greater production of carbohydrates supports both root growth and activity and the
plants’ grain-filling process. SRI plants” increased tillering, with more and larger leaves,
higher LAI, and a more open canopy with erect leaves results in greater light interception
and utilization. Ultimately, all of these factors contribute to crop growth and health and
higher yield.

6. Conclusions

Despite the early rejection of SRI by some established rice scientists, SRI experiments
and large-scale evaluations plus meta-analyses of data from dozens of countries have
shown that SRI methods significantly increase grain yield compared to both scientists’
recommended practices and farmers’ practices. The methods enable farmers to produce
bigger crops to feed a growing population and improve household incomes and food
security. This can be achieved without the adoption of new varieties and the extensive
application of fertilizers and agrochemicals. This is accomplished using less water and
fewer seeds, and it offers other benefits such as a shorter crop cycle, greater nutrient content
of grains, and buffering rice crops against the adverse stresses of climate change.

Researchers and agricultural practitioners around the world have found that there are
strong theoretical and empirical justifications for promoting SRI as a method for raising
rice productivity beyond what present technologies are achieving despite their reliance on
external inputs that entail environmental as well as economic costs. The research results
have shown that the phenotypic alterations induced in SRI-grown plants lead to increased
efficiencies in key physiological processes and more beneficial interactions with the soil
biota that comprise the rice plants” microbiome.
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Government support is required for significant SRI expansion in many countries to
reap the benefits of SRI knowledge in a similar way to how the Green Revolution was
promoted. One difference will be, however, that farmers should and can be more active
participants in SRI extension than they were in the Green Revolution, becoming adapters
rather than adopters. As SRI depends on knowledge and skill, it can be communicated
farmer-to-farmer rather than relying only on highly trained personnel. The future will be
brighter if farmers act as stewards of their and our natural resource base, rather than as
exploiters of land and water (and of themselves). Their ability to capitalize more fully on
the productive potential that already exists in plants’ genomes and soil systems should be
both a reward and an inspiration.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy13041098/s1, Table S1: Database on studies comparing
SRI with conventional management practices (CMP), either RP or FP in different countries [5,10,17,
18,21,22,25,36,38,39,49-119]; Table S2: Reported large-scale studies and meta-analyses comparing SRI
with conventional management practices (CMP) in different countries [9,13-16,80,120-135].
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