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Abstract

Integrated rice-fish farming (IRFF) is a promising agronomic strategy that enhances crop and fish productivity
while improving soil health and resource use efficiency. This study aimed to assess the effects of different rice
planting spacing on the growth and yield of rice and fish and evaluate soil fertility and water quality within an
IRFF system. A field experiment was conducted using four (T1-T4) planting spacing; T1: 10 cm x 10 cm, T2: 15
cm x 15 cm, T3: 20 cm x 20 cm, and T4: 25 cm x 25 cm. Each treatment with three replicates was randomly
allocated in a randomized complete block design. Growth and yield parameters of rice and fish were measured
along with soil and water quality indices. Data were analyzed using ANOVA and Tukey’s test. Spacing
influenced both rice and fish performance significantly. The 15x15 cm spacing provided the best balance,
supporting high yields for both rice and fish without adverse effects on soil fertility or water quality. Narrower
spacing enhanced total rice yield through higher plant density but reduced individual plant performance.
Wider spacing improved individual plant growth yet lowered total yield. Soil nutrient levels (N, P, and K) and
organic matter (OM) significantly increased across treatments, with T2 showing the highest enrichment. Water
quality parameters (pH, EC, temperature, DO, NO5~, NHs) remained within non-toxic limits. This study suggests
that 15x15 cm spacing optimizes rice-fish yields and enhances soil quality without compromising water quality
in IRFF systems.

Keywords: integrated rice-fish farming; rice planting spacing; soil fertility; sustainable agriculture; tilapia; wa-

ter quality
1 | INTRODUCTION the projected rise in the global population to 9.7 billion by
Global food security remains a pressing challenge amid 2050; Asia alone expects to account for approximately 5.2
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billion people (WPP 2022; Asia-Pacific Population and
Development Report 2023). Rice (Oryza sativa L.) plays a
crucial role in global food security, serving as a staple
food that provides more than half of the daily caloric in-
take for billions of people (Tolba et al. 2020; Shi et al.
2023; Singh and Solanki 2025). It occupies around 155
million hectares and consumes up to 90% of Asia’s irrigat-
ed water (Cosslett and Cosslett 2018; Liu et al. 2019).
Global rice demand is projected to increase significantly,
with estimates ranging from 584 to 852 million tons by
2050 (Khush 2013; Parshuram et al. 2022). However, ur-
banization, environmental degradation, and overreliance
on chemical inputs, which contribute to soil and water
pollution, biodiversity loss, and greenhouse gas emis-
sions, constrain the expanding production (Swaminathan
2006; Liu et al. 2015).

In Sri Lanka, rice is the staple crop supporting na-
tional food security and rural livelihoods. Over 2.1 million
farmers cultivate about 1.3 million hectares of rice during
the “Maha” (October — March) and “Yala” (April — Sep-
tember) seasons. Rice cultivation primarily relies on irri-
gation schemes and high-yielding varieties (DOA 2023).
However, rice cultivation in Sri Lanka faces significant
challenges, including declining soil fertility, erratic rainfall,
pest outbreaks, and excessive chemical use, which
threaten its sustainability (Silva and Lakshani 2021). Sri
Lanka has substantially invested in irrigation infrastruc-
ture and extension services. However, the country still
imports around 0.7 million metric tons of rice annually to
meet domestic demand (Rathnayake et al. 2020), reflect-
ing persistent gaps in self-sufficiency and resilience.

Parallel to the rice sector, Sri Lanka’s aquaculture
industry could also offer complementary food and income
opportunities. However, it faces multiple barriers, includ-
ing high costs of formulated feeds, limited availability of
suitable land and water resources, environmental degra-
dation, frequent disease outbreaks, and emissions associ-
ated with intensive production systems (Silva et al. 2009;
Yuan et al. 2019). These interlinked restrictions in both
rice and aquaculture systems emphasize the urgent need
for integrated and resource-efficient production models
such as integrated rice-fish farming (IRFF), which can sim-
ultaneously enhance productivity, profitability, and envi-
ronmental sustainability.

Protein deficiency is another longstanding nutrition-
al issue, particularly in rural communities in developing
countries. A decade ago, the average daily protein intake
was only 44.6 g day_l, of which plant-based sources like
rice and pulses provided the majority of protein (Jaya-
wardena et al. 2014).

The recent economic crisis has further limited access
to animal-based foods due to price hikes and shortages
(Sooriyaarachchi and Jayawardena 2023). These deficits
cause significant health issues due to limited protein in-
takes, leading to stunting, anemia, and micronutrient-
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related disorders. While seafood remains a vital protein
source, it is often scarce in inland and rural areas, making
inland aquaculture a viable strategy to address both nutri-
tion and rural livelihoods (Willett et al. 2019). Inland ag-
uaculture practices, such as culture-based fisheries, pond
farming, and IRFF, have been identified as a promising
tool to address these challenges in many Asian countries.
However, it remains underutilized in Sri Lanka (Kumara et
al. 2024). Further, integrated aquaculture agriculture ap-
proaches have improved food security and household
income, especially among women (Ahmed et al. 2010;
Dey et al. 2019) in rural communities.

Thus, IRFF offers a practical, resource-efficient solu-
tion to these challenges by combining rice cultivation and
aquaculture within the same field. This system enhances
nutrient cycling, reduces pest and weed pressure, and
improves soil and water quality while providing both rice
grain and animal protein (Halwart and Gupta 2004; Ah-
med and Garnett 2011; Inayat et al. 2023). Studies have
shown that IRFF can improve productivity, diversify in-
comes, and reduce chemical dependency, thereby sup-
porting food security and multiple Sustainable Develop-
ment Goals including Zero Hunger (SDG 2), Responsible
Consumption and Production (SDG 12), Climate Action
(SDG 13), and Life on Land (SDG 15) (Ahmed and Garnett
2011; Samaddar et al. 2025).

Rice planting density is a key factor influencing the
success of IRFF, affecting microclimate, nutrient competi-
tion, water circulation, fish movement, and growth per-
formance. Closer spacing can improve rice tillering and
suppress weeds (Aminpanah 2014); however, it may limit
fish movement. Wider spacing can enhance fish perfor-
mance and resource availability for individual plants
(Baloch et al. 2002), but there is a possibility of lower
yield and high weed density. In traditional rice cultivation
in Sri Lanka, farmers typically adopt dense planting meth-
ods to maximize rice yield. However, in IRFF systems prac-
ticed elsewhere, wider plant spacing is often used to facil-
itate fish movement, which can compromise rice produc-
tivity (Bin et al. 2021; Inayat et al. 2023).

The Department of Agriculture, Sri Lanka, has estab-
lished optimum planting spacing for rice based on variety
maturity (age class). For example, short-age rice varieties
(3 - 3% months) such as AT 362 are recommended to be
transplanted at 15x15 cm spacing under conventional rice
monoculture (DOA 2020). These recommendations aim to
maximize rice yield in standard paddy cultivation.

However, IRFF, where fish are raised in the flooded
rice paddies alongside the crop, introduces a different
agro-ecosystem. In Sri Lanka, this integrated approach is
not a common practice yet, and no specific planting den-
sity recommendations exist for rice grown with fish that
balances both rice and fish production in IRFF under the
local context. This lack of guidelines represents a clear
research gap. Currently, farmers have to rely on monocul-
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ture spacing guidelines, which may not be suitable for the
unique dynamics of the IRFF system. Further, no prior
study in Sri Lanka has focused on rice planting geometry
in an integrated system with fish, especially using the
popular short-duration rice variety AT 362 and the fish
species tilapia.

The present study is the first investigation that eval-
uates how different planting spacing affect crop fish yield
and soil water quality parameters in an integrated setup.
The findings will fill the current knowledge gap and pro-
vide practical recommendations for farmers and authori-
ties on the optimal planting spacing to be adopted in an
IRFF system in Sri Lanka, particularly for the most widely
cultivated rice variety. Therefore, this study aimed to (i)
evaluate the effects of different rice planting spacing on
rice and fish growth and yield, and (ii) assess soil fertility
and water quality dynamics in an IRFF system under dif-
ferent rice planting spacings in Sri Lanka.

2 | METHODOLOGY

2.1 Experimental site and duration

The experiment was conducted at the Institute for Agro-
Technology and Rural Sciences (UCIARS), Weligatta, Ham-
bantota, Sri Lanka, from December 2024 to March 2025
(Maha season). The study was performed in the dry zone,
characterized by temperatures ranging from 28°C to 33°C
and average monthly rainfall between 181.5 mm and
205.5 mm.

2.2 Experimental design

A field experiment evaluated the effect of varying rice
planting spacing on rice and fish performance in an inte-
grated system. The following four rice planting spacing
were used as treatments: T1: 10 cm x 10 cm, T2: 15 cm x
15 cm (control), T3: 20 cm x 20 cm, and T4: 25 cm x 25
cm. The Department of Agriculture (DOA 2020) recom-
mendation for 3%-month rice varieties under rice mono-
culture (15 x 15 cm spacing) was selected as the control
(T2).
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Each treatment was replicated thrice in a random-
ized complete block design to minimize potential variabil-
ity across plots, resulting in twelve experimental plots (4 x
4 m? each). Soil slope variation across the experimental
site was used as the blocking criterion to minimize the
effect of topographical differences. Blocks were oriented
perpendicular to the main irrigation channel. Within each
block, treatment plots were randomly allocated using
computer-generated random numbers. Initial soil proper-
ties were analyzed before transplanting, and no signifi-
cant differences were found among the experimental
plots, ensuring uniformity at the baseline (Table 1).

Uniform agronomic management practices recom-
mended by the Department of Agriculture (DOA 2020), Sri
Lanka, were applied across all treatments, including
standardized water management, and regular pest and
disease monitoring with uniform control measures where
necessary. The entire field was subjected to similar mi-
croclimatic conditions, and water was supplied from a
single irrigation source while maintaining the same water
depth across all plots to ensure consistency. Except for
rice planting spacing, all other management practices
were maintained identically among all plots. All plots
were enclosed with a 2 x 2 cm? mesh to prevent bird pre-
dation. The experiment lasted 92 days until rice harvest.

2.3 Paddy nursery and transplantation

Oryza sativa (variety: AT 362) was raised in a wet-bed
nursery and transplanted when 14 days old. Two seed-
lings were transplanted per hill, and the hill density varied
by spacing: 72/m? (T1), 30/m? (T2), 18/m? (T3), and 11/m?
(T4).

2.4 Land preparation and ditch construction

The field was manually ploughed twice (14 and 04 days
before transplanting) with 5 to 10 cm of water main-
tained to aid organic matter decomposition. Peripheral
ditches were lined with polythene to prevent seepage
(Figure 1; Lokuhetti et al. 2025).
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FIGURE 1 Diagrammatic representation of the cross-section of a plot.
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2.5 Fertilizer application

Organic fertilizer was applied after the first plowing at the
following rates: 0.5 kg m™ paddy straw, 0.4 kg m™? cow
dung, and 0.1 kg m™2 Gliricidia leaves, in accordance with
the Department of Agriculture guidelines (DOA 2020).
Additionally, 0.06 kg m™2 of biochar was incorporated af-
ter the second plowing. No chemical fertilizers or top
dressing were used throughout the experiment.

2.6 Fish species, stocking, and feeding

Oreochromis niloticus fingerlings (average weight 35 + 2.0
g) were sourced from a certified hatchery and acclima-
tized for two weeks in cement tanks. They were fed
commercial feed (32% crude protein) at 3% body weight.
Fish were stocked at 2.2 m™2 (35 per plot), two weeks
post-transplanting, and fed twice daily, adjusting for
growth.

2.7 Water and fish management

During the first 15 days, water depth was maintained at 2
to 5 cm, then increased to 5 to 15 cm thereafter. Stand-
ard DOA recommended agronomic practices were fol-
lowed.

2.8 Data collection

2.8.1 Rice growth and yield

Growth parameters, such as plant height, stem diameter,
number of leaves, tillers, flag leaf dimensions, and days to
flowering, were measured biweekly. Yield components,
including effective tillers, grains per panicle, filled grains,
1000-grain weight, grain yield, straw yield, and biological
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yield, were recorded using standard procedures at har-
vest (Gomez 1972; Mirhaj et al. 2013).

Biological yield and harvest index were computed as
follows: harvest index (%) = (Grain yield) / (Biological
yield) x 100; biological yield (t ha™') = Grain yield + Straw
yield.

2.8.2 Fish growth and survival

Initial weights of fish (g) were measured using a top-
loading balance; thereafter, weight was measured fort-
nightly by sampling ten fish randomly from each plot. At
harvest, all fish were collected, counted, and weighed
indivlidually to assess survival, yield, and weight gain (g
day ).

2.8.3 Soil and water quality analysis

Soil samples were analyzed monthly for pH (dS m_l), EC
(dsm™), organic matter (%), N (%), P (mg kg_l), and K (mg
kg_l) at the Hambantota District Soil Laboratory (DOA).
Potassium content was measured using a flame photome-
ter (M410, Sherwood Scientific; UK), while phosphorus
content was analyzed by the Olsen method using a spec-
trophotometer (DR3900, Hach; USA). Soil pH was deter-
mined using a pH meter (HQ11d, Hach; USA), and electri-
cal conductivity (EC) was measured using an EC meter
(HQ14d, Hach; USA). Total soil nitrogen content was ana-
lyzed using the Kjeldahl method with a Kjeldahl system
(UDK169, Velp Scientifica; Italy). Soil organic content was
measured by the Walkley and Black method. The baseline
soil quality parameters are as follows (Table 1).

TABLE 1 Baseline soil quality parameters for different treatments (T1 — T4) before transplanting in the integrated rice-fish

farming experiment.

Soil characteristics Treatments p-value
T1 T2 T3 T4
pH 7.10+0.10° 6.96+0.06° 7.13+0.03° 7.03+0.06° 0.406
EC (ds/m™®) 0.07+0.003° 0.06+0.003° 0.07+0.003° 0.07+0.003° 0.441
N (%) 0.274%0.001° 0.276%0.002° 0.275+0.002° 0.277+0.003°  0.856
P (ppm) 5.58+0.15° 5.63+0.11° 5.67+0.10° 5.70+0.07° 0.901
K (ppm) 80.46+0.48° 80.23+0.76° 79.90+0.92° 79.70+0.79° 0.892
OM (%) 2.89+0.04° 2.91+0.04° 2.93+0.03° 2.92+0.04° 0.862

Similar superscript letter indicate no differences across treatments. Spacing: T1: 10 cm x 10 cm, T2: 15 cm x 15 cm, T3: 20

cm x 20 cm, and T4: 25 cm x 25 cm.

Water quality parameters, including pH, electrical
conductivity (EC; uS cm™"), dissolved oxygen (DO; mg L™),
nitrate (NOs~; mg L"), and ammonia (NHs;, mg L"), were
measured bi-weekly using calibrated instruments. NO3~
concentrations were determined using a multiparameter
water quality meter (HI9829, Hanna Instruments, Roma-
nia) while pH and EC were measured with a pH/EC meter
(EUTEC Cyberscan PC300, Singapore). DO levels were as-
sessed using a DO meter (HI98194, Hanna Instruments,
Romania), and NH3 concentrations were determined fol-
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lowing the APHA Standard Methods (APHA 2017).

The baseline values were as follows: pH (7.36 +
0.02), electrical conductivity (EC: 356 + 8.79 uS cm'),
temperature (29.3 + 0.08°C), dissolved oxygen (DO: 5.66
0.02 mg L"), ammonia (NHs: 0.14 + 0.008 mg L™), and
nitrate (0.32 £ 0.01 mg L ™).

2.8.4 Weeds density

Weed samples were collected at 60 and 90 days usinga 1
ft2 quadrat placed at three random locations per plot.
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Weed density was calculated using the following equa-
tion, weed density (number of weeds ft 2) = (total number
of weeds in sampled area) / (sampled area (ft?)).

2.9 Data analysis

The data were tested for normality. Statistical compari-
sons were made using a one-way analysis of variance
(one-way ANOVA), followed by Duncan’s post hoc test to
evaluate mean differences at a significance level of p <
0.05. Pearson’s correlation analysis was conducted to
examine variable relationships. All statistical computa-
tions were performed using Minitab version 20, and
graphical illustrations were created using Microsoft Excel
version 2016.

3 | RESULTS AND DISCUSSION

3.1 Growth performances of rice

There was no significant variation in plant height, number
of tillers, or number of leaves until four weeks after
transplanting (WATP) (Figure 2). However, these parame-
ters showed significant differences among treatments
thereafter. Plants cultivated at the narrowest spacing
produced the tallest plants, whereas those at the widest
spacing recorded the shortest with statistical significance
(ANOVA: F = 4.68, p = 0.036) at the final measurement
(Figure 2A). This pattern may have resulted from the in-
creased competition for light, which triggered shade
avoidance responses and promoted vertical elongation
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(Cui et al. 2023; Gautrat et al. 2024). In contrast, plants at
the widest spacing remained shorter because the reduced
interplant competition minimized the need for vertical
growth and favored resource allocation to other organs
(Gautrat et al. 2024).

Despite being taller, plants in the densest spacing
(T1) produced significantly fewer tillers (ANOVA: F=11.87,
p = 0.003) and leaves (F = 49.06, p < 0.001) per plant
compared to those in wider spacing treatments (Figures
2B and 2C). This suggests an exchange between vertical
growth and lateral development when plants are grown
in crowded conditions. Wider spacing treatments allowed
plants more access to light, nutrients, space, and air circu-
lation, resulting in higher leaf production (Yang et al.
2012; Inayat et al. 2023). Similarly, stem diameter signifi-
cantly improved (F = 18.06, p = 0.001) with wider planting
spacing at the flowering stage (Figure 3).

These findings are consistent with previous studies
that report that higher plant density restricts stem girth
due to increased foliar shading and nutrient competition
(Baloch et al. 2002; Berhanu 2017). Wider spacing en-
hanced photosynthetic efficiency, supporting better vege-
tative development and individual plant biomass (Bhaduri
et al. 2020). Moreover, plant growth parameters, includ-
ing the number of leaves, tillers, and stem diameter, were
further enhanced by the integration of fish, which likely
contributed to nutrient cycling and improved microenvi-
ronmental conditions.
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FIGURE 3 Stem diameter of paddy plants across the
treatments at the flowering stage. Spacing: T1: 10 cm x 10

cm, T2: 15 cm x 15 cm, T3: 20 cm x 20 cm, and T4: 25 cm
x 25 cm.
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A significant difference was noted in flag leaf length
(F =8.49, p < 0.05) and the number of days to flowering (F
= 33.14, p < 0.05) among the treatments. However, no
significant difference was observed for flag leaf width. T1
and T2 exhibited the shortest flag leaves, while T3 and T4
showed the longest flag leaves (Table 2). The increase in
flag leaf length under wider spacing can be attributed to
reduced competition for resources, which promotes
elongation. Flag leaf width remained unaffected because
leaf expansion is genetically constrained and less respon-
sive to planting density (Zhang et al. 2015).

Furthermore, T1 flowered earlier compared to wider
spacing treatments (Table 2). The possible reason for this
phenomenon can be the increased intra-plant competi-
tion for light, nutrients, and space, which imposes physio-
logical stress on the plants. Such stress conditions are
known to trigger earlier transition into the reproductive
phase as a survival strategy (Takeno 2016).

TABLE 2 Flag leaf length, width, and number of days to flower of rice plants (AT 362) in the integrated rice-fish farming
system across different rice planting spacings (Mean * SE, n = 3).

Variable T1 T2 (C) T3 T4 p-value
Flag leaf length (cm) 30.40+2.05° 30.65+1.39° 39.51+1.97° 40.53+2.05° 0.007
Flag leaf width (cm) 3.30+0.25° 3.47+0.38° 3.56+0.25° 4.74+1.87° 0.320
Number of days to flower 53.66+0.57" 60.33+0.57° 62.67+2.52° 63.66+0.57° <0.001

Different superscript letters in columns indicate differences across treatments (p < 0.05). Spacing: T1: 10 cm x 10 cm, T2:

15cm x 15 cm, T3: 20 cm x 20 cm, and T4: 25 cm x 25 cm.

3.2 Yield performance of rice

The number of effective tillers per plant varied significant-
ly among the treatments (ANOVA: F = 34.94, p < 0.05).
Treatments T4 and T3 produced a significantly higher
number of effective tillers per plant compared to the con-
trol (T2), although they were statistically similar to each
other (Figure 4A). A comparable trend was observed in
the number of total grains per panicle, which also differed
significantly among treatments (F = 77.34, p < 0.05) (Fig-
ure 4B). The number of filled grains per panicle was nota-
bly enhanced in T3 and T4 (F = 133.23, p < 0.05), whereas
T1 recorded the lowest values (Figure 4C).

TABLE 3 Correlation results for flag length and number of
grains, filled grains per panicle, and 1000-grain weight.

Parameter r-value  p-value
Number of grains per panicle 0.834 0.001
Number of filled grains per panicle 0.843 0.001
1000-grain weight (g) 0.514 0.087

r = Pearson correlation value. Significance of the correla-
tion is presented at the 0.05 level.

Table 3 illustrates a strong positive correlation be-

tween flag leaf length and some yield components, such
as the number of grains and filled grains / panicle, and
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1000-grain weight. These results are consistent with the
central role of the flag leaf as a primary photosynthetic
source during grain filling in rice. The flag leaf supplies a
substantial proportion (45 — 60%) of the assimilates re-
quired for grain development (Rahman et al. 2014).
Chandra et al. (2009) and Rahman et al. (2014) reported
positive correlations between flag leaf length and yield
components such as panicle length, number of grains, and
1000-grain weight, which are consistent with the findings
of this study. Higher chlorophyll in the flag leaf compared
to other leaves impacts seed setting rates and other yield
components of rice (Rahman et al. 2014). However, the
final grain yield of wider spacing did not reflect the posi-
tive trends observed in the effective tiller number, total
grains, and filled grains per panicle.

Rice yield in the widest spacing treatments (T3 and
T4) was approximately 25.9% and 28.5% times lower,
respectively, compared to the control (T2) (Figure 4D).
The integration of tilapia with increasing planting spacing
benefited individual plant growth (Figure 5). This out-
come reflects a common agronomic trade-off: wider spac-
ing enhances individual plant performance, but it can re-
duce yield per unit area due to low population density
(Sherif et al. 2020). Inayat et al. (2023) also demonstrated
that medium rice spacing in IRFF systems offers the most
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efficient balance between rice and fish production.
Mobasser et al. (2007) reported a 20.6% vyield increase at
120 plants m™2 compared to 20 plants m~2. Similarly, Bo-
zorgi et al. (2011) and Mohapatra et al. (1989) observed
higher yields at 15 x 15 cm and 20 x 20 cm spacing, re-
spectively, supporting the present findings. Although
higher planting densities can limit panicle size or spikelet
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number, the greater number of panicles per unit area
often compensates for yield losses caused by individual
plant limitations (Chandrakar and Khan 1981; Uddin et al.
2011). The rice planting spacing significantly impacts the
growth and yield of O. sativa (AT 362) since all tested cor-
relations was statistically significant (Table 4).

25 A 200 B FIGURE 4 Yield performances of
= a 2 180 a Ia paddy plants: (A) number of
fn_ 20 I = £ 160 b b = effective tillers, (B) number of
£ E 140 = = grains, (C) number of filled
% % b £ - grains, (D) paddy yield. Spacing:
£ b s E 1;0 T1:10 cm x 10 cm, T2: 15 cm x
& %’” 15 cm, T3: 20 cm x 20 ¢cm, and
< B e 80 T4:25 cm x 25 cm.
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@ =
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g 120 =
B 100 4
= S 3
2 60 ™2
s
g 40
= 1
7z 20
0 0
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TABLE 4 Correlation matrixes for planting spacings and growth and yield performances of rice.

Planting spacing (treatment)

Variables Pearson correlation (r) Significance (p)
Number of leaves 0.885 <0.001
Number of tillers 0.761 0.004

Plant height (cm) -0.817 0.001

Stem diameter (cm) 0.830 0.001

Number of grains panicle_1 0.955 <0.001
Number of filled grains panicle_1 0.958 <0.001
Number of effective tillers 0.904 <0.001

Paddy vield (t ha™) -0.787 <0.001
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FIGURE 5 Experimental plots:
__(A)T1:10cm x 10 cm, (B) T2: 15
® cm x 15 cm (control), (C) T3: 20
cm x 20 cm, (D) T4: 25 cm x 25
cm.

3.3 Weed density

The integration of fish into the rice-based system, along
with wider rice planting spacing, significantly increased
weed density (p < 0.05). Treatments T3 and T4 recorded
the highest weed densities at both 60 and 90 days after
transplanting (DAT). In contrast, T1 and T2 exhibited the
lowest densities at 90 DAT (Figure 6). At 60 DAT, T1 and
T2 showed statistically similar densities, both of which
were lower than those of T3 and T4. This suggests an op-
timal balance between canopy coverage, water depth,
and fish activity.

The higher weed density under wider spacing is
mainly due to enhanced light penetration to the soil sur-
face, which promotes weed emergence. In contrast, nar-
rower spacing facilitated early canopy closure, suppress-
ing weed emergence through the shading effect (Figure
6). These findings are consistent with those of Rao et al.
(2007), who reported that reduced canopy coverage en-
hances weed proliferation. The presence of fish such as
Oreochromis spp. can help to control submerged and
floating aquatic weeds through natural grazing (Halwart
and Gupta 2004; CABI 2023). Still, this effect may be in-
sufficient to compensate for the increased weed pressure
associated with wider spacing.

3.4 Fish growth and survival

Oreochromis niloticus were still in the exponential phase
of their growth cycle at the end of the experiment (Figure
7A). The final body weight of tilapia was significantly
higher in the control (T2) and T3 treatments. However,
there was no statistical difference between these two
treatments. The average final weights recorded in T2 and
T3 were 140.0 £ 0.40 g and 141.8 + 0.77 g, respectively. In
contrast, the lowest average weight was observed in T1,
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which had the narrowest planting spacing (Figure 7A).

Similarly, fish yield was significantly higher in T2 and
T3, while the yields in T1 and T4 were statistically lower
(Figure 7B; ANOVA: F = 34.20, p < 0.05). A similar trend
was noted for weight gain across treatments (F = 544.77,
p < 0.05). In contrast, fish survival rates did not differ sig-
nificantly among treatments, indicating uniform survival
across the experimental conditions (Table 5).

Visual observations indicated that tilapia exhibited
frequent and active movement across the rice plots, such
as shoaling, foraging, and exploratory movement, particu-
larly in the T2 and T3. These behaviors may have been
facilitated by optimal plant spacing for fish navigation,
higher dissolved oxygen levels (5.11 mg L"), moderate
water temperatures (28.6°C), and enhanced natural food
availability. Additionally, T2 and T3 may have been pro-
vided sufficient canopy protection, which could have re-
duced fish fear responses to aerial or terrestrial preda-
tors, thereby supporting more confident movement and
feeding (Savino and Stein 1989; Heck and Crowder 1991;
Halwart and Gupta 2004; Ibrahim et al. 2023).

However, more restricted fish movement appeared
in the narrowest spacing treatment (T1), likely due to
dense canopy cover, limited space between rows, and
lower dissolved oxygen levels (4.72 mg L) (Table 6),
which may have contributed to stress and restricted
movements and access to feed. Although T4 had lower
plant density, the reduced canopy cover might have ex-
posed fish to increased sunlight and perceived predation
risk, potentially causing behavioral stress (Savino and
Stein 1989; Halwart and Gupta 2004; Miah et al. 2011).
Furthermore, the higher water temperatures observed in
T4 (32.6°C) may have suppressed feed intake and fish
growth (Boyd and Tucker 2012).
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TABLE 5 Weight gain and survival rate of Oreochromis niloticus in integrated rice-fish farming system.

Parameters Treatments p -value
T1 T2 T3 T4

Weight gain (g/day) 0.84+0.01° 1.13+0.001° 1.15+0.01° 0.99+0.01° 0.000

Survival (%) 89.52+2.52 94.29+1.65 93.33+1.90 90.47+0.95 0.284

Spacing: T1: 10cm x 10 cm, T2: 15 cm x 15 cm, T3: 20 cm x 20 cm, and T4: 25 cm x 25 cm.

The improved weight gains and final body weight of
fish in T2 and T3 support the possibility that moderate
spacing provides more favorable conditions for IRFF
productivity (Table 5). Medium planting densities may
also promote better water quality, including better light
penetration (Browman et al. 2006), higher dissolved oxy-
gen levels, and increased phytoplankton diversity (Vro-
mant and Chau 2005). These phytoplankton, serving as a
natural food source, could have directly contributed to
enhanced fish nutrition and growth (Peres and Oliva-Teles
1999). The microbial flora in moderately spaced systems
may also have enhanced feed availability. According to
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Guo et al. (2020), such environments are generally more
sustainable for fish growth, offering balanced levels of
oxygen, temperature, and pH.

Field observations further support this possibility,
where fish survival rates remained statistically similar
across treatments, suggesting that the basic environmen-
tal conditions, including dissolved oxygen, pH, and tem-
perature, remained within acceptable ranges with varied
movement and growth (Table 7).

3.5 Soil quality
Initial soil parameters showed no significant differences,
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confirming plot uniformity. By harvest, N, P, K, and organ-
ic matter varied significantly with different planting spac-
ing (p < 0.05; Table 6). Soil pH and electrical conductivity
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(EC) did not differ significantly among treatments. Soil pH
ranged from 6.76 to 6.98 and EC from 0.07 to 0.10 dS m
indicating stable acidity and salinity across all plots.

TABLE 6 Characteristics of soil at the end of the experiment of integrated rice-fish farming for different rice planting spac-

ings (Mean % SE, n = 3).

Soil characteristics Treatments p-value
T1 T2 T3 T4

pH 6.98+0.09° 6.88+0.05° 6.76+0.08° 6.96+0.08° 0.270
EC (ds/m™®) 0.08+0.01° 0.10+0.01° 0.08+0.01° 0.07+0.01° 0.508
N (%) 0.300+0.002° 0.321+0.002° 0.319+0.001° 0.308+0.002° <0.001
P (ppm) 6.0940.15" 6.70+0.08° 6.62+0.16™ 6.31+0.07°° 0.033

K (ppm) 85.68+1.86" 97.51+1.53° 94.84+2.72%° 89.48+2.92°° 0.028
OM (%) 3.12+0.01° 3.45+0.03° 3.43+0.02° 3.28+0.02° <0.001

Spacing: T1: 10 cm x 10 cm, T2: 15 cm x 15 c¢cm, T3: 20 cm x 20 cm, and T4: 25 cm x 25 cm.

T2 (control) and T3 treatments recorded the highest
values for all key soil fertility parameters, while T1 (10 cm
x 10 cm) recorded the lowest, followed by T4. Specifically,
total N, P, and K in T1 declined by 6.5%, 9.1%, and 12.1%
respectively, compared to T2, likely due to intensified
plant competition and limited nutrient retention in dens-
er stands. Organic matter content followed a similar
trend, with the lowest level observed in T1.

Despite these treatment-level variations, all plots
demonstrated notable post-harvest improvements in N
(9.3 to 16.4%), P (9.1 to 19.0%), K (6.5 to 21.5%), and or-
ganic matter (8.1 to 18.3%) relative to baseline levels,
highlighting the fertility-enhancing potential of the IRFF
system.

Previous studies have also demonstrated that IRFF
systems significantly enhance soil fertility by improving
nutrient cycling. For example, Xie et al. (2011) and Nayak
et al. (2018) observed elevated macronutrient availability
in the IRFF system due to continuous deposition of nutri-
ent-rich fish excreta, combined with the stimulation of
microbial processes. Halwart (1998) further emphasized
that such a system is particularly beneficial under organic
and low-input farming conditions. Fish activity may also
contribute to soil enrichment by promoting organic mat-
ter decomposition and nutrient mineralization (Sinhababu
et al. 1983). Hossain et al. (2015) reported increases of 4
to 11% in sediment N and P under integrated systems.
The findings of the present study align with Miao (2010),

who quantified the fertilizing effect of fish feces in IRFF
systems, and Lu and Li (2006), who confirmed that inte-
gration can increase soil nutrient concentrations by up to
38.5%.

3.6 Water quality

Throughout the experimental period, water quality pa-
rameters remained within the optimal range for tilapia
growth (Boyd and Tucker 1998) (Table 7). Overall, pH,
dissolved oxygen (DO), electrical conductivity (EC), tem-
perature, nitrate (NOs~), and ammonia (NH3;) levels were
maintained at safe thresholds, creating a stable aquatic
environment favorable for both rice and fish growth. Ni-
trate and ammonia concentrations in all treatments re-
mained well below toxic limits, ensuring the fish experi-
enced no stress.

Differences among the treatments reflected the in-
fluence of rice planting spacing on aquatic conditions.
Decreased plant spacing limited light penetration due to
increased canopy cover, which likely lowered water tem-
perature and reduced photosynthetic activity of plankton,
thereby decreasing DO levels, which are the conditions
known to retard fish growth (Zhang et al. 2010). Dense
canopies may also have restricted wind-induced surface
mixing, further reducing water aeration. Conversely,
moderate spacing (T2 and T3) provided balanced canopy
coverage and supported favorable water conditions, con-
tributing to improved fish performance.

TABLE 7 Water quality parameters across the treatments in the integrated rice-fish farming system (Mean * SE, n = 3).

Treatment
Parameters p-value
T1 T2 T3 T4
pH 7.90+0.03° 7.85+0.06° 7.70+0.05° 7.95+0.15° 0.290
EC (uScm™) 371.7+2.03™ 365.6+1.42° 380.8+0.98° 374.5+1.22% 0.001
Temperature (°C) 28.1+0.03° 28.6+0.03° 31.3+0.49" 32.620.05° <0.001
DO (mg L) 4.7240.05° 5.11+0.01° 5.35+0.01° 5.48+0.02° <0.001
NO; (ppm) 0.71%0.01° 0.83+0.02° 0.84+0.02° 0.72+0.01° <0.001
NH; (ppm) 0.24+0.01° 0.45+0.02° 0.41+0.01%° 0.36+0.02" <0.001

Spacing: T1: 10cm x 10 cm, T2: 15 cm x 15 cm, T3: 20 cm x 20 cm, and T4: 25 cm x 25 cm.
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In contrast, treatment T4 exhibited slightly higher
water temperatures (up to 32.6°C), probably due to ex-
cessive sunlight exposure from wider spacing. Although
such wide spacing provided more swimming space, ele-
vated temperatures may have negatively influenced feed
intake. Small increases in nitrate and ammonia concentra-
tions under wider spacing likely reflected enhanced nutri-
ent inputs from fish excreta but remained below harmful
levels, indicating effective ecological buffering. These
findings align with previous studies documenting similar
nutrient dynamics and environmental stability in IRFF
systems (Frei et al. 2007; Mirhaj et al. 2013; Billah et al.
2020).

4 | CONCLUSIONS
The research findings revealed that a 15 x 15 cm rice
planting spacing achieved the best balance between total
rice yield and fish growth, without compromising soil fer-
tility or water quality. Narrower spacing increased plant
density and overall yield but reduced individual plant per-
formance, whereas wider spacing enhanced individual
plant growth but lowered total yield. These results con-
firm that an intermediate spacing can optimize dual pro-
duction, filling a key research gap and providing practical,
field-based evidence for the sustainable intensification of
IRFF systems. It is recommended that farmers adopt a 15
cm x 15 cm spacing for rice transplanting in IRFF systems.
Furthermore, this study recommends conducting
additional research on microbial activity and changes in
soil biodiversity under IRFF conditions, as these factors
play a crucial role in maintaining and enhancing soil
health. Policymakers and agricultural extension agencies
should integrate these findings into training programs,
demonstration plots, and support schemes to promote
higher farm productivity, efficient resource use, and envi-
ronmental sustainability.

ACKNOWLEDGEMENTS

The authors acknowledged the University of Colombo
research grant (Ref. AP/3/2/2024/SG/3) for financial sup-
port.

ETHICAL APPROVAL

Ethical approval for this study was obtained from the Eth-
ics Review Committee of the Institute of Biology, Sri Lanka
(ERC-IOBSL) in 2024, ensuring adherence to animal wel-
fare standards.

CONFLICT OF INTEREST
The author declares no conflict of interest.

AUTHORS' CONTRIBUTION

H.K.R.S.K: experimental design and execution, data collec-
tion, statistical analysis, interpretation of results and
drafting manuscript; M.M.K.LM & K.S.S.A: supervising,

journal.bdfish.org

Page 11 of 14

Optimizing paddy spacing for co-production
J Fish; Kumara et al.

data interpretation and critical revisions to the manu-
script; S.S.H & N.P.V: supervising, critically reviewed and
edited the manuscript.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are avail-
able on a reasonable request from the corresponding
author.

REFERENCES

Ahmed N, Allison EH, Muir JF (2010) Rice fields to prawn
farms: a blue revolution in southwest Bangladesh?
Aquaculture International 18(4): 555-574.

Ahmed N, Garnett ST (2011) Integrated rice-fish farming
in Bangladesh: meeting the challenges of food secu-
rity. Food Security 3(1): 81-92.

Aminpanah H (2014) Effects of crop density and reduced
rates of pretilachlor on weed control and grain yield
in rice. Romanian Agricultural Research 229-238.

APHA (2017) Standard methods for the examination of
water and wastewater, 23rd edition. American Pub-
lic Health Association, Washington, DC.

Asia-Pacific Population and Development Report (2023)
Population and development indicators for Asia and
the Pacific. Available online at https://www.un.org.
Accessed on 13 June 2025.

Baloch AW, Soomro AM, Javed MA, Ahmed M, Bughio HR,
... Mastoi NN (2002) Optimum Plant Density for High
Yield in Rice (Oryza sativa L.). Asian Journal of Plant
Sciences 1(1): 25-27.

Berhanu AA (2017) Effect of planting density on growth,
yield and yield attributes of rice (Oryza sativa L.). Af-
rican Journal of Agricultural Research 12(35): 2713—
2721.

Bhaduri D, Chakraborty K, Nayak AK, Shahid M, Tripathi R,
... Srivastava AK (2020) Alteration in plant spacing
improves submergence tolerance in Subl and non-
Sub1 rice (cv. IR64) by better light interception and
effective carbohydrate utilization under stress. Func-
tional Plant Biology 47(10): 891.

Billah MM, Uddin MK, Samad MYA, Hassan MZB, Anwar
MP, ... Haque ANA (2020) Impact of feeding sched-
ule on the growth performances of tilapia, common
carp, and rice yield in an integrated rice-fish farming
system. Sustainability 12(20): 8658.

Bin W, Yehong S, Wenjun J (2021) Ecological benefit eval-
uation of agricultural heritage system conservation-
a case study of the Qingtian rice-fish culture system.
Journal of Resources and Ecology 12(4): 489-497.

Boyd CE, Tucker CS (1998) Pond aquaculture water quality
Management, 1st edition. Springer, US.

Boyd CE, Tucker CS (2012) Pond aquaculture water quality
management. Springer Science & Business Media.

Bozorgi HR, Faraji A, Danesh RK, Keshavarz A, Azarpour E,
Tarighi F (2011) Effect of plant density on yield and

Volume 13 | Issue 3 | Article 133207


https://doi.org/10.1007/s10499-009-9276-0
https://doi.org/10.1007/s10499-009-9276-0
https://doi.org/10.1007/s12571-011-0113-8
https://doi.org/10.1007/s12571-011-0113-8
https://doi.org/10.1007/s12571-011-0113-8
file:///J:/My%20Drive/JFish/04%20In%20Production/2025%2008%2019%20-%201057%20%5bAP-B%5d/Population%20and%20development%20indicators%20for%20Asia%20and%20the%20Pacific
file:///J:/My%20Drive/JFish/04%20In%20Production/2025%2008%2019%20-%201057%20%5bAP-B%5d/Population%20and%20development%20indicators%20for%20Asia%20and%20the%20Pacific
https://doi.org/10.3390/su12208658
https://doi.org/10.3390/su12208658
https://doi.org/10.3390/su12208658
https://doi.org/10.3390/su12208658
https://doi.org/10.5814/j.issn.1674-764x.2021.04.007
https://doi.org/10.5814/j.issn.1674-764x.2021.04.007
https://doi.org/10.5814/j.issn.1674-764x.2021.04.007

yield components of rice. World Applied Sciences
Journal 12(11): 2053-2057.

Browman HI, Skiftesvik AB, Kuhn P (2006) The relation-
ship between ultraviolet and polarized light and
growth rate in the early larval stages of turbot
(Scophtalmus maximus), Atlantic cod (Gadus
morhua) and Atlantic herring (Clupea harengus)
reared in intensive culture conditions. Aquaculture
256(1-4): 296-301.

CABI (2023) Oreochromis niloticus (Nile tilapia).
https://www.cabidigitallibrary.org/doi/full/10.1079/
cabicompendium.720867? Accessed on 25 April 2025.

Chandra BS, Reddy TD, Ansari NA, Sudheer KS (2009) Cor-
relation and path analysis for yield and yield compo-
nents in rice (Oryza sativa L.). Agricultural Science
Digest 29(1): 45-47.

Chandrakar BL, Khan RA (1981) Optimum spacing for ear-
ly, medium and late duration tall indica rice culti-
vars. Oryza 18(2): 108-109.

Cosslett TL, Cosslett PD (2018) Sustainable development
of rice and water resources in mainland southeast
Asia and Mekong River basin. Springer, Singapore.

Cui Y, Zhu M, Song J, Fan H, Xu X, ... Wang J (2023) Ex-
pression dynamics of phytochrome genes for the
shade-avoidance response in densely direct-seeding
rice. Frontiers in Plant Science 13: 1105882.

Dey A, Sarma K, Kumar U, Mohanty S, Kumar T, Bhatt BP
(2019) Prospects of rice-fish farming system for low
lying areas in Bihar, India. Organic Agriculture 9(1):

99-106.
DOA (2020) Paddy cultivation. Department of Agriculture,
Sri Laknka. Aailable online at

https://drive.google.com/file/d/1FVNQ35RVerhn75I
65gldGDL5tmSpulfD/view Accessed on 22 April
2025.

Frei M, Razzak MA, Hossain MM, Oehme M, Dewan S,
Becker K (2007) Performance of common carp, Cy-
prinus carpio L. and Nile tilapia, Oreochromis nilot-
icus (L.) in integrated rice—fish culture in Bangladesh.
Aquaculture 262(2—4): 250-259.

Gautrat P, Buti S, Romanowski A, Lammers M, Matton
SEA, ... Pierik R (2024) Phytochrome-dependent re-
sponsiveness to root-derived cytokinins enables co-
ordinated elongation responses to combined light
and nitrate cues. Nature Communications 15(1):
8489.

Gomez KA (1972) Techniques for field experiments with
rice. International Rice Research Institute. Laguna,
Philippines. 48 pp.

Guo H, Qi M, Hu Z, Liu Q (2020) Optimization of the rice-
fish coculture in Qingtian, China: 1. Effects of rice
spacing on the growth of the paddy fish and the
chemical composition of both rice and fish. Aquacul-
ture 522:735106.

Halwart M (1998) Trends in rice-fish farming. Aquaculture

journal.bdfish.org

Page 12 of 14

Optimizing paddy spacing for co-production
J Fish; Kumara et al.

Newsletter 18(3): 11.

Halwart M, Gupta MV (2004) Culture of fish in rice fields.
WorldFish Center, Penang, Malaysia.

Heck KL, Crowder LB (1991) Habitat structure and preda-
tor-prey interactions in vegetated aquatic systems
(pp. 281-299). In: Bell SS, McCoy ED, Mushinsky HR
(Eds) Habitat structure, volume 8. Springer, Nether-
lands.

Hossain A, Mridha AR, Shah AKA, Nahiduzzaman M, Uddin
S (2015) Performance of mono-sex tilapia (Oreo-
chromis niloticus) in rice field with different ditch
size. Aquaculture Research 46(8): 1891-1901.

Ibrahim LA, Shaghaleh H, Abu-Hashim M, Elsadek EA,
Hamoud YA (2023) Exploring the integration of rice
and aquatic species: insights from global and na-
tional experiences. Water 15(15): 2750.

Inayat M, Abbas F, Hafeez-ur-Rehman M, Mahmud A
(2023) Optimizing rice-fish co-culture: investigating
the impact of rice spacing density on biochemical
profiles and production of genetically modified tilap-
ia (Oreochromis spp.) and Cyprinus carpio. Plos ONE
18(12): e0295996.

Jayawardena R, Thennakoon S, Byrne N, Soares M, Katu-
landa P, Hills A (2014) Energy and nutrient intakes
among Sri Lankan adults. International Archives of
Medicine 7(1): 34.

Khush GS (2013) Strategies for increasing the yield poten-
tial of cereals: case of rice as an example. Plant
Breeding 132(5): 433—-436.

Kumara HKRS, Atapaththu KSS, Herath SS, Vidanapathira-
na NP, Marasinghe MMKI (2024) Exploring ecologi-
cal functions of rice-fish integration in the agricul-
tural landscape: a review to investigate feasibility of
implementing rice-fish integration in Sri Lanka. Jour-
nal of Agro-Technology and Rural Sciences 3(2): 24—
35.

Liu J, Liu H, Liu R, Mostofa Amin M, Zhai L, ... Xiaodong
Ding Y (2019) Water quality in irrigated paddy sys-
tems. In: Ondrasek G (Ed) Irrigation in agroecosys-
tems. IntechOpen, London, UK.

LiuY, Pan X, Li J, Li JA (2015) A 1961-2010 record of ferti-
lizer use, pesticide application and cereal yields: a
review. Agronomy for Sustainable Development
35(1): 83-93.

Lokuhetti RT, Kondaramage RSKH, Herath SS, Vidana-
pathirana NP, Atapaththu KSS (2025) Comparison of
rice production in an integrated rice-fish system us-
ing tilapia (Oreochromis niloticus) and common carp
(Cyprinus carpio). Indian Journal of Fisheries 72(1):
87-94.

Lu J, Li X (2006) Review of rice—fish-farming systems in
China - one of the globally important ingenious agri-
cultural heritage systems (GIAHS). Agquaculture
260(1-4): 106-113.

Miah MMA, Ali MH, Rahman MH (2011) Training manual

Volume 13 | Issue 3 | Article 133207


https://doi.org/10.1016/j.aquaculture.2006.02.049
https://doi.org/10.1016/j.aquaculture.2006.02.049
https://doi.org/10.1016/j.aquaculture.2006.02.049
https://doi.org/10.1016/j.aquaculture.2006.02.049
https://doi.org/10.1016/j.aquaculture.2006.02.049
https://doi.org/10.1016/j.aquaculture.2006.02.049
https://doi.org/10.1007/978-981-10-5613-0
https://doi.org/10.1007/978-981-10-5613-0
https://doi.org/10.1007/978-981-10-5613-0
https://doi.org/10.3389/fpls.2022.1105882
https://doi.org/10.3389/fpls.2022.1105882
https://doi.org/10.3389/fpls.2022.1105882
https://doi.org/10.3389/fpls.2022.1105882
https://doi.org/10.1016/j.aquaculture.2006.11.019
https://doi.org/10.1016/j.aquaculture.2006.11.019
https://doi.org/10.1016/j.aquaculture.2006.11.019
https://doi.org/10.1038/s41467-024-52828-y
https://doi.org/10.1038/s41467-024-52828-y
https://doi.org/10.1038/s41467-024-52828-y
https://doi.org/10.1038/s41467-024-52828-y
https://doi.org/10.1016/j.aquaculture.2020.735106
https://doi.org/10.1016/j.aquaculture.2020.735106
https://doi.org/10.1016/j.aquaculture.2020.735106
https://doi.org/10.1016/j.aquaculture.2020.735106
https://doi.org/10.1111/are.12344
https://doi.org/10.1111/are.12344
https://doi.org/10.1111/are.12344
https://doi.org/10.1016/j.aquaculture.2006.05.059
https://doi.org/10.1016/j.aquaculture.2006.05.059
https://doi.org/10.1016/j.aquaculture.2006.05.059

on improved rice-fish culture and dyke cropping. Ce-
real systems initiative for South Asia in Bangladesh
(CSISA-BANGLADESH), WorldFish Center, Bangla-
desh.

Miao WM (2010) Recent developments in rice-fish culture
in China: a holistic approach for livelihood improve-
ment in rural areas (pp. 15—40). In: De Silva SS, Davy
FB (Eds) Success stories in Asian aquaculture,
Springer, Netherlands.

Mirhaj M, Boit A, Razzak MA, Wahab MA (2013) Yield
performance comparison between cultures of rice
cum prawn (Macrobrachium rosenbergii) and rice
cum fish (Cyprinus carpio, Oreochromis niloticus) in
North-Eastern Bangladesh. Aquaculture 392-395:
26-33.

Mobasser HR, Delarestaghi MM, Khorgami A, Tari DB,
Pourkalhor H (2007) Effect of planting density on ag-
ronomical characteristics of rice (Oryza sativa L.) va-
rieties in North of Iran. Pakistan Journal of Biological
Sciences 10(18): 3205-3209.

Mohapatra AK, Kar PC, Behura B, Maity K (1989) Effects of
spacing, seedlings per hill and nitrogen levels on
growth, yield attributes and yield of CR 1009 rice.
Environment and Ecology 7(1): 151-153.

Nayak PK, Nayak AK, Panda BB, Lal B, Gautam P, ...
Jambhulkar NN (2018) Ecological mechanism and di-
versity in rice based integrated farming system. Eco-
logical Indicators 91: 359-375.

Parshuram S, Biswajit M, Suresh CB, Sarba NM (2022) The
global rice agriculture towards 2050: an inter-
continental perspective. Outlook on Agriculture
51(2): 164-172.

Peres H, Oliva-Teles A (1999) Influence of temperature on
protein utilization in juvenile European seabass (Di-
centrarchus labrax). Aquaculture 170(3—4): 337-348.

Rahman MA, Haque M, Sikdar B, Islam MA, Matin MN
(2014) Correlation analysis of flag leaf with yield in
several rice cultivars. Journal of Life and Earth Sci-
ence 8: 49-54.

Rao AN, Johnson DE, Sivaprasad B, Ladha JK, Mortimer
AM (2007) Weed management in direct-seeded rice.
Advances in Agronomy 49: 153-255.

Rathnayake R, Sahibdeen S, Udawela K, Weebadde C,
Weerakoon W, Sooriyapathirana S (2020) Applica-
tion of Pedimap: a pedigree visualization tool to fa-
cilitate the decisioning of rice breeding in Sri Lanka.
Scientific Reports 10(1): 14255.

Samaddar A, Kacha D, Kaviraj A, Freed S, Panemangalore
AP, Saha S (2025) Rice-fish coculture: enhancing re-
source management and food security. Aquaculture
595: 741476.

Savino JF, Stein RA (1989) Behavior of fish predators and
their prey: habitat choice between open water and
dense vegetation. Environmental Biology of Fishes
24(4): 287-293.

journal.bdfish.org

Page 13 of 14

Optimizing paddy spacing for co-production
J Fish; Kumara et al.

Sherif AM, Adu-Gyamfi R, Mahama AR (2020) Effects of
spacing and water control on growth and yield per-
formance of irrigated rice in Guinea savannah Agro-
ecological zone. Ghana Journal of Science, Technol-
ogy and Development 7(1): 26-37.

ShiJ, An G, Weber APM, Zhang D (2023) Prospects for rice
in 2050. Plant, Cell & Environment 46(4): 1037-
1045.

Silva NRN, Lakshani PWY (2021) Agricultural chemical
inputs impact and management strategies in South
Asia. Gyeltshen K, Attaluri S, Hossain MB (Eds).
SAARC Agriculture Centre (SAC), Dhaka, Bangladesh.

Silva SS, De Nguyen TTT, Turchini GM, Amarasinghe US,
Abery NW (2009) Alien species in aquaculture and
biodiversity: a paradox in food production. AMBIO:
A Journal of the Human Environment 38(1): 24-28.

Singh Y, Solanki K (2025) Recent advances in rice im-
provement- innovations and impacts on vyield and
sustainability: a review. Agricultural Reviews. DOI:
10.18805/ag.R-2761.

Sinhababu DP, Ghosh BC, Panda MM, Reddy BB (1983)
Effect of fish on growth and yield of rice under rice-
fish culture. Oryza 20: 144-150.

Sooriyaarachchi P, Jayawardena R (2023) Impact of the
economic crisis on food consumption of Sri Lankans:
an online cross-sectional survey. Diabetes & Meta-
bolic Syndrome: Clinical Research & Reviews 17(6):
102786.

Swaminathan MS (2006) An evergreen revolution. Crop
Science 46(5): 2293—-2303.

Takeno K (2016) Stress-induced flowering: the third cate-
gory of flowering response. Journal of Experimental
Botany 67(17): 4925-4934.

Tolba RA, El-Shirbeny MA, Abou-Shleel SM, El-Mohandes
MA (2020) Rice acreage delineation in the Nile Delta
based on thermal signature. Earth Systems and Envi-
ronment 4(1): 287-296.

Uddin MJ, Ahmed S, Harun-or-Rashid M, Hasan MM,
Asaduzzaman M (2011) Effect of spacings on the
yield and yield attributes of transplanted aman rice
cultivars in medium lowland ecosystem of Bangla-
desh. Journal of Agricultural Research 49(4): 465—
476.

Vromant N, Chau NTH (2005) Overall effect of rice bio-
mass and fish on the aquatic ecology of experi-
mental rice plots. Agriculture, Ecosystems & Envi-
ronment 111(1-4): 153-165.

Willett W, Rockstrom J, Loken B, Springmann M, Lang T, ...
Murray CJL (2019) Food in the anthropocene: the
EAT-Lancet Commission on healthy diets from sus-
tainable food systems. The Lancet 393(10170): 447—
492,

WPP (2022) World population prospects 2022 summary
of results. Available online at https://www.un.org.
Accessed on 6 June 2025.

Volume 13 | Issue 3 | Article 133207


https://doi.org/10.1007/978-90-481-3087-0_2
https://doi.org/10.1007/978-90-481-3087-0_2
https://doi.org/10.1007/978-90-481-3087-0_2
https://doi.org/10.1016/S0065-2113(06)93004-1
https://doi.org/10.1038/s41598-020-71260-y
https://doi.org/10.1038/s41598-020-71260-y
https://doi.org/10.1038/s41598-020-71260-y
https://doi.org/10.1016/j.aquaculture.2024.741476
https://doi.org/10.1016/j.aquaculture.2024.741476
https://doi.org/10.1007/BF00001402
https://doi.org/10.1007/BF00001402
https://doi.org/10.1007/BF00001402
https://doi.org/10.18805/ag.R-2761
https://doi.org/10.18805/ag.R-2761
https://doi.org/10.18805/ag.R-2761
https://doi.org/10.1016/j.agee.2005.06.015
https://doi.org/10.1016/j.agee.2005.06.015
https://doi.org/10.1016/j.agee.2005.06.015
file:///J:/My%20Drive/JFish/04%20In%20Production/2025%2008%2019%20-%201057%20%5bAP-B%5d/World%20population%20prospects%202022%20summary%20of%20results
file:///J:/My%20Drive/JFish/04%20In%20Production/2025%2008%2019%20-%201057%20%5bAP-B%5d/World%20population%20prospects%202022%20summary%20of%20results

Xie J, Hu L, Tang J, Wu X, Li N, ... Chen X (2011) Ecological
mechanisms underlying the sustainability of the ag-
ricultural heritage rice—fish coculture system. Pro-
ceedings of the National Academy of Sciences
108(50): E1381-E1387.

Yang J, Zhang H, Zhang J (2012) Root morphology and
physiology in relation to the yield formation of rice.
Journal of Integrative Agriculture 11(6): 920-926.

Yuan J, Xiang J, Liu D, Kang H, He T, ... Ding W (2019) Rap-
id growth in greenhouse gas emissions from the
adoption of industrial-scale aquaculture. Nature
Climate Change 9(4): 318-322.

HKRS Kumara
KSS Atapaththu
SS Herath
NP Vidanapathirana
MMKI Marasinghe

http://orcid.org/0000-0002-9546-7417
https://orcid.org/0000-0002-5170-8557

https://orcid.org/0000-0001-9331-6845
https://orcid.org/0000-0003-1187-5681

https://orcid.org/0000-0002-3437-5973

journal.bdfish.org

Page 14 of 14

Optimizing paddy spacing for co-production
J Fish; Kumara et al.

Zhang B, Ye W, Ren D, Tian P, Peng Y, ... Qian Q (2015)
Genetic analysis of flag leaf size and candidate genes
determination of a major QTL for flag leaf width in
rice. Rice 8(1): 2.

Zhang W, Cao ZD, Peng JL, Chen BJ, Fu SJ (2010) The ef-
fects of dissolved oxygen level on the metabolic in-
teraction between digestion and locomotion in ju-
venile southern catfish (Silurus meridionalis Chen).
Comparative Biochemistry and Physiology Part A:
Molecular & Integrative Physiology 157(3): 212-219.

Volume 13 | Issue 3 | Article 133207


https://doi.org/10.1073/pnas.1111043108
https://doi.org/10.1073/pnas.1111043108
https://doi.org/10.1073/pnas.1111043108
https://doi.org/10.1038/s41558-019-0425-9
https://doi.org/10.1038/s41558-019-0425-9
https://doi.org/10.1038/s41558-019-0425-9
https://doi.org/10.1186/s12284-014-0039-9
https://doi.org/10.1186/s12284-014-0039-9
https://doi.org/10.1186/s12284-014-0039-9
https://doi.org/10.1016/j.cbpa.2010.06.184
https://doi.org/10.1016/j.cbpa.2010.06.184
https://doi.org/10.1016/j.cbpa.2010.06.184
https://doi.org/10.1016/j.cbpa.2010.06.184
http://orcid.org/0000-0002-9546-7417
https://orcid.org/0000-0002-5170-8557
https://orcid.org/0000-0001-9331-6845
https://orcid.org/0000-0003-1187-5681
https://orcid.org/0000-0002-3437-5973

