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Effects of Stocking Density on Fish and Rice Yields in Semi-intensive
Rice-fish Culture of Climbing Perch (Anabas testudineus)
in Rain-fed Rice Paddies

Minoru Saito!", Chaiwut Grudpan?, Jarungjit Grudpan?, Somphanh Philavong?,
Achara Jutagate®, Satoshi Honda' and Tuantong Jutagate?

ABSTRACT

We investigated the feasibility of culturing air-breathing carnivorous fish, climbing perch
(Anabas testudineus), in a semi-intensive rice-fish system in Northeast Thailand. Fingerlings of two
initial size classes (ca.l and 6 g per fish) were reared for 2.5 or 3.5 months to evaluate the effects of
stocking density (0-80 fish-m?) on fish growth, fish yield, and rice yield. Fish reached market size (100
mm total length and 20 g wet weight) at all stocking densities. Total fish yield increased proportionally
with stocking density, at least up to 60 fish-m™, yielding 1.8-2.0 kg'm?, indicating that climbing perch did
not experience density-related constraints within this range. Trade-off existed between fish and rice yields,
with rice yield declining significantly at stocking densities of >20 fish-m? (mean: 200 grm™) compared
to the no-fish control and 10 fish-m? treatments (mean: 520 g-m?). Fish revenue was comparable to,
or slightly lower than, the combined costs of fingerling purchase and feed under concurrent culture
conditions, with fingerling costs accounting for nearly 40% of this production cost. Overall, this study
demonstrates that semi-intensive rice-fish culture of climbing perch is feasible in terms of fish production;
however, further optimization of culture conditions is necessary to sustain both fish and rice yields at
higher stocking densities. Specifically, extending the culture duration and/or improving fish growth
performance are necessary to enhance profitability.
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INTRODUCTION

Rice-fish culture is a co-culture system
that integrates fish production into rice paddies and
has been widely practiced in East and Southeast
Asia (Halwart and Gupta, 2004). In this culture
system, fish fingerlings are stocked after rice
transplanting and cultured until shortly after rice
harvest (Halwart and Gupta, 2004). Fish presence
can enhance rice production by supplying nutrients
through excretion and by resuspending soil nutrients
through substrate disturbance (Tsuruta ef al., 2011;
Xie et al., 2011; Arunrat and Sereenonchai, 2022).

Consequently, the use of both fertilizers and water
can be reduced in rice-fish culture systems,
compared with rice monoculture (Berg ef al., 2023).
In addition, fish can suppress weed and insect pests
(Rothuis ef al., 1999; Tsuruta et al., 2011; Xie et al.,
2011), thereby contributing to reduced pesticide
and herbicide use and improving the environmental
sustainability of rice production systems (Xie et al.,
2011; Bashir et al., 2020).

In the Lower Mekong Basin, rice-fish culture
traditionally targets herbivorous or omnivorous
species such as Nile tilapia (Oreochromis niloticus)
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and cyprinids, including silver barb (Barbonymus
gonionotus) and common carp (Cyprinus carpio)
(Vromant et al., 2002; Kaewpuangdee et al., 2024).
Owing to their low-trophic levels, these species can
effectively utilize natural food resources available
in rice paddies, such as periphyton, zooplankton,
and aquatic invertebrates (Saowakoon et al., 2021;
U-kerd and Srifa, 2024). Their growth performance
is generally satisfactory under extensive conditions,
allowing fish culture to be completed within a
single rice cropping period of three to four months
(Mohanty et al., 2004). However, fish yield of
some common omnivorous species may plateau
at relatively low densities (2—6 fish-m’?) due to
density-dependent effects (Mohanty et al., 2009).

The introduction of air-breathing species
may provide an opportunity for sustainably
intensifying rice-fish culture systems. Many
wetland species native to the Lower Mekong Basin
possess respiratory systems that enable direct air
uptake, allowing survival and growth in stagnant
or hypoxic water, particularly during the half-year
dry season under tropical savanna climates.
Representative air-breathing species include native
walking catfish (Clarias spp.), snakeheads (Channa
spp.), gouramies (7Trichopodus spp.), and swamp
eels (Monopterus spp.), all of which are widely
cultured and economically important in Southeast
Asia (Lefevre et al., 2014; Bayley et al., 2020;
Nagao Natural Environmental Foundation, 2021).
These species also account for a substantial
proportion of rice field capture fisheries in the
region, in terms of both quantity and economic
value (Amilhat et al., 2009a; 2009b; Freed et al.,
2020). Fishes naturally recruited to rice paddies
are harvested by draining water from fish refuge
ponds, usually in the early dry season (mainly in
November and December) (Little et al., 1996;
Iwata et al., 2003). The presence of such fishing
activity and the abundance of fish in fish refuge
ponds until fish harvest, in terms of both species
richness and biomass, indicate that air-breathing
species are well adapted to the secondary wetland
habitats created by rice cultivation. Accordingly,
air-breathing species may be cultured at higher
densities than conventional target species in rice
fields, without aeration.

Climbing perch (Anabas testudineus)
is an air-breathing perciform species with high
potential for rice-fish culture. This species is
native to Southeast Asia and commonly inhabits
wetlands, including rice paddies, especially during
the wet season (Iwata ef al., 2003; Nagao Natural
Environmental Foundation, 2021). In the wild,
climbing perch typically attains a total length
(hereafter TL) of around 15 cm (Satrawaha and
Pilasamorn, 2009; Jalilah et al., 2025), whereas
cultured strains generally exhibit faster growth and
can reach up to 25 cm TL (Piwpong et al., 2016;
Jalilah et al., 2025). Like many other air-breathing
species, climbing perch commands a high price in
local fresh markets (Mekong River Commission,
2015; Tomojiri et al., 2021). Despite this economic
value, the cultured production of this species
remains substantially smaller than that of other
air-breathing species native to Southeast Asia,
such as snakeskin gourami (7richopodus pectoralis)
or striped snakehead (Channa striata) (Bayley
et al., 2020; FAO, 2024). Its relatively small
maximum size and short time to maturity (Jalilah
et al., 2025), however, make climbing perch well
suited to the short culture period available in rice
paddies.

Previous studies have evaluated the
feasibility of rice-fish culture targeting climbing
perch under extensive conditions. Vongvichith
et al. (2018) reported satisfactory growth in rain-
fed rice paddies in central Laos at low fish densities
(0.3-2.0 fish-m™), even without supplemental
feeding, and the growth performance was further
improved when commercial pellets were supplied.
Saharia et al. (2018) reported fish yields of
approximately 500-600 kg-ha™ at a stocking density
of 2 fish-m™ and a culture period of 2.5-3 months in
Assam region of Northeast India. The productivity
of rice-fish culture systems targeting this species
could be further enhanced through semi-intensive
management, including feeding and increased
stocking density. Under earthen pond conditions,
climbing perch can be cultured at densities of 5—
30 fish-m? without aeration (Chakraborty, 2016;
Ahamed et al., 2018; Noodang and Kakkew, 2020),
and even at densities of up to 80 fish-m™ in small
floating cages without substantial reduction in
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survival (Vongvichith et al., 2020; Debnath ef al.,
2022). Nevertheless, high density stocking
negatively affects fish physiological conditions,
fish growth, and fish yield, even in air-breathing
species (Debnath et al., 2022; Diao et al., 2023).
Therefore, the relationship between stocking density
and fish yield should be examined to identify
feasible and sustainable culture settings.

Northeast Thailand is a representative
region with a rain-fed rice cropping system on
the Indochinese Peninsula. Although Northeast
Thailand accounts for nearly 60% of the national
rice field area (6.1 million ha), rice production
remains at 45% (13 million t-year") of the national
total (OAE, 2025b). Over 90% of these rice paddies
are rain-fed because of water scarcity during the
half-year dry season under a tropical savanna
climate and the low water-carrying capacity of
sandy soil in the region (Homma and Horie, 2009).
Consequently, a single crop of rice is produced
during the rainy season (mainly between June and
November; Suwanmontri ef al., 2021). Northeast
Thailand was historically a focal region for the
promotion of rice-fish culture, and the practice is
still maintained today (Little et al., 1996; Arunrat
and Sereenonchai, 2022). These geographical
and socio-ecological conditions make Northeast
Thailand a representative and promising location
for examining intensified rice-fish culture systems.

In this study, we investigated the feasibility
of an intensified rice-fish culture system targeting

Table 1. Experiment schedule and duration.

climbing perch under a tropical savanna climate on
the Indochinese Peninsula. We hypothesized that
this air-breathing species can be grown to market
size in rain-fed rice paddies under semi-intensive
conditions with feeding. Specifically, we evaluated
the effect of fish stocking density on individual fish
growth, fish yield, and rice production.

MATERIALS AND METHODS
Rice field and rice

On-site experiments were conducted under
predominantly rain-fed conditions at two sites in Ubon
Ratchathani Province, Northeast Thailand, between
July and December 2024 (Figure 1; Table 1). In
Experiment 1, an existing rice paddy at the Nong
Bua Hi Farming and Aquaculture Training Center
(Phibun Mangsahan District, Ubon Ratchathani
Province) was divided into six plots, each measuring
5%10 m (50 m?), by constructing 50 cm-high dikes
(Figure 2). In Experiment 2, two existing earthen
ponds at the Ubon Ratchathani University fish farm
were subdivided into four plots of the same dimensions
(5%10 m, 50 m?; Figure 2), of which six plots were
used in the experiment. The earthen ponds used
in Experiment 2 lacked topsoil for rice cultivation;
therefore, topsoil was transported from nearby rice
paddies to fill the pond bottoms to a depth of 30
cm and to construct dikes separating the plots. The
structure and dimensions of the individual rice paddy
plots were identical in Experiment 1 and Experiment 2.

Activity/fingerling size metric

Exp. 1
(smaller stocking size)

Exp. 2
(larger stocking size)

Rice transplanting
Fish stocking
Rice harvest

Fish harvest

early July
early August
early November

mid November

mid September
late September
NA

early December

Rice cropping period

Fish culture period

123 days (4 months)
101 days (3.5 months)

NA
76 days (2.5 months)

TL at stocking (mm)
WW at stocking (g)

38 68
1.1 5.8

Note: NA = Rice data not available due to flooding; TL = Mean total length; WW = Mean wet weight.
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Figure 1. Map showing the experimental sites in Ubon Ratchathani Province, Northeast Thailand. The dark shaded
area in the upper-left map indicates the Mekong River Basin.

Bird’s-eye view

1.0m

5.0m

Cross-section ./ )‘ \

0.2m |

10.0 m

Rice field plot

Rice planting area
(9X5 m)

9.0 m

1.0m

Outlet pipe

Fish refuge pond
(1X5m)

‘O.Sm
}O.Sm

Outlet pipe

Figure 2. Bird’s-eye view (top) and cross-section (bottom) diagrams of an experimental rice paddy plot. The structure
and dimensions of the individual plots were identical in Experiment 1 and Experiment 2. Each plot consisted
of arice-planted area and a fish refuge pond. Note that the cross-section diagram is vertically exaggerated
by 200% to improve legibility.
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A fish refuge pond (1x5 m) was excavated
at the lower end of each plot following customary
rice-fish practice in the region (Figure 2). Maximum
water depth was maintained at approximately 20
cm in the rice-planted area and 50 cm in the fish
refuge pond, by allowing excess water to overflow
through an outlet pipe (Figure 2). After the rainy
season and following rice harvest, water was
supplemented from a nearby earthen pond at both
sites to maintain a water depth of at least 10 cm in
the rice-planted area. Fence nets (1.5 mm square
mesh, 0.9 m high) were installed around each plot
to prevent fish movement among plots and to reduce
potential predation by wild animals.

Soil was plowed twice before rice
transplanting. Urea was applied as basal fertilizer
at a rate of 10 g'm? (4.6 g N-m?). Rice seedlings
(approximately 30 days after germination, cultivar
Khor kor 15 (RD15), a long-grained non-glutinous
rice variety designated as Hom Mali fragrant rice)
were transplanted to each plot at 20x20 cm intervals
(rice-planted area: 45 m? per plot; Figure 2) as a
rainy-season crop in early July in Experiment 1 and
in mid-September in Experiment 2 (Table 1).

Rice

Transplanti%

Fish

Fingerlings from the same hatchery batch,
weighing around 1 g per fish (ca. 30 days post-
hatching), were transported from a private hatchery
in Ubon Ratchathani Province to the experiment
sites in early August. The Chumphon strain was
selected because of its favorable growth performance
(Piwpong et al., 2016) and wide availability in
Northeast Thailand. Six fish stocking densities (0,
10, 20, 40, 60, and 80 fish-m; values based on the
total area of each rice paddy plot) were established
to evaluate their effects on fish growth, fish yield,
and rice yield. In Experiment 1, fingerlings were
stocked directly into each plot in early August
(Figure 3; Table 1). In Experiment 2, fingerlings
were reared to about 6 g per individual in outdoor
plastic tanks placed under roofing, by feeding them
commercial juvenile feed ad libitum (Table S1)
until fish stocking in late September (Figure 3;
Table 1). Only a single replicate of each stocking
density was prepared in each experiment/site, due
to the difficulty in securing and maintaining
individually controllable experimental rice paddy
plots of identical dimensions and water conditions.

(i ﬂ@

1 month

1-3 weeks . Feeding, 2.5 or 3.5 month Harvest

Stocking 2 weeks
> A
Fish -
Ex Rice Fish Rice Fish harvest
P transplanting stocking harvest
Exp. 1 Early-Jul Early-Aug Early-Nov Mid-Nov

Figure 3. Schematic diagram illustrating the flow of rice cropping and fish culture in the experimental rice-fish
system. Rice was not harvested in Experiment 2, because of flooding.
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Fish were fed twice daily between 09:00—
10:00 a.m. and 04:00-05:00 p.m.. Feed amounts
were adjusted after each biweekly fish sampling.
Feeding rates were set at 10, 9, 8, 6, 4, 4, and 4%
of fish wet weight (WW) in Experiment 1 and at
6, 6, 4, 4, and 4% in Experiment 2 across the first
to seventh or fifth successive biweekly periods,
following customary feeding practice in the region.
In Experiment 1, commercial juvenile pellets were
used exclusively during the first four weeks (Table
S1). During the fifth week, juvenile and catfish
feeds were provided in equal proportions, and from
the sixth week onward, only catfish feed was used
(Table S1). In Experiment 2, catfish feed was used
exclusively after fish stocking into rice paddy
plots (Table S1). Fish were cultured for 101 days
(3.5 months) until harvest in mid-November in
Experiment 1 and for 76 days (2.5 months) until
early December in Experiment 2 (Figure 3; Table 1).

Twenty fish were sampled from each plot
at two-week intervals. TL and WW were recorded
individually after gently removing surface water
with a microfiber cloth, after which fish were
returned to their original plots. Fish survival and
total yield were recorded at final harvest.

Environment

Water quality was measured monthly and
at fish harvest. Temperature, pH, dissolved oxygen,
and turbidity were measured at the mid-water
column at three equidistant positions within each
rice paddy plot (up-slope, center, and fish refuge
pond) using a multiparameter water quality meter
(WQC-30, Toa DKK, Tokyo, Japan) and an optical
dissolved oxygen meter (DO850, Apera Instruments,
Columbus, USA). Surface water samples (50 mL)
were collected from fish refuge ponds and stored
frozen until analysis. Ammonium-N and nitrite-N
concentrations were determined by the indophenol
blue and N-(1-naphthyl)ethylenediamine methods,
using a spectrophotometer (UV-1280, Shimadzu,
Kyoto, Japan).

Data analyses
Specific growth rate (SGR, G; % WW

increase per unit time; Houde and Schekter, 1981)
between fish stocking and harvest was calculated

following the recommendations of Crane et al.
(2020):

G=100(e=— 1)

where the instantaneous growth rate, g, was calculated
as follows:

In(w,) — In(w,)
S
Here, w, and w,, are mean fish weights (g) at harvest
and stocking, respectively, and A, denotes culture

duration (days).

Feed conversion ratio (FCR) over the entire
culture period was calculated as:

FCR =

W, =W,

where F is the total feed input (g).

Fish size at harvest was compared among
stocking densities using the Steel-Dwass test. Total
rice yield and individual rice yield parameters were
also compared among treatments using the Steel-
Dwass test. The relationship between stocking density
and total fish yield was analyzed using generalized
additive models (GAMs; Wood, 2006), which relax
the linearity assumption in generalized linear models
(GLMs) by incorporating smooth terms. The effective
degrees of freedom (EDF) indicate the degree of non-
linearity of the fitted curve, with the minimum value
of one corresponding to a linear relationship. In the
present analysis, EDF values greater than one indicate
non-proportional changes in total fish yield relative to
stocking density. The response variable was assumed
to follow a normal distribution with an identity link
function, as the total fish yield from each 50 m? plot
would not take values near zero and likely provide
a reliable estimate of actual fish production in each
plot. Separate models were fitted for Experiment 1
and Experiment 2. The maximum basis dimension (k)
was restricted to five, to reflect the limited sample size.

All statistical analyses were performed using
R ver. 4.4.1 (R Core Team, 2024). The packages
PMCMRplus and rcompanion were used for the
Steel-Dwass test, and mgcv was used for GAM
analyses. Statistical significance was assessed at
a two-sided a level of 0.05.
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The relationship between production costs
and revenue from fish and rice was calculated
and compared based on our data and published
information. Fish price (120 THB-kg!; 1 USD=
34.8-35.1 THB during 2022-2023) was based on
interview surveys conducted at four fresh markets
in Ubon Ratchathani Province in 2022 and 2023.
Market size of climbing perch was defined as 100
mm TL and 20 g WW, as this size represented the
threshold for a marked increase in market price (60—
70 vs. 100-130 THB-kg™); similar size-dependent
differences have been reported by the Mekong
River Commission (2015). Rice revenue was
calculated based on public statistics (OAE, 2025a),
using the price for Hom Mali rice at 15% moisture
content (14,927 THB-t'). Total rice yield in the
experiment was adjusted to a 15% moisture-

equivalent basis in this economic analysis. Rice
production costs were obtained from surveys by
Arunrat et al. (2021) conducted in Thailand between
2017 and 2018, using values for “individual farming”
in Northeast Thailand (29,625 THB-ha!-year!).
These costs were adjusted for inflation from 2018
to 2024 based on the annual consumer price index
for Thailand (IMF, 2026), resulting in an estimated
cost 0f 32,229 THB-ha!-year.

RESULTS

Summaries of water quality parameters
are shown in Table 2, whereas their time-series
trends are shown in Figure 4 and Figure S1. Water
temperature ranged from 26.5 to 34.5 °C during

Table 2. Minimum, maximum, and mean values of water quality parameters in each treatment in the rice-fish

culture experiments.

Exp. St‘ocking Temperature Dissolved Turbidity NH,-N NO,-N
density (n'm) (°0) oxygen (mg-L") (NTU) (mg-L™) (mg-L")
Exp. 1 0 26.5-34.4 6.6-7.8 2.2-8.8 8-24.9 0.0-1.2 0-0.00
(29.4) (7.3) (5.4) (15.9) (0.7) (0.00)
10 27.4-34.1 6.8-7.7 3.7-15.7 2.5-80.7 0.3-6.4 0-0.08
(29.6) (7.3) (9.8) (44.1) (2.4) (0.03)
20 27.1-34 6.8-7.6 1.0-8.1 7.5-43.1 0.2-24.5 0-0.05
(29.5) (7.2) (4.6) (25.0) (8.6) (0.01)
40 26.3-33.3 6.7-7.8 0.2-14.6 1.9-35.4 0.0-33.3 0-0.05
(29.1) (7.2) (7.4) (15.1) (12.3) (0.01)
60 27.1-34.3 6.9-7.5 0.7-9.1 7.0-224.0 0.1-57.6 0-0.08
(29.7) (7.2) (4.3) (67.0) (25.2) (0.02)
80 27.5-34.5 6.8-7.5 0.2-8.8 13.4-243.0  0.5-62.7 0-0.04
(30.0) (7.2) (5.7) (75.8) (29.8) (0.01)
Exp. 2 0 26.5-31.8 7.2-7.9 6.2-8.6 0.3-107.3 0.1-2.8 0-0.00
(28.5) (7.5) (7.6) (40.6) (1.2) (0.00)
10 27.1-30.9 7.0-7.8 4.4-16.3 9.9-278.7 0.0-1.1 0-0.02
(28.9) (7.4) 9.9) (131.4) (0.6) (0.01)
20 28.2-31.1 6.8-7.9 4.7-16.5 0.7-162.3 0.0-1.8 0-0.00
(29.1) (7.4) (11.0) (87.4) 0.7) (0.00)
40 27.6-32.1 7.5-8.4 4.7-14.2 1.3-239.7 1.3-13.9 0-0.05
(29.3) (7.3) (10.0) (108.6) (5.1) (0.01)
60 28.3-314 7.1-7.8 0.4-194 0.9-461.0 2.5-23.2  0.02-0.06
(29.6) (7.4) 9.0 (210.8) (11.6) (0.04)
80 28.0-32.2 7.1-8.0 45-13.4 0.1-354.7 2.7-9.6 0-0.02
(29.6) (7.6) (8.7) (164.8) (6.2) (0.01)

Note: Figures in parentheses indicate mean values.
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the experiment. pH was neutral to weakly basic,
ranging from 6.6 to 8.4. Hypoxia was rarely
recorded in the mid-water column. The range
of dissolved oxygen concentration tended to be
wider in the fish stocked treatments compared to
the no-fish control, especially in Experiment 2.
Turbidity and ammonium-N concentrations tended
to be higher in the higher-density fish treatments,
especially during the later part of the experiment.
Ammonium-N concentrations exceeded 40 mg-L!
in the 40-80 fish-m treatments at harvest in
Experiment 1, whereas this was not observed in
Experiment 2 with the shorter culture period in rice
paddy plots (Figure 4). Nitrite-N concentrations
were higher in the fish stocked treatments at harvest
in Experiment 1, when rice panicles had been
harvested.

In Experiment 1, in which fish were stocked
at a smaller initial size, fish survival ranged from
44.6 to 82.5%, with the lowest survival observed
at a stocking density of 10 fish-m? (Table 3). Fish
grew to sizes exceeding the market size of 100 mm
TL and 20 g WW at all stocking densities (Figure 5
and 6). Fish size at harvest was significantly larger
at 10 fish-m? than at 40-80 fish-m? (Table 3; Steel-
Dwass test, p<0.05), a trend also confirmed by
weight gain per surviving fish individual (Table 3).
Total fish yield increased nearly proportionally
to stocking density up to 60 fish-m (Figure 7).
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However, total fish yield was similar between 60
and 80 fish-m™, as indicated by the fitted GAM
and its effective degree of freedom exceeding
one. This pattern was consistent with the lower
weight gain per surviving individual observed at
80 fish-m™ (Table 3). FCR was the lowest at 40
fish'm2, whereas the highest FCR was recorded
at 10 fish-m™, corresponding to the plot with the
lowest survival.

In Experiment 2, in which fish were stocked
at a larger initial size, survival exceeded 90% across
all five stocking density treatments (Table 3). As
in Experiment 1, fish reached sizes exceeding the
market size at all stocking densities (Figures 5 and 6).
In contrast to Experiment 1, fish size at harvest
was smaller at 10 fish-m™ than at 40-80 fish-m™
treatments (Table 3; Steel-Dwass test, p<0.05),
whereas weight gain per surviving individual was
highest at 10 fish-m (Table 3). Total fish yield
increased proportionally with stocking density,
as indicated by the linear GAM fit (Figure 7).
Consequently, total weight gain and fish yield were
greatest at 80 fish-m? (Table 3). FCR values were
lower at 10 and 20 fish-m™ than at higher stocking
densities.

Lodging of rice plants occurred at both
experimental sites after a storm event in early
October, with higher proportions observed in fish-

Table 3. Summary of fish growth and yield parameters in Experiment 1 and Experiment 2.

Exp Fish TL TL Www ww Survival Total = Weight ‘Weight SGR* FCR?
stocking at at at at (%) fish gain? gain per (G, %-day™)
density  stocking® harvest’  stocking®  harvest® yield*  (grm?) surviving

(m?) (mm) (mm) ® @) (g'm?) individual (g)
Exp. 1 10 39+4 150+13¢ 1.2£0.4  87.9£24.6° 44.6 331 319 73.0 4.19 4.23
20 38+2 140414 1.0+£0.2  64.9+20.3> 64.4 697 677 53.1 4.06 2.60
40 38+2 129+11° 1.1+0.3  47.5%13.6°  76.1 1,214 1,172 38.8 3.66 2.43
60 39+4 132490 1.1£0.4  51.0£11.4> 825 1,987 1,919 39.0 3.59 2.56
80 3942 129+10° 1.140.2  47.6x11.1*  79.4 2,025 1,941 30.8 3.43 2.65
Exp. 2 10 666 115+9° 5.2+1.1 29.8+7.4¢ 92.0 306 254 28.1 2.54 1.82
20 70+4 12211 6.2+1.2 36.3+11.3* 964 623 499 26.1 231 1.86
40 66+5 130+£12° 53+£1.0  45.6+13.1*  96.0 1,191 979 25.7 2.46 2.07
60 7144 130+£10° 6.4+1.1  455+11.2%  96.6 1,815 1,431 24.9 2.21 2.24
80 69+6 132+11* 5.8+1.5  47.8+12.1* 945 2,354 1,890 253 2.31 2.01

Note: "Mean+SD of 20 individual measurements in each plot; *Calculated based on total fish yield; Mean+SD in each column
with different superscript letters are significantly different (Steel-Dwass test; p<0.05) within each experiment.
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stocked plots. In Experiment 1, rice plants were
bundled the following day to prevent sprouting of
the submerged spikelets. In Experiment 2, bundling
was not possible because flooding persisted for
several days; therefore, representative rice yield
samples could not be collected in this experiment.

In Experiment 1, total rice yield was
significantly higher in the no-fish control and the
10 fish-m™ treatment than in the higher stocking
density treatments (20—80 fish-m; Figure 8a; Steel-
Dwass test, p<0.05). Similarly, rice yield per hill
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was significantly higher at 10 fish-m™ than in the
remaining treatments (Figure 8b; p<0.05). Single-
grain weight was greater in the no-fish control
and 10 fish-m™ than at the highest fish density
(80 fish-m™; Figure 8c; p<0.05). The number of
effective panicles per hill was significantly higher
at 10 fish-m™ than in the other treatments (Figure
8d; p<0.05). The number of spikelets per hill at
10 fish-m was higher than at 0 and 80 fish-m™
(Figure 8e; p<0.05). The proportions of filled
spikelets were significantly higher in the 0 and
10 fish'm? treatments, showing a pattern similar
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Figure 4. Time-series trends in ammonium-N concentration in each stocking density: (a) Experiment 1; and (b)

Experiment 2.
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Panels from left to right represent stocking densities of 10, 20, 40, 60, and 80 fish-m™, respectively. The
dashed horizontal line in each graph indicates the commercial size of the species (100 mm total length).
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to that of total rice yield (Figure 8f; p<0.05).
Overall, although fish stocked treatments tended
to show higher numbers of spikelets per hill
(Figure 8e), the proportions of filled spikelets in the
no-fish control and at 10 fish-m? were approximately
twice those observed at higher stocking densities

(Figure 8f), resulting in higher rice yield in these
plots (Figure 8a).

Cost-to-sales ratios were approximately
one at stocking densities of 20-60 fish-m
when survival ranged from approximately 65 to
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Figure 6. Growth patterns of climbing perch (Anabas testudineus) in wet weight under different stocking densities:
(a)—(e) Experiment 1 (top); and (f)—(j) Experiment 2 (bottom). Panels from left to right represent stocking
densities of 10, 20, 40, 60, and 80 fish-m?, respectively. The dashed horizontal line in each graph indicates
the commercial size of the species (20 g wet weight).
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80% (Experiment 1; Figure 9). The ratio was
slightly above one when survival exceeded 90%
(Experiment 2). Fish income was substantially
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treatments in Experiment 1, the experiment for
which rice yield data were available. Fingerlings
accounted for approximately 40% of total production

higher than rice income across all fish-stocked costs.
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DISCUSSION

The present study demonstrated that
climbing perch can be cultured under semi-intensive
conditions in a rice-fish culture system without the
installation of aeration equipment. Fish yields per
unit area obtained in this study (Figure 7) exceed
those reported previously for extensive rice-fish
culture targeting climbing perch (Saharia et al.,
2018) as well as for semi-intensive earthen pond
culture (Chakraborty, 2016; Ahamed et al., 2018;
Mumu and Hossain, 2021). These results highlight
the high potential of rain-fed rice paddies as a
culture environment for climbing perch. Based on
the results of Experiment 1, fish stocking density
did not negatively affect total fish yield, at least up
to 60 fish-m™ during the 3.5-month (approximately
100-day) rice-fish culture period. This threshold
is consistent with the findings of Debnath et al.,
(2022), who reported comparable growth rates up
to 60 fish'm in floating cage culture, followed
by growth rate declines at higher densities during
a six-month culture period.

In Experiment 2, fish yield increased
proportionally with stocking density up to 80 fish-m?,
unlike in Experiment 1 (Figure 7), suggesting that
the growth decline observed in Experiment 1 was
unlikely to result from density-dependent growth
inhibition. Although the temporal resolution of
ammonium measurements was limited, the high
concentration observed at harvest, which reached
nearly 50 mg NH,"-N-L! (Figure 4), suggests that
ammonia accumulation may have contributed to
the reduced growth in Experiment 1. This value
exceeded the < 0.1 mg-L'! typically reported for
extensive rice-fish systems (Mohanty ef al., 2009;
Kaewpuangdee et al., 2024) but was comparable to
levels reported for pond culture of some air-breathing
fishes (Lefevre ef al., 2014; Swangdacharuk and
Musig, 2016). Toward the end of the rice-fish
culture cycle, ammonia may accumulate more
readily because rice plants are absent and water
exchange rates decrease with declining precipitation
(Cowan et al., 1999; Rodmongkoldee ef al., 2024),
in addition to increased excretion associated with
fish growth (Lefevre et al., 2014; Swangdacharuk
and Musig, 2016). Elevated ammonia can impair
mitochondrial function and ion transport across

membranes, reducing blood oxygen transport
capacity and increasing susceptibility to diseases
(Boyd and Tucker, 2019; Bayley et al., 2020).
Air-breathing fishes are generally more tolerant
of ammonia than water-breathing species (Bayley
et al.,2020). Climbing perch can withstand 100
mmol-L" of NH,Cl in freshwater at pH 7.0 for six
days (Loong et al., 2012), equivalent to 1,387 mg
NH,"-N-L'! and 13 mg NH,;-N-L"!. These findings
are consistent with our observation that fish survival
was not affected by either increasing stocking
density or ammonium concentration. In contrast,
the effects of ammonia on fish growth, which
typically occurs at concentrations far below acute
toxicity, remain poorly understood in air-breathing
fishes (Lefevre ef al., 2014). Koydon et al. (2025)
reported improved growth of striped snakehead in
earthen ponds with more frequent water exchange,
suggesting that elevated ammonia may suppress
growth by increasing the energetic cost of ammonia
excretion. Moreover, the proportion of the more
permeable unionized form (NH,) relative to NH,*
fluctuates daily and hourly depending on pH,
particularly under outdoor culture conditions
(Lefevre et al., 2014; Boyd and Tucker, 2019),
making inferences from sparse observations uncertain.
Further studies should therefore examine the
relationship between ammonia concentration and
fish growth at higher temporal resolution to better
define the physiological limits for optimal growth
of climbing perch.

The proportional increase in fish yield
with increasing stocking density (Figure 7) was
achieved through similar survival rates among
most density treatments (Table 3). Exceptions
were observed in the 10 and 20 fish-m™ plots
in Experiment 1, where lower survival was
compensated for by faster individual growth of
the surviving fish (Figure 5 and 6; Table 3). This
faster growth was likely attributable to higher feed
availability per individual, as feed amounts were
not adjusted in response to fish mortality. Although
fingerlings in both experiments originated from
the same hatchery batch, the stocking size in the
rice fields was larger in Experiment 2, and survival
was consistently high across all density treatments.
Fingerling mortality was also observed during the
early nursery phase in plastic tanks in Experiment 2
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(Saito, personal communication), albeit at lower
proportions than observed in Experiment 1. These
observations support the notion that early-stage
of culturerepresent a critical period for mortality
control. Higher mortality during the early culture
period may have resulted from transport and
handling stress associated with the sudden transfer
of fish from concrete tanks to rice paddies and size
measurements, together with predation by aquatic
insects. These stressors were largely mitigated in
Experiment 2 by introducing a tank nursery phase
prior to release. Nursery rearing of smaller
fingerlings in floating cages or tanks prior to fish
stocking may therefore be advisable to ensure higher
survival when stocking smaller-sized fingerlings.

Rice yield in the no-fish control and the
10 fish-m? treatment was higher than in the 20-80
fish-m? treatments (Figure 8). Under extensive
rice-fish culture without feeding, fish presence
generally enhances rice yield (Tsuruta et al., 2011;
Kaewpuangdee et al., 2024). In contrast, under
semi-intensive conditions, Hu ef al. (2022) reported
reduced rice yield at 30 fish-m? compared with 15
fish-m in deep-water rice-fish culture of yellow
catfish (Peleteobagrus fulvidraco). Excess nitrogen
input typically promotes vegetative growth and
increases the number of spikelets, while reducing the
proportion of filled spikelets owing to insufficient
photoassimilate supply during grain filling (Tanaka,
1972; Zhao et al., 2022). A similar trend was also
observed in the present study (Figure 8). Excess
nitrogen can further increase lodging risk and reduce
rice yield (Ohnishi et al., 1999). Accordingly, Li
et al. (2023) emphasized the importance of selecting
rice varieties with high lodging resistance for
successful rice-fish co-culture. Under the fertilizer
application regime and fish culture conditions
used in the present study, a stocking density of 10
fish-m™ appears to represent the upper limit at which
climbing perch stocking exerts a positive effect on
rice yield.

Rain-fed rice paddies in Northeast Thailand
are typically managed with low fertilizer inputs,
despite inherently low soil fertility (Homma and
Horie, 2009). This practice likely reflects farmers’
adaptation to unstable water availability, minimizing
potential losses when drought occurs in the middle

of the rice cultivation season. Mochizuki et al.
(2006) reported improved nitrogen recovery
efficiency and rice yield when sediment from
farmer-managed earthen ponds was incorporated
into rice fields in combination with chemical
fertilizer application (25-25-12.5-ha”! N-P,0—
K,0). An increase in cation exchange capacity,
enhancing soil nutrient retention, was suggested as
a key mechanism underlying rice yield improvement.
Because additional nitrogen and phosphate are
supplied through fish culture (Hu ef al., 2022;
Kaewpuangdee et al., 2024), sediment accumulated
in the fish refuge ponds, together with potassium
fertilizer, could be applied to rice fields to achieve
similar benefits. Silicon application may further
enhance rice yield by maintaining erect leaf posture,
thereby suppressing lodging and increasing
photoassimilate production during grain filling phase
(Takahashi, 1968; Liao et al., 2023). Fertilizer
management strategies tailored to semi-intensive rice-
fish culture should therefore be explored to enhance
rice yield under higher fish stocking densities.

The cost-benefit ratio of the semi-intensive
rice-fish culture system was approximately 1 at
stocking densities of 20—60 fish-m?, when survival
rate ranged from 65 to 80% (Experiment 1), and
slightly above 1 when survival rate exceeded 90%
(Experiment 2; Figure 9; Table 3). Because costs
associated with field preparation, labor, and
consumables were not included, further optimization
is required to improve profitability. Fish accounted
for the majority of both production costs and revenue,
indicating that fish culture largely determines the
economic performance of semi-intensive rice-
fish culture systems. Reducing production costs,
particularly fingerling costs, may therefore enhance
profitability. Potential approaches include collective
procurement to reduce logistics costs and enhance
bargaining power, or the establishment of community
hatcheries (Barman and Little, 2006), although such
approaches require capacity building.

In semi-intensive aquaculture systems,
survival, growth, and feed efficiency are the primary
determinants of yield and economic outcomes.
In the present study, fingerling costs were nearly
comparable to the total feed costs, which were
substantially higher than the 10-30% reported for
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pond culture of climbing perch in Bangladesh (Sarker
et al., 2014; Chakraborty, 2016; Shofiquzzoha
et al.,2018). Moreover, fish harvested in this study
(Table 3) were smaller than the common harvesting
size of the strain (approximately 100 g per fish; ca.
16 cm TL), which can be attained after 4-5 months
after stocking under pond culture conditions
(Rahman et al., 2013; Chakraborty and Haque,
2014; Kohinoor et al., 2016; Piwpong et al., 2016;
Mumu and Hossain, 2021). Dissection of fish
after harvesting in Experiment 1 revealed that
most individuals had not yet developed gonads
(C. Grudpan and Saito, personal communication),
indicating potential for further growth. As a
conservative estimate, based on the observed FCR
of 2.6 in the 20 fish-m™ treatment that recorded 64%
survival (Table 3), the feed cost required for 1 kg
of weight gain was approximately 70 THB, which
is lower than the local market price of the fish
(100-130 THB-kg"). Extending the culture period
to achieve larger harvest sizes would therefore
likely improve the cost-benefit ratio.

Two main approaches could be employed
to increase fish yield after accounting for survival:
extension of the culture period and enhancement of
growth rate. The culture period could be extended
by retaining water in fish refuge ponds after rice
harvest, similar to practices in rice field capture
fisheries. In the Lower Mekong Basin, naturally
recruited fish are often concentrated in refuge
ponds and harvested before water bodies dry out,
generally in November and December, but fish
harvesting could be extended until April under
favorable conditions (Little ef al., 1996; Amilhat
et al.,2009b). A similar approach could be applied
to the rice-fish culture of climbing perch, provided
that water quality remains within the species’
tolerance range. However, lower water temperatures
in December and January are likely to reduce
metabolic activity and growth. Mid-December
may therefore represent a realistic limit for culture
extension.

Fish growth rates may also be enhanced
by increasing feeding rates or by identifying feeds
better suited to the nutritional requirements of
climbing perch. Faster growth observed at lower
stocking densities in Experiment 1 (10 and 20
fish-m) likely resulted from higher feed availability

per individual due to early mortality (Figures 5
and 6; Table 3), suggesting that fish may accept
higher feeding levels than those applied in the
present study. Walking catfish feed containing
27% protein was used because it was the only
carnivorous fish feed widely available in the study
area; however, this protein level was likely below
the optimum for climbing perch, particularly at
intermediate sizes (60—100 mm TL). A reduction
in growth rate was observed after switching from
juvenile feed (43% protein) to catfish feed in the
fifth week of culture in Experiment 1 (Figures 5
and 6; Table S1). Hasan et al. (2010) reported faster
growth and lower FCR values with 35 and 28%
protein feeds compared with 24% protein feeds
for climbing perch within a comparable size range
to the present study. Similarly, higher growth
performance and lower FCR have been reported in
earthen pond culture studies with similar fingerling
strains, stocking sizes, and culture durations, but
using feed with higher protein contents (30-35%;
Chakraborty and Haque, 2014; Kohinoor et al.,
2016; Mumu and Hossain, 2021). Commercial
catfish feeds with higher protein contents (30-35%)
and barramundi (Lates calcarifer) feeds (35-42%
protein) are readily available in Central Thailand.
Future studies should evaluate the effects of these
feeds on climbing perch growth, as well as the
relationship between feeding rate and FCR, to
identify optimal feeding strategies and further
enhance the profitability of semi-intensive rice-fish
culture systems. After such modifications, the
semi-intensive rice-fish culture system tested in
the present study is expected to benefit rice-fish
farming in the Lower Mekong Basin, including
Laos, Cambodia, and southern Vietnam, where
tropical savanna climates, rain-fed rice cropping
systems, and rice field fisheries practices are similar
to those in Northeast Thailand.

CONCLUSIONS

This study demonstrated that climbing
perch can be cultured under semi-intensive
conditions in rice-fish culture systems. Fish yield
increased proportionally with stocking density up
to 60 fish-m; however, fish size was smaller at 80
fish'm?, indicating that excessively high stocking
densities may be unsuitable. Rice yield declined
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substantially at stocking densities of 20 fish-m? and
above, which was associated with a reduction in the
proportion of filled spikelets. Fertilizer management
strategies tailored to semi-intensive rice-fish culture
should therefore be explored to better utilize the
additional nitrogen and phosphate supplied by fish
culture and to enhance rice yield at higher fish
stocking densities. To ensure profitability, fish
should be grown to sizes larger than those observed
in the present study (approximately 30—40 g per
fish). This may be achieved by extending the
culture period and/or by enhancing fish growth
rates through increased feeding levels or the use of
feeds with higher protein contents.
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