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Featured Application

For manually fed juvenile Penaeus vannamei under the present flow-through conditions,
increasing the daily feeding schedule from two to four times improved growth and feed
utilization, whereas five or six daily feedings produced no further significant improvement.
Because the treatments also differed in feeding times and intervals, these results apply to
the feeding schedules tested and should be validated under commercial culture conditions.

Abstract

Feeding schedule is an important management factor in shrimp culture, but responses
to increasing meal frequency vary with ration, shrimp size, feeding method, and culture
system. We evaluated five daily schedules (2-6 meals d~?) for juvenile Pacific white shrimp,
Penaeus vannamei, using the same biomass-based daily feeding-rate schedule in a filtered-
seawater flow-through system. Shrimp (1.40 & 0.01 g) were stocked at 20 per 300-L tank
and reared for 8 weeks with three replicate tanks per treatment. Final body weight, weight
gain, specific growth rate, and feed conversion ratio (FCR) differed among schedules
(p < 0.05). Shrimp fed four to six times daily (FF4-FF6) showed higher growth and lower
FCR than those fed twice daily (FF2), whereas the three-feeding treatment was intermediate.
Compared with FF2, FF4 increased final body weight from 10.20 to 13.87 g and reduced FCR
from 1.84 to 1.26. No significant differences in growth or FCR were detected among FF4,
FF5, and FF6. Linear regression detected significant relationships between meal frequency
and all four variables (p < 0.0025). Whole-body proximate composition was evaluated
descriptively because one pooled sample per treatment was analyzed in duplicate, and
hemolymph AST, ALT, and total protein did not differ significantly. Under the conditions
tested, four daily feedings were the lowest schedule associated with improved growth and
feed utilization; however, feeding times and intervals also differed among treatments and
feed leaching was not quantified.

Keywords: meal frequency; ration distribution; manual management; flow-through culture;
aquaculture management

1. Introduction

Pacific white shrimp, Penaeus vannamei, is one of the most important crustacean species
in global aquaculture [1]. In the Republic of Korea, preliminary national statistics reported
7901 tonnes of P. vannamei aquaculture production in 2025 [2]. This production level
underscores the commercial importance of the species and the need for efficient feed-
management practices. In manually managed systems, the feeding schedule is particularly
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relevant because fewer feeding rounds concentrate the daily ration into larger meals,
whereas more frequent feeding distributes the ration into smaller portions and can alter
feed availability and utilization [3-5].

The temporal distribution of feed is biologically relevant because penaeid shrimp do
not necessarily consume all available feed immediately after delivery. Feeding behavior is
influenced by body size, social interactions, feed availability, and time of day [6]. Behavioral
studies have shown increased feeding and substrate exploration after feed provision [7,8],
a predominantly nocturnal self-feeding rhythm under controlled conditions [9], and rapid
aggregation and increased movement around feeding areas after feed delivery in an ex-
perimental pond [10]. These findings do not by themselves establish an optimal feeding
frequency, but they show that the timing and repeated availability of feed can influence
when shrimp encounter and consume feed. Consequently, daily feeding schedules should
be evaluated as combinations of meal number, meal size, and temporal distribution rather
than as meal count alone.

Previous feeding-frequency experiments in P. vannamei have reported variable re-
sponses. Growth improved when feeding frequency increased from one to two and four
meals d~! in pond pens [3], whereas a wider range of frequencies did not consistently
improve performance when ration size was considered [4]. In pond enclosures, two to six
daytime feedings produced comparable growth and FCR under the conditions tested [5],
while laboratory studies found that three to four feedings could support performance as
well as or better than a higher seven-meal schedule [11]. Biofloc studies have likewise pro-
duced different outcomes, including favorable responses at moderate frequencies [12,13],
little difference among one, three, and six meals d ! [14], and progressive improvement
from three to six and twelve meals d ! under high-density zero-exchange conditions [15].
Feeding frequency also changes activity patterns across the day [16]. Collectively, these
studies indicate that a single universal frequency is unlikely to apply across shrimp sizes,
ration levels, culture systems, and feeding methods.

Automatic and demand-based feeding systems have changed the practical meaning of
feeding frequency because they can deliver many small meals without the same constraints
as manual feeding [17-20]. However, results obtained with automated or demand-based
systems are not directly comparable with manually fed schedules. A controlled comparison
of practical manual schedules therefore remains relevant even though feeding frequency
itself has been studied previously.

The objective of the present study was to evaluate the effects of five practical daily
feeding schedules on growth performance and feed utilization of juvenile P. vannamei. We
hypothesized that increasing a low feeding frequency would improve growth and feed
utilization, but that the additional benefit would decrease at higher frequencies under the
present controlled conditions.

2. Materials and Methods
2.1. Experimental Shrimp and Rearing Conditions

Juvenile P. vannamei produced at the West Sea Fisheries Research Institute, National
Institute of Fisheries Science, Republic of Korea, were acclimated to the experimental
conditions for 2 weeks. After acclimation, shrimp with an initial mean body weight of
1.40 £ 0.01 g were randomly distributed among fifteen circular 300-L tanks at 20 shrimp
per tank. Five feeding-schedule treatments were established, corresponding to 2, 3, 4, 5, or
6 feeding events d !, with three independent replicate tanks per treatment. The feeding
trial lasted 8 weeks (56 d).

The experiment was conducted in a filtered-seawater flow-through system. Filtered
seawater was continuously supplied to each tank at a rate equivalent to approximately 8.6
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nominal tank volumes d !, and continuous aeration was provided. A 12 h light:12 h dark
photoperiod was maintained, with the light phase from 09:00 to 21:00 h and the dark phase
from 21:00 to 09:00 h. Mean water temperature, dissolved oxygen, salinity, and pH during
the trial were 27.2 +1.4°C, 6.4 + 0.3 mg L-1,302+16 psu, and 7.8 £ 0.1, respectively.

2.2. Experimental Feed and Feeding Management

A commercial shrimp feed manufactured by Sajo DongAOne Co., Ltd. (Dangjin-si,
Republic of Korea), containing 47.49% crude protein and 9.13% crude lipid, was used
throughout the trial. Feed was supplied manually according to the five schedules shown in
Table 1. The feeding times were selected to represent schedules that could be implemented
under manual feeding conditions. Therefore, the treatments differed in both daily feed-
ing frequency and feeding times, and the intervals between feedings were not identical
among treatments.

Table 1. Daily feeding schedules used in the 8-week feeding trial.

Treatment Meals d—1 Feeding Times (h)
FF2 2 06:00, 17:00
FF3 3 06:00, 12:00, 17:00
FF4 4 06:00, 09:00, 12:00, 17:00
FF5 5 06:00, 10:00, 14:00, 17:00, 20:00
FF6 6 06:00, 09:00, 12:00, 15:00, 17:00, 20:00

Feeding times were selected to represent schedules that could be implemented under manual feeding
conditions; therefore, feeding intervals were not identical among treatments. The same biomass-based
daily feeding-rate schedule was applied to all treatments.

The same daily feeding-rate schedule was applied to all treatments. The feeding rate
was initially 13% of shrimp biomass and was progressively reduced to 6% by the final
week according to the routine juvenile P. vannamei feeding practice used at our facility.
Shrimp biomass in each tank was determined at 2-week intervals, and the daily ration
was recalculated accordingly. Routine observations of uneaten feed were used as an
additional practical check; any ration adjustment prompted by uneaten feed was made
using the same criterion across all treatments, with no treatment-specific feeding-rate target
or adjustment rule. The calculated daily ration for each tank was divided equally among
the assigned feedings.

Each tank was equipped with a mesh screen at the end of the drain outlet to retain
uneaten pellets and feed fragments carried by the continuous water flow. Feed offered to
each tank was recorded, and uneaten feed was recovered 1 h after each feeding, oven-dried,
and weighed. Estimated dry feed intake was calculated as dry feed offered minus recovered
dry uneaten feed. No leaching correction factor was applied, and dissolved nutrients or
fine feed particles lost during water exposure were not quantified.

2.3. Growth Performance and Feed Utilization

At the end of the 8-week trial, all surviving shrimp in each tank were counted and
weighed. Weight gain (WG), feed conversion ratio (FCR), specific growth rate (SGR), and
survival were calculated at the tank level as follows:

WG (%) =100 x (final mean body weight — initial mean body weight)/initial mean body weight

FCR = estimated dry feed intake/wet biomass gain
SGR (% d~1) = 100 x [In(final mean body weight) — In(initial mean body weight)]/56

Survival (%) = 100 x final number of shrimp/initial number of shrimp
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2.4. Whole-Body Proximate Composition

At the end of the feeding trial, whole-body samples from replicate tanks within each
treatment were pooled before analysis to obtain one pooled sample per treatment. Moisture,
crude protein, crude lipid, and crude ash were determined according to standard AOAC
procedures [21]. Moisture was determined by oven drying at 105 °C, crude protein by
the Kjeldahl method, crude lipid by solvent extraction using a Tecator 1046 extraction
system (Tecator AB, Munkedal, Sweden), and crude ash by incineration. Each pooled
treatment sample was analyzed in duplicate. Because these duplicate measurements were
analytical replicates of a single pooled sample rather than independent biological replicates,
whole-body composition was evaluated descriptively and was not subjected to inferential
statistical analysis.

2.5. Hemolymph Sampling and Biochemical Analysis

At the end of the trial, two shrimp were randomly sampled from each tank for
hemolymph biochemical analysis. Hemolymph sampling was conducted at approximately
10:00 h on the final sampling day before any feed was provided that morning. The final
meal had been administered according to each treatment schedule on the previous day,
resulting in fasting intervals of approximately 17 h for FF2-FF4 and 14 h for FF5 and FF6.
Shrimp were immobilized by chilling on ice, and hemolymph was withdrawn from the
ventral sinus using a 1-mL syringe and immediately mixed with Alsever’s solution at a
1:1 ratio (hemolymph:Alsever’s solution). Samples were centrifuged at 5000 g for 10 min
at 4 °C, and the supernatant was collected. Aspartate aminotransferase (AST), alanine
aminotransferase (ALT), and total protein (TP) were measured using a FUJI DRI-CHEM
NX500i analyzer (FUJIFILM Co., Tokyo, Japan). The two individual measurements obtained
within each tank were averaged to produce one tank-level value; individual shrimp were
subsamples and tanks were the independent experimental units.

2.6. Statistical Analysis

The tank was considered the independent experimental unit for growth performance,
feed utilization, survival, and hemolymph biochemical parameters. These variables were
analyzed by one-way analysis of variance (ANOVA). Homogeneity of variance was assessed
using Levene’s test, and normality of residuals was evaluated using the Shapiro-Wilk test.
When a significant treatment effect was detected, Duncan’s multiple range test was used
for comparisons among treatment means. Because feeding frequency was the quantitative
experimental factor and growth and feed utilization were the primary outcomes, linear
regression analysis was additionally performed using the 15 independent tank observations
for final body weight, weight gain, SGR, and FCR. Quadratic models were also examined,
but the quadratic terms were not significant (p > 0.05); therefore, linear models were
retained. For the principal FF4—FF2 and FF6—FF4 comparisons, 95% confidence intervals
for differences in final body weight and FCR were calculated using the pooled residual
variance from the ANOVA. Whole-body proximate composition was analyzed descriptively
because samples from replicate tanks were pooled within each treatment before duplicate
chemical analysis. ANOVA and Duncan’s multiple range test were performed using SPSS
Statistics for Windows, version 26.0 (IBM Corp., Armonk, NY, USA). Statistical significance
was accepted at p < 0.05.

3. Results

3.1. Growth Performance, Feed Utilization, and Survival

Feeding schedule significantly affected final body weight, WG, SGR, and FCR (p < 0.05;
Table 2), but not initial body weight or survival (p > 0.05). Shrimp in FF4-FF6 had higher
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final body weight, WG, and SGR and lower FCR than those in FF2, whereas FF3 showed an
intermediate response. No significant differences in these variables were detected among
FF4, FF5, and FF6.

Table 2. Growth performance, feed utilization, and survival of juvenile Penaeus vannamei fed according
to different daily feeding schedules for 8 weeks.

Variable FF3 FF4 FF5 FF6 p-Value
Initial mean 1.40 + 0.01 1.39 + 0.01 1.40 4 0.00 1.40 + 0.01 1.40 + 0.01 0.2901
weight (g)
Final mean 1020 £1.95¢ 11594+ 1.66P 138740992 13.60+ 0252 1471 +£1.082  0.0106
weight (g)
Weight gain (%) 626.6 +139.1¢  732.8 £12025° 8920+ 70.8% 873542143 9494+7383  0.0109
Feed e 1044 155402209  1264009° 12840052 1.20 40102 0.0335
conversion ratio
Sl;zgtﬁ/g;‘lvf)th 352+034¢  3774+025b 40940137  406+£0047 41940132  0.0135
Survival (%) 933+ 7.6 90.0 4 8.7 90.0 + 8.7 81.7 + 126 933 429 0.4939

Values are means £ SD of three independent replicate tanks (n = 3). Within a row, means with
different superscript letters differ significantly (p < 0.05) according to Duncan’s multiple range test.
FF2-FF6 denote 2-6 feeding events d !, respectively.

Linear regression showed significant relationships between daily feeding frequency
and final body weight (R? = 0.625, p < 0.001), WG (R? = 0.622, p < 0.001), SGR (R? = 0.600,
p < 0.001), and FCR (R2 = 0.518, p = 0.0025; Figure 1). For the principal comparison, the
FF4—FF2 difference was 3.68 g for final body weight (95% CI: 1.27-6.08) and —0.58 for FCR
(95% CI: —1.00 to —0.16). In contrast, the 95% Cls for the FF6—FF4 differences included
zero for both final body weight [0.84 g (95% CI: —1.56-3.24)] and FCR [—-0.06 (95% CI:
—0.48-0.36)].
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1100
a
16
ab i 1000 ab i
P~ ab -7 ab -7
o0 - -
= 14 be e ~ 900 be =g
z 3 iio N i@a
— c = o i -
g 7 5 800 Potde
212 - °0 -
-~ <= | -
2 JPtas > 700 -
E =
= B
g 10 600 -
y=8.376 + 1.104x 500 4 ¥ =500.305 + 78.642x
84 R*=0.625 R?=0.622
T T T T T T T T T T
2 3 4 5 6 2 3 4 5 6

Feeding frequency (times d~') Feeding frequency (times d~')

(c) Specific growth rate (d) Feed conversion ratio

s a 244 b ¥ =2.050 - 0.155x
= ab R*=0518
T 42 b b - 22
c -~ 2
8 Q R ) ERh
< 40 -~ =
% ¢ » g ab
s - S 1.8 1
2 sl .- z -~
- z s
E - £ 164 .~
5 3.6 it e
& T 141 “i5es ) °
= S s
€.
® 32 y=3.273+0.164x 121 =4
. R?=0.600
1.0 1
301 . . i : r r T r T
2 3 4 5 6 2 3 4 > 6

Feeding frequency (times d~') Feeding frequency (times d')

Figure 1. Relationships between daily feeding frequency and (a) final body weight, (b) weight gain,
(c) specific growth rate, and (d) feed conversion ratio of juvenile Penaeus vannamei. Open circles represent
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individual tank observations (1 = 3 per treatment), and filled squares with vertical bars represent
treatment means £ SD. Dashed lines indicate linear regressions based on all 15 tank observations;
regression equations and R? values are shown in each panel. Different lowercase letters indicate
significant differences among feeding treatments according to Duncan’s multiple range test (p < 0.05).

3.2. Whole-Body Proximate Composition

Whole-body proximate composition is presented descriptively in Table 3. Because one
pooled sample per treatment was analyzed in duplicate, no inferential statistical comparison
was performed among treatments.

Table 3. Whole-body proximate composition (%) of juvenile Penaeus vannamei after the 8-week feeding
trial.

Component FF2 FF3 FF4 FF5 FF6

Crude protein (%) 18.21 £0.04 1854 £0.07 18.01+0.04 18.67+0.04 18.63 £0.13
Crude lipid (%) 1.14 + 0.06 1.04 + 0.02 1.53 + 0.00 1.26 +0.03 1.06 £ 0.02
Crude ash (%) 2.68 £0.12 2.90 £ 0.06 3.07 £0.07 3.03 £ 0.06 3.06 £ 0.03
Moisture (%) 7556 £0.28 7642+ 0.11 7577 +0.01 7535+036 7599 +0.11

Values are means + SD of duplicate analytical measurements. Whole-body samples from replicate
tanks were pooled within each treatment before analysis; therefore, the duplicate measurements
are analytical replicates rather than independent biological replicates, and no statistical comparison
among treatments was performed.

3.3. Hemolymph Biochemical Parameters

No significant differences were observed among feeding treatments in hemolymph
AST, ALT, or TP (p > 0.05; Table 4).

Table 4. Hemolymph biochemical parameters of juvenile Penaeus vannamei after the 8-week feeding

trial.
Parameter FF2 FF3 FF4 FF5 FFe p-Value
AST(U/L) 688+259 7234221 5954128 65.0£200 540+£9.8 0.777
ALT (U/L) 822+163 83.8+198 635+113 77.8+21.8 640+84 0.411

TP (g/dL) 597+0.16 5354018 628+0.68 548+124 4.93+0.60 0.219

Values are means £ SD of three independent replicate tanks (n = 3). p-values are from one-way
ANOVA. AST, aspartate aminotransferase; ALT, alanine aminotransferase; TP, total protein.

4. Discussion

The principal finding was that increasing the tested feeding schedule from two to four
daily feedings improved growth and feed utilization. FF4-FF6 performed better than FF2,
whereas no significant differences were detected among FF4, FF5, and FF6. Regression
analysis also showed significant overall relationships between feeding frequency and
the principal growth and feed-utilization variables. However, the absence of significant
differences among the higher-frequency treatments does not establish their equivalence.
Thus, four daily feedings represent the lowest tested schedule associated with improved
performance relative to twice-daily feeding under the present conditions, rather than a
definitive optimum.

Previous studies in P. vannamei have reported variable responses to feeding fre-
quency. Robertson et al. [8] observed improved growth as feeding frequency increased,
whereas Velasco et al. [9] showed that the response depended on ration size. Carvalho
and Nunes [10] reported comparable growth and FCR across two to six daytime feed-
ings, and Pontes et al. [11] found similar weight gain at three and four feedings but lower
growth at seven feedings. Studies in biofloc systems have likewise reported different
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responses [15-18]. These differences indicate that the effect of feeding frequency depends
on the feeding regime and culture conditions under which it is tested.

Ration level is particularly relevant because feeding frequency determines how the
daily ration is partitioned among meals. Nunes et al. [22] showed that feed amount and
availability period affected P. vannamei growth, while Espinoza-Ortega et al. [23] reported
that the FCR response to two versus four daily feedings depended on ration level. The
present study applied the same biomass-based daily feeding-rate schedule to all treatments;
therefore, the observed differences primarily reflect the tested schedules under this ration
regime and should not be extrapolated to other feeding rates without validation.

Feeding time and interval remain important limitations of the experimental design.
The light phase was 09:00-21:00 h; therefore, the 20:00 feeding in FF5 and FF6 occurred
during the light phase, whereas all treatments included a 06:00 feeding during the dark
phase. Nevertheless, feeding times and intervals differed among treatments. Because
P. vannamei feeding activity can vary with time of day [4-7,13], the differences among
schedules cannot be attributed to meal number alone.

Feed recovery also introduces uncertainty into FCR estimates. Uneaten feed was recov-
ered 1 h after feeding, but nutrient leaching and unrecovered fine particles were not quantified.
Because lower-frequency treatments received larger portions per meal, these losses could
have caused uneaten feed to be underestimated and FCR to be overestimated [5,24-26]. The
magnitude of this potential bias cannot be quantified retrospectively.

The secondary endpoints did not provide additional evidence of treatment effects.
Hemolymph AST, ALT, and TP did not differ significantly among treatments. Whole-body
proximate composition was based on one pooled sample per treatment with analytical
duplicates; consequently, these data have limited evidentiary weight and are interpreted
descriptively only. The principal evidence from this study therefore concerns growth
performance and feed utilization.

5. Conclusions

Under the present flow-through conditions, four daily feedings were the lowest tested
schedule associated with improved growth and feed utilization relative to twice-daily
feeding, while no significant additional improvement was detected at five or six feedings.
Because feeding times and intervals differed among treatments and feed leaching was not
quantified, the result should be interpreted as specific to the feeding schedules tested rather
than as a universal optimum.
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