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Sha Miao and Shun-Chi Tu (1993) Modeling effect of thermal amplitude and stock-
ing density on the growth of redtail shrimp Penaeus penicillatus (Alock). Bull. Inst.
Zool., Academia Sinica 32(4): 253-264. We conducted a 120-day study evaluating the
simultaneous effects of thermal amplitude and stocking density on the daily growth rate
of redtail shrimp. The three thermal regimes in our study consisted of one constant
temperature (28°C) and two daily thermocycles. Growth rates were measured at the end
of sequential 30-day periods.

Our results indicate that growth rates from period to period are a quadratic function
of thermal amplitude and stocking density. Cyclic temperature was found to be a limiting
factor which consequently produces better or worse growth rates than a constant tem-
perature—depending on the thermal amplitude level. Additionally, mean daily growth
rate decreased slowly with increasing stocking densities between 7 and 12 shrimp per
0.18 m?, but decreased rapidly with increasing stocking densities between 12 and 17
shrimp per 0.18 m? The optimal thermal amplitude and stocking density changed

periodically throughout the 120-day experiment.
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function.

The environmental factor of greatest
importance to crustacean harvesters is tem-
perature (Neal and Maris 1985). Labora-
tory experiments, seasonal changes, and
latitudinal gradients have all illustrated the
effects of temperature on growth rates (Cobb
and Wang 1985). Many laboratory experi-
ments have attested to the relationship be-
tween temperature and growth rate (Morrissy
1974 1976, Flint 1975, LaCaze 1976, Momot
and Gowing 1977, Tcherkashina 1977,
~Aiken 1980). Larval development rates
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are sensitive to constant and daily cyclic
temperatures, and these responses are
species-specific (Costlow and Bookhout
1971, Sastry 1976 1980). Temperature
change rate and the amplitude of the daily
cycle also affect development and survival,
and the effects are also species-specific
(Sastry 1983).

Another factor of concern to the ac-
quaculturist is crustacean adaptability to
unnatural conditions—i.e., overcrowding or
water quality variation (Provenzano Jr.
1985a). Smith et al. (1978) stated that
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population density and growth rate are in-
. versely related. As population density in-
creases, competition for food (Chapman and
Howard 1988) and living space (Goldman
1973, Goyert and Avault 1979, Van Olst et al.
1980) usually intensifies. Metabolic wastes,
which are directly proportional to population
density, have been implicated as being in-
hibitory to growth and toxic to crustaceans
(Wickins 1976, Delistraty et al. 1977, Arm-
strong et al. 1978, Provenzano Jr. 1985b).
Reduced oxygen level (as a result of high
biomass or organic decomposition in ponds,
or both) is another commonly encountered
problem, and is perhaps the most frequent
cause of large-scale mortality in crustacean
culture (Provenzano Jr. 1985b). Moreover,
at very high densities growth may be af-
fected in ways perhaps not related to food
availability or water quality (Provenzano Jr.
1985b). McSweeny (1977) has suggested
that social interactions at very high popu-
lation densities inhibit growth.

The production methods for Penaeus
penicillatus are quite similar to those of P.
monodon (black tiger shrimp)—a tropical
species with a temperature range of 16 —
35°C (Chen1990). P. penicillatus is a cold-
tolerant shrimp (Main and Fulks 1990) which
can survive at temperatures as low as 10°C
(Chen 1990). However, like P. monodon, P.
penicillatus stops growing at temperatures
below 20°C (Chen 1990). Our research was
designed to model the effects of thermal
amplitude and stocking density on the daily
growth rate of P. penicillatus.

MATERIALS AND METHODS

We employed three thermal regimes:
one constant temperature and two daily
thermocycles. The heaters used for the con-
stant thermal treatment were thermostatical-
ly controlled to maintain a 28°C temperature
during the study. For the thermocycle treat-

ments we used an apparatus consisting of
two timer-controlled thermostats—each con-
nected to a heater. For the 8°C amplitude
thermal treatment, one thermostat was set
at 32°C and the other at 24°C. The electrical
supply was controlled with 12-hour timers
which created a thermocycle of increasing

. aquarium temperature to 32°C from 0700

to 1900 hours daily, then returning the
aquarium temperature to 24°C over the
following 12-hour cycle. The 16°C amplitude
thermal treatment was managed similarly,
with floor and ceiling temperatures of 20
and 36°C, respectively. Room temperature
was maintained at 17 + 1°C. The stocking
densities used were 7, 12, and 17 redtail
shrimp per 0.18 m? per aquarium. As a
result, there were nine treatment combina-
tions of thermal amplitude and stocking
density which were randomly assigned to
the 45 aquaria; there were five aquaria
replicates for each treatment combination.
Aquarium dimensions were 60 cm x 30 cm x
36 cm.

A quadratic response-surface model (Gill
1978, Petersen 1985) was used to describe
the experimental system as follows:

Go =Bop + BT + By S + By, T°
Bisp TS + Besp 2,

+

where G, = daily growth rate (G) at period
. p;

T = thermal amplitude in degrees
centigrade;

S stocking density;

Be = intercept on G, axis; and

Btp: Bsw Bttp! 6tsp, and Bssp =
regression coefficients for
period p.

Variable G in the model represents a daily
growth rate equal to In(W,,, /W,)/t, where W,
denotes the total weight of redtail shrimp
in a specified aquarium on days 0, 30, 60,
and 90 with p = 0, 1, 2, and 3, respectively,
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within a duration (t) of 30 days.

Shrimp were provided by Tungkang

Marine Laboratory. After a two-week ac-
climatization period, the experiment com-
menced and lasted 120 days. The initial
redtail shrimp weights ranged from 0.38 to
0.52 g, with a mean of 0.44 g and standard
deviation of 0.021 g. A daily ration of 15%
body weight was divided into two equal parts
and fed to the shrimp at 1000 and 1400
hours. A commercial shrimp pellet diet
(manufactured by President Enterprises
Corp., Taiwan) was used.

Ilumination consisted of four fluorescent
light fixtures with two 40-watt bulbs, which
were kept on from 0600 to 1800 hours.
Each aquarium was screened to prevent the
shrimp from jumping out. Filtered sea water
from the National Taiwan Ocean University
supply system originating from the nearby
coast, was used to fill the aquaria. Aquaria
were cleaned by replacing one third of the
water on a weekly basis; pH, salinity, and
dissolved oxygen were measured every
other day.

RESULTS

Biomass, growth, and survival statistics
for the four 30-day periods are summarized
in Table 1. Figs. 1 and 2 indicate that the
biomass and growth rate increase and
decrease, respectively, as time increases.
Individual aquaria survival rates were rec-
orded on a 120-day basis. There were no
mortalities until period three, with a peak
during the final period. An analysis of
variance on survival rate indicated that
there was no interaction between thermal
amplitude and stocking density (Table 2).
However, the main effects of the two studied
factors on survival rate were both significant,
with p = 0.0001 (Table 2). Our analysis of
varianice on daily growth rate, using a split-
plot design, indicated that the three-factor

MEAN MONTHLY GROWTH RATE OF FIVE AQUARIA
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interaction effect of temperature, stocking
density, and time period was not significant
(Table 3); neither were the effects of two-
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Fig. 1. Mean biomass (g) of five aquaria versus time
for each treatment combination (thermal am-
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Fig. 2. Mean monthly growth rate of five aquaria
versus time for each treatment combination
{thermal amplitude — stocking density).
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Table 1. Statistics® for studied variables for any given treatment combination throughout
the 120-day period

Treatment  Response
combination®  variable® Day 0 Day 30 Day 60 Day 90 Day 120
w 3.36 + 0.504 6.41 + 0.769 11.19 + 1455 17.80 + 2.492 2562 + 2.818
0-7 G 0.022 + 0.001 0.019 + 0.001 0.015 + 0.001 0.012 + 0.001
S 0.89 + 0.120
W 492 + 0640 8.85 <+ 1.062 14.61 + 2.045 2179 + 2.397 29.34 + 2641
0-12 G 0.020 + 0.001 0.017 + 0.001 0.013 + 0.001 0.010 + 0.002
S 0.83 + 0.132
w 7.31 + 1.023 10.95 4+ 1423 14.62 + 1.455 18.23 + 2.001 20.47 1+ 2.456
_+ 017 G 0.013 + 0.001 0.010 + 0.001 0.007 + 0.001 0.004 + 0.002
S 0.65 + 0.093
w 3.08 + 0400 6.70 + 0.804 12.73 + 1.782 2226 + 2.449 35.47 + 3.542
8-7 G ' 0.026 + 0.001 0.021 £+ 0.00t 0.019 + 0.002 0.016 + 0.001
S 0.97 + 0.064
w 5,52 + 0.718 11.15 + 1561 20.48 + 2.253 33.58 + 4.030 50.28 + 4.525
8-12 G- "0.023 + 0.002 0.020 + 0.001 0.016 + 0.002 0.013 + 0.001
S 0.88 + 0.095
w 7.99 + 1198 1274 + 1529 18.91 + 2.647 2450 + 2.695 30.45 + 3.957
8-17 G ‘ 0.016 + 0.001 0.013 + 0.002 0.009 + 0.001 0.007 + 0.002
S 0.66 + 0.097
w 3.15 + 0.441 533 4+ 0639 8.52 + 1.108 11.46 + 1.375 14.85 + 1.633
16-7 G 0.018 + 0.002 0.016 + 0.002 : 0.010 + 0.001 0.009 + 0.001
S 0.63 + 0.163
w 564 + 0.846 8.64 + 0.950 12.49 1 1.374 16.00 + 1.918 19.12 + 1.911
16-12 G 0.014 + 0.001 0.012 + 0.001 0.008 + 0.002 0.006 + 0.002
S 0.55 + 0.151
w 714 + 0.928 953 + 1.143 11.31 + 1.244 1299 + 1.688 14.17 + 1.983
16-17 G 0.010 + 0.001 0.006 + 0.002 0.005 + 0.002 0.003 + 0.002
S 0.36 + 0.113

a. These statistics for studied variables for five aquaria are in the form of mean + SD, where SD denotes standard
deviation.

b. The first column represents thermal amplitude in centigrade, the second column denotes stocking density.

c. W is the total weight in grams of redtail shrimp in each aquarium under a certain treatment combination.
Daily growth rate is G = IN(Wp . /Wp)t, where W, is total body weight of redtail shrimp in a specific aquarium
on days 0, 30, 60 and 90, with p = 0, 1, 2 and 3, respectively. The duration for each time period is denoted
by t = 30 days. Survival rate is § = Nyp/Ng, where Ny and Ny are the total numbers of redtail shrimp in
each aquarium on days 120 and zero, respectively.
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Table 2. Analysis of variance in survival rate influenced by thermal amplitude and stocking
density throughout 120 days

Rl

Source of variation df Sum of squares Mean square F-ratio p-value
Total 44 2.01196992
Thermal amplitude (T) 2 0.91127541 . 0.45563770 32.81 0.0001
Stocking density (S) 2 0.59317893 0.29658946 21.35 0.0001
Interaction (T-S) 4 0.00751809 0.00187952 0.14 0.9682
Error 36 0.49999749 0.01388882

Table 3. Analysis of variance in daily growth rate influenced by thermal amplitude and
stocking density throughout four 30-day periods

Source of variation df Sum of squares Mean square F-ratio p-value
Total 179 0.00825121
Thermal amplitude (T) 2 0.00178693 0.00089347 73.18% < 0.0001
Stocking density (S) 2 0.00230432 0.00115216 94.36° <0.0001
Interaction (T-S) 4 0.00011961 0.00002990 2.45% 0.0637
Error one 36 0.00043958 0.00001221
Period (P) 3 0.00225719 0.00075240 78.37° <0.0001
Interaction (T-P) 6 0.00007548 0.00001258 1.31 b 0.2588
Interaction (S-P) 6 0.00010031 0.00001672 1.74° 0.1183
Interaction (T-S-P) 12 0.00013092 0.00001091 1.14° 0.3390
Error two 108 0.00103687 0.00000960

a. The divisor of F ratios = 0.00001221.
b. The divisor of F ratios = 0.00000960.

interaction, including time period with either
temperature or stocking density (Table 3).
However, the interaction between tempera-
ture and stocking density was significant
at p = 0.0637 (Table 3) and the main effect
of time period was also significant at p <
0.0001 (Table 3). For this reason, response-
surface analyses were conducted for each
time period.

For periods one and two, our analysis
indicated that a quadratic equation describ-
ed the daily growth rate as a function of
temperature and stocking density (Table 4).
Table 5 displays estimated parameters with

their corresponding t-tests. However, the
tack of fit analysis for period three revealed
a significant F ratio with p = 0.0185, which
points out that a higher order equation may

be required to describe the experimental

system for period three (Table 4); Table 5
also lists the estimated parameters and
corresponding t-test for fitting the present
equation. Results from the last period
suggest that the experimental system can
be described with a quadratic response-
surface model (Tables 4 and 5). Figs. 3
to 6 show the daily growth rate response
under the assigned treatment combination
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Table 4. Final ANOVA of daily growth rate of redtail shrimp throughout four 30-day periods

Sum of squares

Source of variation df Mean square F-ratio p-value
Period One
Total 44 0.001369075
Fitted surface 5 0.000963 0.0001926 19.56 <0.0001
Lack of fit 3 0.000052075 0.000017358 1.76 01717
Error 36 0.000354 0.000009847
Period Two
Total 44 0.001118258
Fitted surface 5 0.001046 0.0002092 113.39 <0.0001
Lack of fit 3 0.000005850 0.000001950 1.06 0.3793
Error 36 0.000066408 0.000001845
Périod Three ,
Total 44 0.000979528 ;
Fitted surface 5 0.000879 0.0001758 82.81 <0.0001
Lack of fit 3 0.000024114 0.000008038 3.79 0.0185
Error 36 0.000076414 0.000002123
Period Four
Total 44 0.000822693
Fitted surface 5 0.000736 0.0001472 69.27 <0.0001
Lack of fit 3 0.000010185 0.000003395 1.60 0.2070
Error 36 0.000076508 0.000002125

throughout the four sequential periods. The
response-surface model with predicted
optimal growth and corresponding thermal
amplitude and density coordinates for each
time period is summarized in Table 6.

In each aquarium, daily thermal fluctua-
tion showed a sinosoidal pattern. Salinity
ranged from 34%ip to 35%o throughout the
study period. Time period had significant
effects on pH and dissolved oxygen, both
with p < 0.005. Additionally, the effects of
thermal amplitude and stocking density inter-
action on pH and dissolved oxygen were
significant.

DISCUSSION

Cyclic temperatures are known to im-

prove growth and survival rates in larval
forms (Costlow and Bookhout 1971, Christian-
son and Costlow 1975, Sastry 1975). The
mean daily growth rate of redtail shrimp
increased with increasing thermal amplitude
between 0° and 8°C, but dropped rapidly
between 8° and 16°C at any given density
and period (Table 1). Therefore, the effect
of cyclic temperatures on growth when com-
pared to that of constant temperature
depends on the thermal amplitude levels
(Table 1). Sastry (1983) concluded that
thermal amplitude and rate of temperature
change on a daily basis affect the rate of
development of crustaceans differently. The
survival and growth rate patterns were similar
under the studied thermal controls (Table 1).
The highest mean survival rate of 97% was
obtained at a thermal amplitude of 8°C and



Thermal and Density Effect on Redtail Shrimp 259

Table 5. Estimated parameters and corresponding t-test of response-surface model®

throughout four 30-day periods

P

Period Parameter df Parameter Standard t-test for p-value
estimate error Hp: Parameter=0 ‘

One
Bo 1 0.010972 0.005722 1.918 0.0625
By 1 0.001675 0.000343 4.887 <0.0001
Bs 1 0.001805 0.000998 1.809 0.0781
By 1 -0.000099 0.000015953 6.1871 <0.0001
Bis 1 -0.000024106 0.000018049 - 1.336 0.1894
Bss 1 -0.000098 0.000040840 — 2.404 0.211

Two
Bo 1 0.012975 0.002412 5.378 <0.0001
Bt 1 0.001137 0.000145 7.871 <0.0001
Bs 1 0.001452 0.000421 3.452 0.0014
By 1 ~0.000081081 0.000006726 —12.056 <0.0001
Bis 1 - 0.000006286 0.000007609 - 0.826 0.4138
Bss 1 -0.000086 0.000017218 - 5.577 <0.0001

Three
Bo 1 . 0.013357 0.002845 4.694 <0.0001
By 1 0.000696 0.000170 4.086 0.0002
Bs 1 0.000918 0.000496 1.850 0.0719
By 1 —0.000074352 0.000007933 - 9.373 <0.0001
Bis 1 0.000017822 0.000008975 . 1.986 0.0541
Bss 1 -0.000076656 0.000020308 - 3.775 0.0005

Four
Bo 1 0.012005 0.002642 4.543 0.0001
By 1 0.000845 0.000158 5.336 <0.0001
Bs 1 0.000463 0.000461 1.006 0.3207
By 1 —0.000075739 0.000007367 —10.281 >0.0001
Bis 1 0.000015929 0.000008335 1.911 0.0634
Bss 1 —0.000055569 0.000018859 - 2.947 0.0054

a. G =By + BT+ BsS + By T 4+ Bis TS + Bss S2, where G is an estimated daily growth rate of redtail
shrimp at various time periods, T is thermal amplitude (in centigrade) evenly fluctuated at or around 28°C, S
is stocking density, 3, is an intercept of G axis, and the other 8’s are the coefficients of the equation.

stocking density of 7 shrimp per 0.18 m?
(Table 1). Sastry (1976) also reported that
larvae of the sublittoral crab Cancer irroratus
survive better at 10° —20°C and 15° - 25°C

daily cycles compared to those at a con-

stant 15° or 20°C, revealing that thermal

amplitude in our present study had a
maximum and minimum limiting effect on
growth and survival.

Table 1 also indicates that mean daily
growth rate decreased slowly with an in-
crease in stocking density from 7 to 12 shrimp
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Fig. 3. Estimates of daily growth rate for period one
based on G; = 0.010971 + 0.001675 T +
0.001805 S — 0.000099 T2 — 0.000024108 TS
— 0.000098 S?.

Fig. 4. Estimates of daily growth rate for period two
based on G, = 0.012975 + 0.001137 T +
0.001452 S — 0.000081081 T2 — 0.000006286
TS - 0.000096 S?.

Table 6. Response-surface model® with predicted optimal response® and correspondihg
coordinate® for four time periods

Intercept and regression coefficients Optimum
Period Bo By Bs By Bis Bes GP T° g°
1 0.010972 0.001675 0.001805 - 0.000099 —0.00024106  —0.000098 0.024710 7.48 8.28
2 0.012975 0.001137 0.001452 -0.000081081 —0.000006286 -—0.000096 0.022131 6.73 7.34
3 0.013357 0.000696 0.000918 —0.000074352  0.000017822 —0.000076656 0.018304 5.48 6.62
4 0.012005 0.000845 0.000463 - 0.000075739 0.000015929 -0.000055569 0.015753 6.11 5.05

a. Regarding a certain time period (30-day), G = 85 + 6; T + 85 S + By T + Bis TS + Bgs S2 where G is the
estimated daily growth rate, gy is the intercept, and the other §’s are regression coefficients.

b. Maximum daily growth rate.

c. A set of thermal amplitude (T) in centigrade, and stocking density (S) inducing maximum daily growth rate.

per 0.18 m?, but decreased rapidly as stock-
ing density increased from 12 to 17 shrimp
per 0.18 m? for any given thermal treatment
and time period. The stocking density effect

on survival was the same as that of growth
(Table 1). Communally-reared lobsters ex-
hibit high rates of mortality due to can-
nibalism, which is associated with the vul-
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Fig. 5. Estimates of daily growth rate for period three
based on G; = 0.013357 + 0.000696 T +
0.000918 S — 0.000074352 T2 + 0.000017822
TS — 0.000076656 S°.

nerability of molting individuals and made
worse by inadequate diets (Sastry and Zeitlin-
Hale 1977). Even with adequate diets, ir-
regular growth occurs, and some mortality
results as dominant individuals defend larger
and larger territories (Provenzano Jr. 1985a).
During the last two time periods, cannibalism
was observed in some aquaria at a stocking
density of 12 shrimp per 0.18 m?, and can-
nabalism was frequently noticed in aquaria
with a stocking density of 17 shrimp per
0.18 m? due to the vulnerability of newly-
molted individuals. Moreover, food abun-
dance, water quality, and social behavior
are definitely functions of stocking density
in any aquatic environment. These results
show that the interaction between treatment
- combination and time on pH and dissolved
oxygen are highly significant. Although the
lowest dissolved oxygen level was observed
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Fig. 6. Estimates of daily growth rate for period four
based on G, = 0.012005 + 0.000845 T +
0.000463 S — 0.000075739 T? + 0.000015929
TS — 0.000055569 S2.

at 4.3 ppm, it was still much higher than
the 2.0 ppm critical level suggested by
Wickens (1976).

The mean daily growth rate declined
chronologically (Table 1); however, the cor-
responding mean biomass increased at a
decreasing rate (Table 1). Many (perhaps
most) organisms continue to grow, but at
a declining growth rate (Causton 1983); this
is further evidenced by the increasing body
weight with a decreasing growth rate of
Penaeus penicillatus, P. semisulcatus, and
P. brasiliensis (Liao and Chao 1987). Figs.
1 and 2 show the patterns of increasing
mean biomass and decreasing growth rate for
any given treatment combination.

Table 3 shows that thermal amplitude
and stocking density interacted significantly
(p = 0.0637). The interaction effect was
evaluated from time period to time period
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as a result of the significant effect of time
period, with p < 0.0001 (Table 3). The
response-surface analysis of the present
study revealed that most t-tests, for any
time period, indicated that the estimated
parameters were significantly different from
“zero. However, a several t-tests suggested
that some parameters may have had no
significant difference from zero. Consequent-
ly, some mathematical terms within a
predicted modei could be eliminated. For
example, Table 5 shows that two values of
a Itest in period one were —1.336 and
—2.404, with p = 0.1894 and p = 0.211,
respectively, when testing the parameters
of B, and B,. A suggested growth model
for period one would therefore be:

G = 0.010972 + 0.001675 T
+ 0.001805 S — 0.000099 T?

Such reduced models also appeared for
time periods two and four (Table 5). In
addition to the reduced models, an interesting
phenomenon was noticed from our analysis
of lack of fit. The sum of squares due to
lack of fit in period three was highly sig-
nificant at « = 0.0185, exposing the in-
adequacy of the quadratic model in describ-
ing the present system (Table 4). A higher-
order equation may be required for this
specific life stage. In order to maintain the
positive energy balance necessary for de-
velopment, crustaceans may conserve
energy by adjusting their metabolic rates
to temperature (Sastry 1979). However,
metabolic energy expenditure is a major
cost factor, and it varies relative to the stage
of development and interacting environ-
mental factors (Sastry 1983). Describing
this dynamic system, therefore, can not
rely on one specific model.

Table 6 summarizes sets of optimal
treatment combination intensities for each
time period. The optimal stocking densities
for periods three and four were below the

designed minimum of 7 shrimp per 0.18 m?
thus, the so-called optimum and its reliabi-
lity are questionable. Table 6 also displays
intercept and regression coefficients of the
predicted response-surface model through-
out the four periods, suggesting the need
for further study of estimated time trend
parameters. Data suggest an optimal trade-
off-between g, and 8, may be determined
in terms of time period. When combining
all the parameters, mathematical modeling
may help in determining the time period
required to maximize culturing productivity.
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