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Abstract: The aim of this study was to assess the ability of Nile tilapia to balance its own diet, when two ingredient mixes were
offered, using carbon stable isotopes. In order to accomplish that, 225 Nile tilapia juveniles (average initial weight 5.0 g + 0.5 g)
were distributed in five tanks, each containing a group of 45 fish. One group of fish were fed exclusively with a high protein mix
(HPM; §13C = -22.62%o), the second one fed only with a low protein mix (LPM; 813C = -14.34%.). The other groups had free access
to both mixes (free choice system). The fish from all tanks were fed four times a day. Muscle, liver and blood samples were collected
at each five days (from 2 fish/tank/collection) for 86 days, except for the fish fed with LPM (fed for a 120 days period). The samples
were analyzed in a mass spectrometer and proportions of the mixes consumed were estimated through its carbon isotope enrichment
(5°C). Energy intake slightly decreased after the 50th day and protein consumption increased after the same period. However,
consumption did not present a clear pattern in relation to the individual weight, i.e., protein consumption patterns are mainly related
to the age of the individuals and it is not clear if it is also correlated to their weight. Additionally, this technique allowed the
observation of differences regarding consumption among the individuals from the experimental group.
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1. Introduction rainbow trout Oncorhynchus mykiss [4] and sea bass
Dicentrarchus labrax [5, 6] affirm that these species
had a good ability to balance their own diets. The act
of choosing a food item is not only related to the

Most animals obtain the necessary nutrients to their
metabolism in several food items and the availability
of nutrient sources does not match their physiological
demands at different development phases [1]. The
composition of the diets for the animals does not

organoleptic characteristics, but also can be related to
the food color and post ingestion factors [5] and varies

according to environmental conditions [7]. Most of

correspond to an exact proportion of the food items . L :
the previous studies indicated that fish species are able

available around them [2]. Hence, animals present . .
to choose between food items and obtain a reasonable

preferences when they need to obtain a balanced diet . ] .
balance diet; however, those studies evaluate this

from several food options.

bility through mean values of intake from a group.
Studies of self-selection of macro nutrients ability & group

The use of stable isotopes to estimate food intake

rf d with ldfish C jus auratus [3],
performed With - golchs arassis - au B] was primarily performed in studies of bovine

alimentary preferences. In those trials, the isotopic
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technique is based on the ratio between the heavier
(**C) and the lighter (**C) isotope (isotopic ratio) [8,
9]. These atoms are discriminated in physical and
chemical processes permitting their utilization as
natural markers [10].

The isotopic composition of an animal tissue, or
their feces, reflects the contribution of their alimentary
Therefore, the
evaluation of >C of a specific animal tissue can
indicate its previous diet. However, the fundamental
condition to determine the contribution of either
alimentary it must present a
distinguished isotopic signature. This is possible
because plants, with different photosynthesis
mechanisms C; and C; cycle, discriminate the
atmospheric CO, according to the mass number of
carbon (12C or C), which is reflected in different
relative isotopic enrichment in the plant tissues [10].

sources. isotopic  composition

source 1s that

Plants of both photosynthetic cycles are commonly
used as ingredients to manufacture feeds, such as corn
(C4) and soybean (Cs). So, diets made out of most
usual ingredients may present different isotopic
signatures, and consequently, it is possible to trace
matter from food items to its incorporation to different
tissues [8, 9].

The alimentary behavior study, evaluating the
ability of Nile tilapia to balance its own diet through
free choice of food sources, would bring additional
information about nutritional requirements of this
species, including the correlation between the intake
of protein and energetic food items. Aiming to achieve
this information, the objective of this study was to
evaluate the ability of Nile tilapia to balance its own
diet when two ingredients mix through free choice of
two mixes as nutrients sources.

2. Materials and Methods

2.1 Installations, Experimental Animals and Sample
Collecting Procedures

In this trial, 225 Nile tilapia juvenile (average initial

weight 5.0 g = 0.5 g) were randomly distributed in

five 1,000 L tanks (45 individuals per tank, uniform

biomass). These tank were connected to a closed
recirculating system equipped with a biological filter,
circulating pump, supplemental aeration and electric
water heaters (26.0 £ 0.5 °C). Prior to the experiment,
the fish were acclimated for 25 days. In this period,
the animals were fed with completed formulated feed
in order to equalize the isotopic signature (6"C) of
their tissues.

After the acclimation period, the fish from one of
the tanks were fed exclusively with a pelleted mix
with low protein content (LPM) and relative carbon
enrichment (8'C) equal to -14.34%. for 120 days. The
fish from another tank were fed for 86 days with a
pelleted ingredient mix containing a high protein level
(HPM) and 8"C = -22.62%o (Table 1). These feeding
procedures were necessary for nutrient consumption
calculations using the simple isotopic dilution formula
(Eq. 1), with two sources and one product. In this
expression, the 5°C values belong to the same tissues
which avoid the isotopic fractioning between the diets
and animal tissues and the different relations of
carbon,

In the other three tanks (R1, R2 and R3), both LPM
and HPM were offered to the fish, four times a day,
for 86 days. In order to provide free access to both
ingredient mixes, the feed were presented in submerse
feeders made with PVC screen in a circular frame
made with plastic tubes. In the feeding process, two
feeders in each tank were submersed and the
ingredient mixes were allocated in the top of them
with a PVC tube. The animals were fed to apparent
satiation in all groups, four times a day (8:00, 12:00,
14:00 and 17:00).

Tissues samples (blood, muscle and liver) were
collected at the 1st, 5th, 10th, 15th, 21st, 25th, 31st,
35th, 40th, 45th, 50th, 56th, 61st, 66th, 71st, 76th and
86th day of the trial. In these collections the animals
were randomly captured from the tanks, initially using
two fish per tank/collection, except for the 15th, 16
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Table 1 Ingredients, compeosition and relative isotopic
enrichment (%e 8'°C) of high protein mix (HPM) and low
protein mix (LMP) used as food sources for Nile tilapia to
obtain self regulated ingestion of energy and protein.

Mix
LPM * HPM ®
Ingredient (%) Fish meal 822 51.76
Soybean meal - 36.00
Cotton meal - 8.70
Corn 65.17 -
Corn starch 396 -
Alginate 1.00 1.00
Cellulose 425 142
Corn oil 11.00 -
Bicalcium phosphate 458 -
Calcium carbonate 1.01 -
DL-methyonine 0.31
Vitamin C 0.09 0.09
Sal 020 02
Vitamin and mineral premix® 0.50 0.50
BHT? 0.02 0.02
Nutrient Crude protein (%) 12.19 52.69
Digestible protein® (%) 11.25 46.71
Gross energy (J/g) 18.41 17.64
Digestible energy® (J/g) 13.94 11.93
Ethyl ether extract (%) 12.57 7.66
Relative isotopic o, 513 -14.34 22.62

enrichment
* LPM = low protein mix; "HPM = high protein mix; “Vitamin
and mineral premix—Supre Mais: guaranteed levels per kg of
the product: Vitamins: A = 1,200,000 UI; D3 = 200,000 UI; E
= 12,000 mg; K3 = 2,400 mg; B1 = 4,800 mg; B2 = 4,800 mg;
B6 = 4,000 mg; B12 = 4,800 mg; folic acid = 1,200 mg;
calcium pantothenate =12,000 mg; C = 48,000 mg; biotin = 48
mg; chlorine = 65,000 mg; = 24,000 mg; minerals: Fe = 10,000
mg; Cu = 600 mg; Mn = 4,000 mg; Zn = 0 mg; I =20 mg; Co =
2 mg, Se =20 mg;
YBHT = butyl hydroxyl toluene, antioxidant;
“Estimated values.

and 17th collections (the two first ones using one
fish/tank and the last one six fish/tank). For the tissue
sampling, the fish were anesthetized (benzocaine 1.0
g/15.0 L of water) and blood was taken from their
caudal vein. The animals were then sacrificed in cold
water (2 °C) in order to collect the liver and a section
of their dorsal muscle (0.5 cm’ approximately). All
samples were frozen (-18 °C) until analysis
procedures. Additionally, the same collections were

done with the animals fed with LPM at the 120th day,

in order to determine if the C turnover of their
tissues reached a plateau.

All experimental and animal care procedures were
of the Animal
Experimentation Ethics Committee from the College

performed with the approval

of Veterinary Medicine and Animal Science of Sdo
Paulo State University.

2.2 Isotopic Analysis

The samples of muscle, liver and blood were dried
in an oven (55 °C) until a constant mass value (24 h).
After drying process, the liver samples had the fat
content removed with a Soxhlet system with ethyl
ether [12]. Muscle samples were pulverized in a
cryogenic mill (-195 °C). The samples of liver and
blood were pulverized with mortar and pestle in order
to minimize losses of material due to their small
quantities after the drying process.

The “C/"C ratios were determined using a low
resolution mass spectrometer (DELTA S—Finnigan
Mat), attached to an elemental analyzer (EA 1108
CHN). The values were expressed in 8°C and
calculated according to the equation &°C
[(Rsampte/Rstandara ) ~ 1] % 103, where 8°C represents
the carbon enrichment of the sample when related to
the international standard (Bellemnitella americana)
carbonated fossil from the Peede formation in the
South of California State (USA) and R represents the
isotopic ratio (*C/'’C) from the sample and
standard. The analytical precision of the equipment
was 0.2%o.

2.3 Protein and Energy Intake Estimated through
Carbon Stable Isotopes

The alimentary preference results were obtained
through the simple isotopic dilution expression
between two alimentary sources:

PC — HPM (%) = (8source LM - 5samp1e)/ (® sourceLPM —
Jsource HPM) X 100 1)

PC — LPM (%) = (Ssource PM — Ssample)/ (Dsource HPM —
Bsource LPM) X 100 )
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In these expressions the nomenclature means:

PC-HPM (%): proportion consumed of high protein
mix by the experimental fish according to the relative
carbon enrichment as determined by tissue analysis
(blood, muscle or liver);

PC-LPM (%): proportion consumed of low protein
mix by the experimental fish according to the relative
carbon enrichment as determined by tissue analysis
(blood, muscle or liver);

& source HPM: relative isotopic enrichment from
the analyzed tissues obtained from the group fed
exclusively with HPM;

d source LPM: relative isotopic enrichment from
the analyzed tissues obtained from the group fed
exclusively with LPM.

The results from Egs. 1 and 2 were applied in the
calculations of the estimated consumption of
digestible protein (DP) and energy (DE) and its values
were based on the centesimal composition of HPM
and LPM, proposing the following equations:

DP (%) = [(PC-HPM x % DP HPM) + (PC — LPM

x % DP LPM)] 3)
DE (J/g) = [(PC-HPM x DE HPM) + (PC — LPM x
DE LPM)] 4

In these expressions the nomenclature means:

DP (%): estimated digestible protein consumed by
the individuals;

DE: estimated digestible energy consumed by the
individuals;

DP (%) HPM and DP (%) LPM: digestible protein
content in HPM and LPM, respectively;

DE HPM and DE LPM: digestible energy content
in HPM and LPM, respectively;

PC-HPM (%) and PC-LPM (%):
expressions 1 and 2.

same as

3. Results

Fig. 1 presents the change in the relative carbon
enrichment at different tissues that received as food
exclusively with HPM or LPM. The values used in the
simple isotopic dilution expression (& source LPM and

*

174
-18 4

-194

=20 -

e [LPM

214

2] et

-234

Rage®

5"°C (per mil)

0 20 40 60 80 100 120
Time (days)

BLOOD

:

-194

204 ® HPM

® LPM

-21 4

5" C (per mil)

AR

20 40 60 80 100 120
Time (days)

o4

MUSCLE

124
144

164

8" C (per mil)
8 @

Time (days)

LIVER
Fig. 1 Relative carbon enrichment exchange (5°°C) of the

tissues (liver, muscle and blood) of Nile tilapia fed with a
mixes either with a high protein or high energy content
related to the experimental period.

o source HPM) were obtained from the isotopic
enrichment of blood, liver and muscle from fish
exposed to the treatment through 120 days for LPM
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(blood and muscle) and 86 days for HPM and liver
samples of LPM (Table 2).
The isotopic signature (:*C) among liver, muscle

and blood required different periods to reach a plateau.

HPM stabilized §"°C more rapidly due to its more
similar isotopic signature to the initial isotopic
signature of the tissues (C; photosynthetic cycle) and
higher protein content (Tables 1 and 2).

LPM had a 8°C distant from the initial isotopic
signature of the individuals and closer to plants with a
C, photosynthetic cycle, additionally, it also had lower
protein content. These factors were responsible for the
longér period of time that these tissues required to reach
the isotopic signal of the diets. The liver of the animals
fed with LPM showed a faster turnover when compared
with the other tissues, even with low protein content.

The curves of consumption as estimated by §"°C
presented a positive exponential shape for energy and
negative exponential shape for protein (Fig. 2). These
curves where were obtained from the 8"°C of the
tissues and the chart represents the 5'°C exchange in
each tissue in relation to the experimental days. This
does not necessarily indicate an exponential shape on
the consumption of protein and energy by the fish,
because not all the carbon atoms of the analyzed
tissues had yet been substituted for the atoms from
HPM or LPM.

However, Table 3 presents protein and energy
intake data after the 50th experimental day. At that
time, the animals had been fed through self feeding
system for enough time to turnover most of the carbon
atoms of the cells at the analyzed tissues. Through
these results was observed a decrease on the
consumption of DP and an increased on the intake of
ED.

Individual weight (not considering time/age) when
related with protein or energy intake did not present
any defined shape. According to these results, the
consumption of these nutrients is more related with
age than to weight (Fig. 3).

4, Discussion

The 8'°C values from the tissues of the animals fed
exclusively with either HPM or LPM (Fig. 1) required
different periods to reach an isotopic plateau among
the analyzed tissues. Consequently, these values
presented different half life expressions (T). It was
expected that the time expended for carbon exchange
from the fish tissues fed with LPM, in which the §'°C
was more similar to plants with C4 photosynthetic
cycle and more distant to the initial §°C of the
experimental fish, would present higher T values
principally due to the low protein level of the LPM.

Table 2 Isotopic relative enrichment (5'>C) and carbon turnover expressions of muscle, blood and liver of Nile tilapia, fed

either high protein mix (HPM) or low protein mix (LPM).

Tissue Food source Expression® 8 Coource” Half-life (days)®
Mauscle LPM o= {-1&2&%+ m%%m -17.38%o 47
HPM B ey = —20,89 ~ 060 gMIWET -21.17%o 19
Blood LPM B0 (11 = —16.99 — 564 g0 -15.91%o 30
HPM FR0 ) = ~21.18 — 1,83 o (=ARRRT -21.32%o 17
Liver LPM §Y¢c (ty= —12.96 - oy lOFULC -12.86%o 9
HPM B¢ ¢y = —20.85 - 297 g-ouNIL] -21.34%0 5

*In the expressions, §°C (t) means: isotopic relative enrichment at time (t); °6">Cyouec: isotopic relative enrichment of the respective
analyzed tissue of the fish fed either HPM or LPM at the end of the experimental period; “Half-life (T): time taken to replace half of
the carbon atoms, according to the equation T = In2/k, k representing the isotopic exchange constant in unities of time™.
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Fig. 2 Consumption of protein (DP) and energy (DE) estimated by the relative carbon enrichment (8'C) from the blood,

muscle and liver of Nile tilapia related to time.

The different half life showed by each tissue
corresponded to their different metabolism velocity.
From the tissues analyzed, the liver had the most rapid
carbon exchange in its cells. These results agree with
studies performed with other animal species in which
liver had lower half life values followed by blood and
then the muscle {12, 13].

In order to estimate the consumption of the mixes in
this trial, it was necessary to know the influence of the
diets 8"°C in the tissues separately. This procedure
allowed consideration of the effects of isotopic
fragmentation caused by digestion and metabolism in
the conversion of the matter from the food into matter
of the animal tissues [14].
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Nile tilapia tissues.
Time (days)  Weight (g) Tissue  8°C (%) HPM (%)° LPM (%)° DP (%)% DE (J/g)°
Muscle -19.47+0.42 551112 449+11.2 30.8 +4.0 12.83 £ 0.23
50 1125+41.0 Blood -1933+0.86  63.1+15.9 36.9+15.9 37.8+6.5 12.67 £0.32
Liver -1624+1.8 39.9+21.2 60.1 £21.2 254+75 13.13 £ 0.43
Muscle -19.33+£0.74  51.4+194 48.6+19.4 29.5+6.9 12.90 + 0.39
56 123.4+30.1 Blood -19.41+0.72 64.8+13.3 352+133 384+54 12.64 +0.27
Liver -1727+1.60 51.9+1838 48.1+18.8 29.7+6.7 12.90 + 0.38
Muscle -1923+0.61  48.7%16.1 51.3+16.1 28.5+57 12.96 + 0.32
61 1612+50.1 Blood -19.14+094 59.8+17.4 402+17.4 36.4+£7.1 12.74 £ 0.35
Liver -16.68+1.65 45.0+19.4 550194 272469 13.03 £ 0.39
Muscle -19.09+029  450+7.6 55.0+7.6 27.2+£2.7 13.03 £ 0.15
66 1945+188 Blood  -19.47+035 65864 342+ 64 38.8+2.6 12.61 £0.13
Liver -17.08+0.53  49.8+6.3 502+ 6.3 289+22 12.94 +0.13
Muscle -18.89+029  39.8+7.7 60.2+17.7 254+£27 13.14+0.15
71 191.6+12.1 Blood  -19.17+0.67 602+124 30.8+12.4 36.6+5.0 12.73 £ 0.25
Liver -16.02+2.04  37.29+24.1 62.7 +24.1 24.5+8.5 13.19 + 0.48
Muscle -18.76+0.43 365+ 11.4 635114 242 +4.0 13.20 £ 0.23
76 177.5+£40.5 Blood  -1855+0.70  48.7+13.0 51.3+13.0 319+52 12.96 + 0.26
Liver -1542+030  302+3.5 69.8+3.5 220+1.2 13.33 £ 0.07
Muscle -18.74+0.70  35.8+18.5 64.2+18.5 24.0+6.6 13.22 +0.39
86 251.8+643 Blood -1875+082 525151 475+ 15.1 33.5+6.1 12.88 + 0.30
' Liver 21576 £1.54 342181 65.8 +18.1 234+6.4 13.25+0.36

#513C (%): carbon relative enrichment; "HPM (%): high protein mix (HPM) ingestion estimated by simple isotopic dilution equation
through carbon relative enrichment of muscle, blood and liver; °LPM (%): low protein mix (HPM) ingestion estimated by simple
isotopic dilution equation through carbon relative enrichment of muscle, blood and liver; %PD (%): digestible protein ingestion
estimated thought HPM (%) and LPM (%) values and their respective percentage of digestible protein, dry matter based;"DE(J/g):
digestible energy ingestion estimated thought HPM (%) and LPM (%) values and their respective quantity of digestible energy, dry

matter based.

Decrease in protein consumption and slight increase
in the energy consumption was already reported for
Nile tilapia indicating that individuals weighting
below 0.51 g should be offered a diet with 40% of
protein but required to 30% protein for larger fish
(96.0 g-264.0 g) [15]. Another study indicates that
protein demand of 5 g tilapia individuals were
approximately 28%; however, increasing the protein
content to 34% improved performance [16]. A review
on nutrient requirements of tilapia appointed a
digestible protein demand of approximately 30% for
individuals weighting 50 g [17]. Results from the
current study, as well as the previous studies, also
demonstrated a reduction in protein consumption
along the period, which correlated with the average

weight of the group.

On the other hand, another study found a higher
protein (45%) and energy (16.74 J/g) demand for this
species to obtain maximum performance. However,
their conclusions related to energy demand did not
consider the variations when considering average
growth [18]. An evaluation of energetic metabolism of
the same species on growth, concluded that the
metabolic energy utilization remains constant even with
excess in food availability, pointing energy intake as an
important role in food intake for Nile tilapia [19].

In conventional studies of protein and energy
requirements, the evaluation of a diet is exclusively
related criteria, ignoring the
physiological variability and behavioral of the
individuals from an experimental group of fish. The

protein demand estimative can be easily overestimated

to performance
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Fig. 3 Consumption of protein (DP) and energy (DE) estimated by the relative carbon enrichment (3°C) from the blood,

muscle and liver of Nile tilapia related individual body weight.

due to the ability of fish to use protein as an energy
source, when compared to mammals and birds [1].
Additionally, to obtain optimal quantities of nutrients
in the experimental feed, the level of inclusion needs
to be pre-established, limiting the results to the level
of inclusion closer to an ideal level, but only among
the treatments tested.

Several studies [3, 4, 6] evaluated the ability of
different species to regulate their food consumption
and concluded that those species are able to do so,
based on the protein and energy of the food items.
Another study affirmed that sea bass was able to
balance its diet when carbohydrates, protein and lipids
were offered separately; and this ability arises from
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the association of sensorial information and
post-digestion consequences [5]. In the present study,
the results indicated that Nile tilapia was also able to
make this regulation, but some factors contributed to a
high individual variation on the choice of HPM and
LPM. The variation is most likely due to the
interactions of dominance and territoriality among the
individuals, typical behavioral characteristics of this
species.

Previous studies [20, 21] also concluded that tilapia
was able to regulate their protein consumption through
a free choice of food items system using self feeders.
Their results indicated that this species adjust its
consumption to a 24% and 45.2% protein level,
respectively. These levels are different from the
results of the present study and protein requirement
values found in conventional protein demand essays.
Additionally, those results represented only an
average of feed consumption; therefore, it was not
possible to observe differences on intake among the
individuals from the experimental group in both
previous studies.

In trials to evaluate nutritional demand from
pre-determined values, the objective is to pursue the
best performance of the individuals when fed with
different quantities of a particular nutrient. In the
present study, fishes were under a free-choice
alimentary regime, where they regulated their
ingestion of energy and protein. However, their intake
regulations were not necessarily to obtain a better
growth rate, despite their compatible performance
when compared to conventional feeding strategies.

Territorialism and interactions of dominance and
submission are typical characteristics of cichlids, the
group in which tilapia is included [20]. This author
also stated that the animals of this group of fish are
more aggressive in situations of intermediary
availability of food. In environments with food
restriction, or food excess, intra-specific conflicts are
reduced. Intermediary amount of feed offer is a

condition to obtain optimized feeding procedures,

when captive fish is raised for economical purposes. It
leads to more significant competition among the
individuals of a group. Additionally, little is known
about individual variability regarding the metabolic
mechanisms of fish, making average consumption
data from a group easier to be interpreted when
evaluating fish intake though free-choice alimentary
systems.

As the fish from this study needed to choose
between the mixes to obtain a balanced diet, the
results lead to believe that the individuals of tilapia do
not present the same ability to properly choose food
items at confined environments. Therefore, these
choices had a significant influence on behavioral
characteristics  principally  territorialism  and
competition for food resources. The results of this
study indicate that Nile tilapia had the ability to obtain
a complete diet that complete the requirements for
satisfactory growth, but there is a significant
variability among the individuals. Consequently, this
is a significant variability in performance.

In previous free-choice studies performed with
other species [3, 5-7] and Nile tilapia [20, 21], the
intake estimations were based on mean values of
apparent consumption observed through demand
feeders. These authors found that the fish were able to
self-regulate their consumption of protein and energy
and obtain a diet optimized for growth and health
conditions.

The results of this study did not conflict with the
previously mentioned ones, however, current
observations indicate that not all individuals of a
confined group of fish have the same skills or
opportunity to obtain a complete diet when choosing
between food items is necessary. So, the estimative of
protein and energy intake from a Nile tilapia group
through carbon stable isotopes presented similar
results when compared to other techniques, however,
this method allowed observations of behavioral
diversity among individuals of a particular group.

Additionally, it was also possible to observe that
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protein and energy consumption when related to
animal weight, as opposed to when related to age, did
not present any tendency or pattern. These results
conflict with nutrient previous demand essays [16,
22-24] in which the results of protein and energy
requirement were linked to fish weight. According to
current results, protein and energy intake was mainly
related to age and it is not clear if this is also true
when related to weight.

5. Conclusions

Nile tilapia is able to balance its own energy and
protein intake but this ability is not uniform in a group
of confined fish.

Protein and energy intake is more related to the age
of the fish than to its weight.

Acknowledgments

This study was conducted with the assistance of
graduate students and technicians of the Laboratory of
Aquatic Organisms Nutrition (Aquanutri) and of the
Environmental Stable Isotopes Center at S3o Paulo
State University, Botucatu Campus. The authors also
acknowledge the financial support of Coordenagéo de
Aperfeicoamento de Pessoal de Nivel Superior
(CAPES).

References

[1] K. Schimdt-Nielsen, Food and energy, in: Animal
Physiology: Adaptation and Environment, Cambridge
University Press, Cambridge, England, 1997, pp. 129-163.

[2] M.J. Kaiser, R.N. Hughnes, Factors affecting the
behavioral mechanisms of diet selection in fishes, Mar.
Behav. Physiol. 23 (1993) 105-118.

[3] F.J. Sinchez-Véazquez, T. Yamamoto, T. Akiyama, J.A.
Madrid, M. Tabata, Selection of macronutrients by
goldfish operating self-feeders, Physiol. Behav. 65 (1998)
211-218.

[4] F.J. Sanchez-Vazquez, T. Yamamoto, T. Akiyama, J.A.
Madrid, M. Tabata, Macronutrient self-selection through
demand feeders in rainbow trout, Physiol. Behav. 66
(1999) 45-51.

[5] V.C. Rubio, F.J. Séinchez-Vizquez, J.A. Madrid,
Macronutrient selection through post-ingestive signals in
sea bass fed on gelatin capsules, Physiol. Behav. 78 (2003)

795-803.

[6] A. Aranda, F.A. Sanchez-Vizquez, J.A. Madris, Effect of
short-term fasting on macronutrient self-selection in sea
bass, Physiol. Behav. 73 (2003) 105-109.

[71 T. Yamamoto, T. Shima, H. Furuita, N. Suzuki, Effect of
water temperature and short-term fasting on micronutrient
self-selection by common carp (Cyprinus carpio),
Aquaculture 220 (2003) 655-666.

[8] R.J. Jones, M.M. Ludlow, J.H. Troughton, C.G. Blunt,
Estimation of the proportion of C3 and C4 plant species in
the diet of animals from the ration of natural 2C and *C
isotopes in the feces, J. Agr. Sci. of Cambridge 92 (1979)
91-100.

[9] A.J. Lourengo, E. Matsui, J. Delistoianov, Avaliagiio de
forragem selecionada por bovinos e pastagem consorciada
com diferentes lotagdes utilizando-se dados de 8"°C, Bol.
Industr. Anim. 38 (1981) 145-153.

[10] T.W. Boutton, Stable carbon ratios of natural materials: II.
Atmosferic, terrestrial, marine and freshwater
environments, in: D.C. Coleman, B. Fry (Eds.), Carbon
Isotope Techniques, Academic Press, New York, United
States, 1991, pp. 173-185.

[11] L.EE. Pezzato, E.C. Miranda, MM. Barros, L.G.
Quintero-Pinto, WM. Furuya, A.C. Pezzato,
Digestibilidade Aparente de Ingredientes pela tilapia do
Nilo (Oreochromis niloticus), Rev. Bras. Zootec. 31 (2002)
1595-1604.

[12] K.A. Hobson, R.G. Clark, Assessing avian diets using
stable isotopes I: turnover of °C in tissues, The Condor
94 (1992) 181-188.

[13] T.F. Gaston, LM. Suthers, Spatial variation in 8°C and
3N of liver, muscle and bone in a rocky reef
palanktivorous fish: The relative contribution of sewage, J.
Exp. Marine Biol. Ecol. 304 (2004) 17-33.

[14] L.J.E. Ogden, K.A. Hobson, D.B. LanK, Blood isotopic
(8"C and 8"N) turnover and diet-tissue fractionation
factors in captive dunlin (Caladris alpine pacifica), The
Auk 121 (2004) 170-177.

[15] Y.S.A. Hafedh, Effects of dietary protein on growth and
body composition of Nile tilapia, Oreochromis niloticus,
L. Aguac. Res. 30 (1999) 385-393.

[16] S.S. De Silva, R M. Gunasekera, D. Atapattu, The dietary
protein requirements of young tilapia and an evaluation of
the least cost dietary protein levels, Aquaculture 80 (1989)
271-284.

[17] N.R.C., Nutrient Requirement of fish, National Research
Council, National Academy Press, Washington, D.C.,
United States, 1993, pp. 25-112.

[18] AFM. El-Sayed, S. Teshima, Protein and energy
requirements of Nile tilapia, Oreochromis niloticus, fry,
Aquaculture 103 (1991) 55-63.

[19] K.H. Meyer-Burgdorff, M.F. Osman, K.D. Giinther,



The Ability of Nile Tilapia to Regulate Protein and Energy intake 55
Evaluated by Carbon Relative Enrichment (6130)

Energy, nmetabolism in Oreochromis niloticus,
Aquaculture 79 (1989) 283-291.

[20] E. Pereira-da-Silva, D.N. Orsoli, F.L. Aratjo, AL.
Cantelmo, G.K.F. Merighe, Regulagio da Ingestfio protéica
da tildpia do Nilo, Ver. Bras. Zootec. 33 (2004) 1921-1927.

[21] R. Fortes-Silva, R. Martinez, F.J. Sanchez-Vizquez,
Macronutrient selection in Nile tilapia fed gelatin capsules
and challenged with protein dilution/restriction, Physiol.
Behav. 102 (2011) 356-360.

[22] S.S. De Silva, R.M. Gunasekera, Effect of dietary protein
level and amount of plant ingredient (Phaseolus aureus)
incorporated into the diets on consumption, growth

performance and carcass composition in Oreochromis
niloticus (L.) fry, Aquaculture 80 (1989) 121-133.

[23] D.V. Trung, N.T. Diu, T.H. Nguyen, B. Glencross,
Development of a nutritional model to define the energy
and protein requirements of tilapia, Oreochromis niloticus,
Aquaculture 320 (2011) 69-75.

[24] M. Abdel-Tawwab, M.H. Ahmad, Y.A.E. Khattab, A M.E.
Shalaby, Effect of dietary protein level, initial body
weight, and their interaction on the growth, feed
utilization, and physiological alterations of Nile tilapia,
Oreochromis niloticus (L.), Aquaculture 298 (2010)
267-274.



