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ABSTRACT - Apparent digestibility coefficients (ADC) of gross energy and dry matter (DM) and mineral
availability were evaluated for eight protein-rich ingredients (corn gluten meal, soybean meal, cottonseed meal at 280.0
and 380.0 g/kg, poultry by-product meal, meat meal, fish meal and feather meal) in compound diets for Nile tilapia.
Chromic oxide was used as inert digestibility marker. Higher ADC values of DM and energy were, respectively, 0.862
and 0.881 for corn gluten meal, 0.811 and 0.888 for poultry by-product meal; 0.729 and 0.731 for feather meal; 0.666
and 0.754 for fish meal; 0.578 and 0.642 for soybean meal; 0.476 and 0.652 for meat meal at 450.0 g/kg; 0.352 and
0.449 for cottonseed meal at 380 g/kg; and 0.251 and 0.324 for cottonseed meal at 280.0 g/kg. The highest average
mineral availability was for poultry by-product meal (0.582), and the lowest calcium and phosphorus availability were
recorded for cottonseed meal at 280.0 g/kg. Therefore, poultry by-product meal appears to be the best ingredient for
using in Nile tilapia diets.
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Introduction

Besides the importance of minerals to proper fish
growth performance and resistance to disease, their role
on the environmental impact of aquaculture has been
addressed. Although other components of feeds are
considered, phosphorus (P) and nitrogenous (N) outputs
are the main chemical elements regarding attention to the
eutrophication of water bodies. Based on this, Persson
(1991) warned for the release of solid wastes, P and N from
aquaculture operations to the ecosystems.

Consequently, several authors have been studying
and proposing models and management practices to
reduce and/or predict aquaculture waste outputs aiming
to improve the activity sustainability (Cho & Bureau,
2001; MacMillan et al., 2003; Tacon & Forster, 2003;
Hua et al., 2008; Sugiura et al., 2006). Among several
approaches to limit the environmental impacts of feeds
on aquaculture effluents, prescribing the minimum
nutrient digestibility criteria and the use of plant protein
sources with phytase in commercial feed diets have been
emphasized (Powers-Hughes & Soares Jr., 1998; Tacon &
Forster, 2003; Portz & Liebert, 2004).

Several studies have reported nutrient digestibility
in several feed ingredients for Nile tilapia, however, few
studies have determined mineral availability. Recent
studies have reported mineral availability in feed
ingredients for European sea bass (Dicentrarchus labrax L.),
Coho salmon (Oncorhynchus kisutch) and rainbow trout
(Oncorhynchus mykiss) (Sugiura et al., 1998; Sugiura et al.,
2000; Pimentel-Rodrigues & Oliva-Teles, 2007).

Ingredients digestibility firstly depends on the
chemical composition of feed ingredients and the
digestive capacity. However, factors not related to diet
formulation such as age, species, feeding management
as well as feed processing methods could affect the nutrient
digestibility values (Hepher, 1988; de la Higuera, 1987;
McGoogan & Reigh, 1996). Thus, several studies have
reported the influence of feed processing on ingredients
and diet digestibility (McGoogan & Reigh, 1996; Gaylord
& Gatlin III, 1996; Sugiura et al., 1998; Pezzato et al., 2002;
Sklan et al., 2004).

However, studies regarding the effect of extrusion
on nutrient digestibility and mineral availability in
feedstuffs for Nile tilapia are scarce. Thus, the objective
of this study was to evaluate nutrient digestibility and
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mineral availability in eight protein-rich ingredients
incorporated in extruded diets for this species.

Material and Methods

The reference diet (Table 1) was formulated to meet or
exceed the nutrient requirements of Nile tilapia (NRC, 1993).
Chromic oxide (Cr2O3) was used as external inert marker at
0.1% according to Bremer Neto et al. (2005). Test ingredients,
vitamin and mineral premixes were supplied by Mogiana
alimentos S.A.

Soybean meal, corn gluten meal, cottonseed meal 28
(280.0 g/kg), cottonseed meal 38 (380.0 g/kg), meat and bone
meal, fish meal, poultry by-product meal and feather meal
were evaluated in this experiment (Table 2). All ingredients
were ground and mixed with the reference diet at a 7:3 ratio

(70% of reference diet to 30% of test ingredient). The
concentration of chromic oxide was kept at 0.1% in all test
and reference diets.

Diets were mechanically mixed with water (25% of dry-
weight) in a Kitchen Aid multi-function mixer and extruded
at 99-120 ºC in a single screw laboratory extruder and exited
in a 4.0 mm die aiming to obtain a 7.0 mm pellet diameter.
Diets were oven dried and stored at –18 ºC until used.

Nine compound diets were evaluated: eight containing
the test ingredients and a reference practical diet. The
reference diet was a soybean-broken rice based diets.

Nine 250 L aquaria were used for feeding procedure
and, five conic 310 L aquaria were used to collect feces.
Settlement column was used to perform this procedure.
Both systems were connected to a biological filter and water
temperature was maintained by thermostat-controlled
heaters. The water was circulated at 6.59 L min-1 through
aquaria and the temperature was maintained at 27.0±0.5 °C.

Fish with 96.6±3.1 g average weight were stocked at a
density of twenty fish in each experimental unit (circular net
cages inside the feeding aquaria). Firstly, 1,000 Nile tilapia
fish were acquired from a commercial producer, from which
400 were selected by weight and reared in an indoor culture
system at Aquaculture Research Nutrition Laboratory -
AquaNutri of São Paulo State University. These fish were
fed with a growth ration produced in this laboratory until
they reached the weight to begin the experiment. Then, 180
fish were selected by weight and distributed in nine net
cages (groups of fish). Fish were handled in accordance
with the guidelines approved by the Animal Care Committee
of the Faculty of Veterinary Medicine and Animal Science.

Diets were randomly assigned to aquaria and fish were
fed seven days prior to the beginning of fecal collection
(acclimatization period), and the first collection of feces was
carried out. For this collection, the first five groups of fish
were transferred to collecting feces aquaria and on the
consecutive day the remaining four groups were transferred

Table 1 - Composition of the reference diet

Ingredient g/kg

Soybean meal 575.0
Fish meal 55.0
Broken rice 274.0
Wheat middlings 20.0
Soybean oil 5 . 0
Vitamin premix1 1 .0
Mineral premix2 3 .0
Ascorbic acid 0 .8
Chromic oxide (Cr2O3) 1 .0
L-lysine 7 .0
DL-methionine 4 .5
Threonine 4 .0
Dicalcium phosphate 30.0
Limestone 18.5
NaCl 1 .0
BHT3 0 .2
1 Vitamin premix supplied the following (IU or mg/kg diet): vitamin A - 16,060;

vitamin D3 - 4,510; vitamina E (DL-a tocopherol) - 250; vitamin K (menadione
sodium bisulfite) - 30; thiamine - 32; riboflavin - 32; Ca-D-pantothenate - 80;
niacin - 170; biotin - 10; folic acid - 10; cyanocobalamin - 0 -032; pyridoxine - 32.

2 Mineral premix supplied the following (mg/kg diet): Na2SeO3 - 0.7; MnO - 50;
ZnO - 150; FeSO4 - 150; CuSO4 - 20; CoSO4 - 0.5; I2Ca - 1.0.

3 Antioxidnt: butylated hydroxytoluene.

Table 2 - Proximate composition of test protein-rich feedstuffs and reference diet1

Ingredient CP (g/kg) CL (g/kg) GE (kcal/kg) Ca (g/kg) P (g/kg) Mg (g/kg) Cu (mg/kg) CF (g/kg) Ash (g/kg)

Soybean meal 512.1 14.8 3990 2 .7 6 .2 2 .7 18.3 71.2 74.4
Corn gluten meal 700.7 94.8 4926 0 .2 3 .1 0 .3 4 .6 8 .3 17.0
Cottonseed meal-28 333.7 17.7 4183 1 .6 7 .9 4 .6 8 .0 196.8 57.2
Cottonseed meal-38 375.2 32.8 4177 2 .0 9 .0 4 .8 50.0 163.7 59.3
Local fish meal 574.1 86.1 3200 81.9 31.5 2 .4 9 .2 - 337.7
Meat and bone meal 473.0 89.0 3133 132.0 61.8 2 .6 10.5 - 413.4
Poultry by-product meal 627.9 171.2 4864 34.6 20.6 1 .5 9 .7 - 183.0
Poultry feather meal 865.3 81.3 5574 2 .2 1 .6 0 .3 11.7 - 27.5
Reference diet 367.7 40.2 4235 22.7 12.1 2 .6 52.0 40.2 111.2

CP - crude protein; CL - crude lipid; GE - gross energy; Ca - calcium; P - phosphorus; Mg - magnesium; Cu - copper; CF - crude fiber.
1 Dry-matter basis.
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and feces collected. This procedure was carried out until a
representative volume of feces for a replication (each group
of fish) to perform chemical analysis was collected. Test
diets were then reassigned to the net cages for each following
round. After the first round, the acclimatization period for
each test diet was reduced to four days to avoid any
adaptative fish response and to allow evacuation of
previously ingested feed, as recommended by Sugiura et al.
(1998). On the collecting day, fish were fed twice in the
morning, and every hour in the afternoon. The acclimatization
and fecal collection processes (round) were repeated four
times to obtain quadruplicate measurements per treatment
(test diets).

The cages were transferred to separate aquaria for
collection of feces at 18:00, where they remained until the
morning of the following day,  in order to avoid the presence
of feed in the fecal samples, as previously reported (Pezzato
et al., 2002). Then, the cages were returned to the respective
feeding aquaria. Feces were oven-dried at 55 ºC, ground
and stored at -20 ºC until chemical analysis.

Chemical analysis of feedstuffs, diets, and feces were
performed according to AOAC (1995) protocols. Samples
were analyzed to determine calcium (Ca), phosphorus (P),
magnesium (Mg) and copper (Cu) concentrations by flame
atomic absorption spectrophotometry on a Shimadzu AA-
6800 (Shimadzu, Japan). The chromic oxide content of diets
and feces was determined according to Bremer Neto et al.,
(2005) and the gross energy content was determined in an
adiabatic calorimetric bomb (Parr Instrument Company,
Moline-IL, USA).

Apparent digestibility coefficients (ADC) for test diets
were calculated according to equation described by
Cho (1993):

�
�

�
�
�

�
�
	



�
�



��

	



�
�



��

d

f
(n)

N

N

OCr

OCr
ADC

f

d

%

%

%

%
100100

32

32

in which ADC (n) = apparent digestibility coefficients of a
nutrient in the test diets; Cr2O3d = % chromic oxide of the
diet; Cr2O3f = % chromic oxide of the feces; Nd = nutrients
in the test diet; Nf = nutrients in feces.

Apparent digestibility coefficients of nutrients from
each ingredient were calculated according to the equation
proposed by Forster (1999).
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in which: a = nutrient contribution of reference diet to
nutrient content of test diet; b = nutrient contribution of test
ingredients to nutrient content of combined diet; a + b =
level of nutrient in combined diet (%); ADCNtest = apparent

digestibility coefficient of a nutrient in combined diet;
ADCNref = apparent digestibility coefficient of a nutrient
in reference diet

The trial consisted of eight treatments (test diets) and
four replications (group of fish) arranged in a randomized
block design for dry matter and gross energy ADC and three
replications for mineral availability. The block was
considered as a round of fecal collection. The differences
between ingredients were analyzed according to the
following model: Yijk = μ + Ti + Bj + eijk
in which Y is the observed response; μ the overall mean; T
the effect of ingredients; B the effect of the fecal collection
period; and e is the residual error.

Aiming to facilitate the comparison between feedstuffs
the ingredients were divided in two groups: plant protein-
rich products and animal products. The ADC for dry matter,
energy, and minerals among the tested ingredients were
submitted to one-way ANOVA using the PROC GLM
procedure of SAS (Statistical Analysis Sytem, version
8.12). Differences in ADC between the tested ingredients
were determined using Tukey’s multiple range test.
Ingredient effects were considered significant at P<0.05.
No effect of the fecal collection period was observed.
Additionally, the ADC data of all test diets were analyzed
together by linear correlation using the PROC CORR
procedure of SAS to investigate nutrient interaction.

Results

The ADC of DM was highly variable and ranged from
0.251 to 0.862 and 0.476 to 0.811 for plant and animal products,
respectively (Table 3).

Similarly, ADC of energy was highly variable for all
protein sources, although animal products tended to present
less variation among all products. The ADC of energy
ranged from 0.324 to 0.881 and 0.652 to 0.888 for plant and
animal products, respectively.

Poultry by-product meal and corn gluten meal had the
highest dry matter and energy digestibility values, while
meat and bone meal and cottonseed meal at 280.0 g/kg
showed the lowest values (Table 4). Negative correlation
was observed between crude fiber and ADC of dry matter
and energy (-0.987 and -0.990, respectively) in plant products,
while inversely correlation was observed between ADC of
DM and Ca, P and ash content (-0.829, -0.812 and -0.698,
respectively) in animal products. Moreover, ADC values of
dry matter and energy were positively correlated (0.993).

Overall, mineral availability was highly variable among
all protein sources, although animal products presented
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higher availability values than plant sources (Table 5). Due
to the lack of samples for mineral analysis, data on mineral
availability for CGM are not shown.

The highest availability value was recorded for
magnesium (Mg) in poultry by-product meal (0.857), while
the lowest values were recorded for Ca and Cu in cottonseed
meal at 280.0 g/kg (-0.702) and poultry feather meal (-0.489),
respectively. Among all minerals, the highest availability
values were recorded for Mg and its availability was highly
positively correlated to the Ca and ash contents in plant
products, while in animal products it was positive and negatively
correlated to P availability and ash content, respectively.

All plant products had negative availability coefficients
for Ca, while only Cu had negative values in poultry feather
meal among the animal sources. Additionally, negative
values were already recorded for P and Cu in cottonseed
meal at 380.0 g/kg.

Phosphorus availability was higher in poultry by-
product meal (0.677) compared with the other animal
sources, while fish meal and poultry feather meal had the
lowest values (0.168 and 0.154, respectively). In plant
products, soybean showed the highest P availability,
while cottonseed meal at 380.0 g/kg showed the lowest
value.

Table 4 - Interaction between nutrient content and digestibility or availability of protein ingredients for Nile tilapia (n = 3)

Nutrient ADC DM ADC GE ADC Ca ADC Mg ADC P ADC Cu

                                                                                                      Plant protein-rich products
Crude fiber - 0.98** - 0.99** - - - -
Ash - - 0 .91** 0.95** 0.65 0.21
Calcium - - 0.95** 0.92** 0.57 0.11
Phosphorus - - -0.55 -0.93** -0.95** -0.70*
Magnesium - - -0.80** -0.98** -0.79** -0.41
Copper - - 0.25 -0.40 -0.84** -0.99**

                                                                                                            Animal products
Ash -0.70* -0.40 0.21 -0.52 0.11 0.94**
Calcium -0.83** -0.57 0.16 -0.66* 0.07 0.92**
Phosphorus -0.81** -0.53 0.29 -0.61* 0.20 0.94**
Magnesium -0.58* -0.26 0.27 -0.40 0.17 0.94**
Copper -0.13 -0.42 -0.40 -0.29 -0.31 -0.60*

DM - dry matter; GE - gross energy; Ca - calcium; Mg - magnesium; P - phosphorus; Cu - copper.
Each value represents a correlation coefficient (n = 9-16 diets) between dietary concentration of a nutrient and digestibility (availability). One and two asterisks values
are statistically significant at P<0.05 and P<0.01 by the F test, respectively.

Table 5 - Apparent mineral availability of test ingredients for Nile tilapia (n = 3 aquaria)

Plant protein-rich products Animal products

Mineral SBM CSM28 CSM38 MBM FM PBM PFM
Calcium -0.077±0.030a -0.702±0.032c -0.373±0.019b 0.351±0.032B 0.059±0.008C 0.699±0.068A -0.054±0.016D
Phosphorus 0.175±0.010a 0.060±0.021b -0.168±0.020c 0.403±0.044B 0.168±0.011C 0.677±0.041A 0.154±0.040C
Magnesium 0.710±0.038a 0.396±0.044b 0.351±0.020b 0.404±0.042C 0.595±0.036B 0.857±0.027A 0.606±0.026B
Copper 0.201±0.018b 0.253±0.015a -0.030±0.017c 0.667±0.016A 0.267±0.010B 0.203±0.012C -0.489±0.016D
SBM - soybean meal; CSM28 - cottonseed meal at 280.0 g/kg; CSM 38 - cottonseed meal at 380.0 g/kg; MBM - meat and bone meal; FM - fish meal; PBM - poultry by-product
meal; PFM - poultry feather meal.
Mean±standard deviation. Different letters within a row indicate significant differences at P<0.05 by Tukey’s test. Capital letters are for comparison of animal proteins and
lowercase letters are for plant protein-rich ingredients.

Table 3 - Apparent digestibility coefficients of dry matter and energy from protein-rich ingredients for Nile tilapia (n = 4 aquaria)

Plant protein-rich products Animal by-products

Nutrient SBM CGM CSM28 CSM38 MBM FM PBM PFM

Dry matter 0.578±0.023b 0.862±0.021a 0.251±0.022d 0.352±0.021c 0.476±0.019D 0.666±0.025C 0.811±0.022A 0.729±0.029B
Gross energy 0.642±0.019b 0.881±0.015a 0.324±0.015d 0.449±0.013c 0.652±0.010C 0.754±0.018B 0.888±0.009A 0.731±0.014B

SBM - soybean meal; CGM - corn gluten meal; CSM28 - cottonseed meal at 280.0 g/kg; CSM 38 - cottonseed meal at 380.0 g/kg; MBM - meat and bone meal; FM - fish meal;
PBM - poultry by-product meal; PFM - poultry feather meal.
Mean±standard deviation. Different letters within a row indicate significant differences at P<0.05 by Tukey’s test. Capital letters are for comparison of animal proteins and
lowercase letters are for plant protein-rich ingredients.
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Discussion

The dry matter ADC estimates the amount of solid
waste released to the environment and could be used to
rate the gross environmental impact in aquaculture
production. The main impact of solid waste (organic matter)
is the deterioration of soil quality by anaerobic
fermentation, which changes or destroys indigenous fauna
of benthic ecosystems of the local environment (Sugiura
et al., 2000). The results of DM digestibility for plant
products in this study were generally lower than those
reported for Nile tilapia elsewhere (Köprücü & Özdemir,
2005; Gonçalves & Furuya, 2004; Pezzato et al., 2002;
Boscolo et al., 2002). Great differences between these studies
and the present research were mainly observed for
cottonseed meal products and soybean meal, while corn
gluten meal presented slightly lower values in this study.
The lower DM ADC of soybean meal could be explained by
the higher crude fiber (CF) content of the product evaluated
in this study (71.0 g/kg) compared with those studies
(39.0 g/kg). This hypothesis is supported by the negative
correlation between the CF content and the DM ADC
observed in this study and previously reported by several
authors (Hilton et al., 1983; Kirchgessner et al., 1986;
McGoogan & Reigh, 1996; Gaylord & Gatlin III, 1996;
Sugiura et al., 1998; Sklan et al., 2004).

It must be emphasized that in high extrusion conditions
(high temperature and pressure), reaction between lipids
and several types of carbohydrates could take place, forming
insoluble compounds which reduce the availability of
nutrients.  Thus, the low DM digestibility in this study may
have been affected by extrusion conditions which,
associated with the content of fiber ingredients, contributed
to drastically reduce the ADC values in plant protein-rich
products.

Lower DM ADC were observed for animal products in
this study compared with data reported for red drum
(Sciaenops ocellatus) (Gaylord & Gatlin III, 1996), salmon
coho, rainbow trout (Sugiura et al., 1998) and tilapia
(Köprücü & Özdemir, 2005). Conversely, higher ADC
values were reported for Nile tilapia fed pelleted diets
(Pezzato et al., 2002). Similar values were reported for
fish meal in rainbow trout (Sugiura et al., 2000), red drum
(McGoogan & Reigh, 1996) and piavuçu (Leporinus
macrocephalus) (Gonçalves & Furuya, 2004).

Variable results have been reported for animal protein
sources. The quality of animal products may vary
considerably according to the processing methods of raw
materials and the relative quantity of waste products that

comprises the meal (Dong et al., 1993). Anatomical and
physiological differences between species have been
already pointed out as the main factor for differences
between digestibility studies (Cho & Bureau, 2001). Thus,
the higher values reported by Gaylord & Gatlin III (1996)
and Sugiura et al. (1998) could be a species-related effect,
since carnivorous fish are able to digest some animal protein
products (mainly bones, connective tissues and chitin)
better than omnivorous/herbivorous fish. The lower DM
digestibility values obtained for fish meal and meat and
bone meal could be due to the high bone content of these
meals. It has been demonstrated that increasing amounts of
bones in animal products meal linearly reduce nutrient
availability (Sugiura et al., 2000). This supports the results
of this study, in which a significantly inverse correlation
(r = -0.698, P<0.05) was observed between ash content and
DM digestibility. Although bone content of the meals was
not measured, it is supposed that these meals have high
bone content due the high Ca, P and Mg content, since
bones are basically constituted by these minerals. High
correlation between ash and bone content of ingredients
has been previously reported (Sugiura et al., 1998; Hertrampf
& Piedad-Pascual, 2003).

The higher digestibility values obtained in this study
for DM compared with those reported by Pezzato et al.
(2002) may be related to the extrusion effect. Our results
were generally 10% higher than those, except for meat and
bone meal, which presented similar values and poultry
feather meal, which was 35% higher in our study. It has
been reported that protein complexes in various ingredients
of a diet under high heat, pressure and shear forces of
extrusion process are denatured and plasticized, making
them more susceptible to digestible to digestive process
which concur for an increase in overall ingredients
digestibility (Botting, 1991).

Several studies have reported the correlation between
DM and gross energy (GE) digestibility (Sugiura et al., 1998,
2000; MacGoogan & Reigh, 1996; Gaylord & Gatlin III,
1996). This effect could already be related to the lipid
content of feedstuffs, since in this study the ingredients
which presented the highest digestibility values had the
highest lipid contents.

The calcium availability of the different feedstuffs
determined in this study varied considerably but was
comparable to the values reported for other fish species
in animal products (NRC, 1993; Sugiura et al. 1998, 2000).
On the other hand, higher Ca availability values have
been reported for soybean meal and fish meal in tilapia
(Furuya et al., 2001).
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Although several studies have reported nutrient
digestibility for different feed ingredients for cultured fish
species, studies regarding the mechanisms which control
mineral absorption or mineral availability are still scarce.
Thus, this study observed that in tilapia, as in other fish
species, Ca availability should be influenced by water
borne Ca content. It has been reported that tilapia and
other fish species rely more on water Ca absorption from
the gills than from the intestinal epithelia (Flik et al., 1993;
Flik & Verbost, 1993), although the factors which regulate
these mechanisms are still unknown and seem to be very
complex involving several hormones and interaction with
other minerals.

Negative values for Ca availability have been previously
reported in the literature for several fish species, including
tilapia (Gonçalves et al., 2005; Sugiura et al., 1998; Vielma &
Lall, 1997). Calcium availability values were assumed to be
influenced by other dietary factors present in plant protein
products. This hypothesis is confirmed by all the negative
and lower values observed in this group of ingredients.
Plant products, especially oilseed cakes, usually have a
certain amount of anti-nutritional factors which could affect
nutrient utilization and, consequently, animal growth
performance in different degrees according to the type and
amount of the compound. It has been reported that phytates,
fiber and other ligands present in plant ingredients reduce
the Ca availability (Champagne, 1989; Sugiura et al., 1998)
and/or endogenous loss.

According to Sugiura et al. (1998, 2000), negative
availability values must be due to interactions between the
test ingredient and basal (reference) diet. However, the
negative value does not indicate a negative balance of
nutrients, but an antagonistic property of the test ingredient
for the absorption of nutrients in diets. These authors
already observed that this pattern of values below the
“theoretical minimum” was more common with Ca, Cu, Fe,
Mn, Na, Sr and Zn than with Mg. This observation is in
accordance with the results of this study, in which only one
negative value was observed for Mg, while more negatives
values were observed for Ca and Cu in this study.

Between 50 to 80% of the P present in plant products
is in the phytic form and this compound has the ability to
strongly chelate di- and trivalent minerals such as Ca, Co,
Fe, Mg, Mn and Zn, reducing their availability for
monogastric animals (Wise, 1983; Ravindran et al., 1995;
Pallauf & Rimbach, 1996). Thus, according to the negative
correlation between the P content and the apparent
availability of P, Mg and Cu observed in this study, it could
be demonstrated that the phytates were probably
responsible for the reduced mineral availability in plant

products. However, no significant correlation was observed
for Ca availability.

Additionally, the negative values observed for
cottonseed meal at 380 g/kg must be due to the combined
effects of gossypol and fiber content of this ingredient,
although the fiber content in this ingredient was lower than
cottonseed meal at 280 g/kg. Differences in the meal-
processing methods could be one of the factors that explain
the variability in the cottonseed meal nutrient digestibility,
regardess of the fiber content (Guimarães et al., 2008).

Although Sugiura et al. (1998) have reported similar P
availability values for soybean meal (0.284 and 0.220) and
poultry by-product meal (0.677 and 0.635), higher values
were obtained for fish meal (0.573 and 0.444) and poultry
feather meal (0.754 and 0.617) in rainbow trout and salmon
coho, respectively. Phosphorus availability was reported
to be higher for soybean meal (0.471) and fish meal (0.488)
in tilapia (Furuya et al., 2001).

The low P apparent availability and respectively high
variability in animal products are related to the quality of
raw materials used to produce these by-products.
Additionally, the lower P availability in fish meal could be
related to the bone content of the ingredient. It has been
previously reported that bone mineral appears to depress
the ADC and apparent availability of many minerals and
bone P absorption present a plateau which could be related
to the limited ability of some fish species to digest bone P
at high dietary levels (Sugiura et al., 2000). Although the
bone content of the animal products was not measured,
the Ca, Mg and ash content indicated that meat and bone
meal and fish meal presented the highest bone contents
among the products evaluated. However, P availability
was higher in meat and bone meal even presenting higher
ash content than fish meal. This effect must be due to
different bone particle sizes between these products, as
previously reported for rainbow trout (Vielma et al., 1999).

Several studies have emphasized differences in
digestibility assays and caution must be taken when
comparing data from different studies, since factors such
as the feces collection procedure, calculation method and
fish species could influence the results of digestibility.
Moreover, differences in the feed processing method
could affect the results by reducing the amount of some
anti-nutritional factors presented in some plant products
(Cheftel, 1986) or by increasing the amount of insoluble
compounds which could damage nutrient availability.
However, studies regarding the effects of feed processing
methods on mineral availability in fish are still scarce.

The high availability of Mg observed in this study is
in accordance with data reported with salmon and rainbow
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trout (Sugiura et al., 1998, 2000; Cheng & Hardy, 2003) and
Nile tilapia (Gonçalves et al., 2005). Higher Mg availability
is expected in tilapia, since this species relies more on
intestinal absorption of Mg (80% of total Mg absorption)
than from gills. Moreover, an inverse correlation between
Mg availability and Ca and P content was observed in the
diets for animal products. These results are in accordance
with those reported by Sugiura et al. (1998, 2000) with
rainbow trout. Conversely, in plant protein products, the
Mg availability was positively correlated to Ca content in
the diets. This effect should be due to the low Ca levels in
these ingredients and since in basal levels the absorption
of Mg is coupled with Ca and sodium, this might have
influenced this result.

Finally, studies are needed to better understand the
mechanisms which regulate mineral absorption in different
environmental conditions and how dietary factors could
influence their availability.

Conclusions

Nile tilapia is able to efficiently utilize minerals from
animal by-products better than plant protein products,
and the poultry by-product meal seems to be an interesting
ingredient to compound diets for this species due to its
higher nutrient digestibility and P availability, contributing
to reduction of waste outputs in aquaculture production.
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