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ABSTRACT 

 

With the increasing cost and dwindling supply of fish meal, the need for a 

sustainable alternative protein source for fish feeds has never been greater.  Poultry by-

product meal (PBM), locally available in North Carolina, is considered a possible 

replacement due to its high protein content, low cost, and sustainability.  This alternative 

protein source along with others like meat and bone meal (MBM), soybean meal (SBM), 

krill meal (KM), and squid meal (SM) may be the key in replacing fish meal and 

developing sustainable commercial diets for black sea bass (BSB) and southern 

flounder (SF) aquaculture. 

In Expt. 1 (BSB) and Expt. 2 (SF), eight diets were formulated to replace FM 

protein with PBM protein at 0 (control), 40, 50, 60, 70, 80, 90, and 100%.  Diets were 

fed twice daily to triplicate groups of juvenile BSB and SF (initial weight = 1.2 g) to 

apparent satiation for 8 weeks.   Apparent digestibility coefficients of dry matter, protein, 

and lipid were measured using chromic oxide (0.5%) in the diets following the feeding 

trial and fecal samples were collected for analysis. 

In Expt. 3, a control diet was formulated to contain 40% SBM, 20% FM, 7.5% 

SM, and 5% KM.  Six diets were formulated to replace FM protein by either PBM protein 

or MBM protein at 35 and 70% and by a combination of these proteins at 70 and 100%.  

One diet, formulated to replace 70% FM by both PBM and MBM proteins, contained no 

SM or KM.  Diets were fed twice daily to triplicate groups of juvenile BSB (initial weight = 

2.1 g) to apparent satiation for 8 weeks.   
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The results indicate that PBM protein can be substituted for FM protein in BSB 

diets at levels as high as 90%, with no significant reduction in fish performance 

(survival, growth, and feed utilization) protein and lipid content of whole body and 

muscle tissues, and apparent digestibility of dry matter, protein, and lipid.  In SF, 

complete replacement of FM protein by PBM protein is possible based on these same 

parameters.  PBM is a promising alternative protein substitute for FM protein for 

sustainable diet development in BSB and SF.   

 In Expt. 3, the optimal diet producing no significant reduction in performance 

(survival, growth, and feed utilization) contained only 6% FM (70% FM protein 

replacement) in combination with SBM, PBM, MBM, SM, and KM and costs roughly 

$124/mT less than the control diet based on protein sources alone.  A practical diet 

containing a mixture of alternative protein sources with minimal incorporation of FM is 

possible for juvenile black sea bass. 
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INTRODUCTION 

 

Overview 

Nutrition is an important area in all types of finfish aquaculture.  Culturists strive 

to produce fish that have a high market quality which can only be achieved by 

maintaining proper health and diet.  Proper diets are not only important to produce high 

market quality fish, but also to minimize feed cost since diet costs are generally 15 to 

50% of the total cost for fish culturists depending on the mode of production (tank 

versus pond) (Craig and Helfrich, 2002).  Ideally, one would want a diet which the fish 

utilizes all nutrients efficiently and nothing is wasted.  This requires research to produce 

a balanced feed that contains all the nutrient requirements of the fish and encourages 

100% consumption by the fish.  

In terms of dietary composition, protein is the single largest and most expensive 

component (Hertrampf and Piedad-Pascual, 2000).  Fish utilize protein for growth and 

tissue repair only when adequate levels of fats and carbohydrates are present in the 

diet.  Otherwise, protein may simply be used for energy and life support (Craig and 

Helfrich, 2002).  In order to reduce protein costs, lipids can be partially substituted for 

protein.  However, this can lead to a decrease in the health and market quality of the 

fish through an excessive accumulation of fat deposits in the liver and muscle (Craig 

and Helfrich, 2002).  

Generally speaking, the protein requirement for fish can range anywhere from 

20% to 55% and is inversely correlated with age such that younger fish require the most 

protein (Trushenski et al., 2006).  The variation of protein required is also due to the fact 
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that each species has its own individual protein need.  Carnivorous fishes 

characteristically have a higher protein need than omnivorous and herbivorous species 

(Trushenski et al., 2006), and fish grown in low-density systems such as ponds have a 

lower protein need than those grown in high-density systems such as recirculating 

systems (Craig and Helfrich, 2002).  The rearing environment, water temperature, water 

quality, feeding rates, and genetic composition can also affect the amount of protein 

required (Craig and Helfrich, 2002).  

Proteins are comprised of 50% carbon, 16% nitrogen, 22% oxygen, and 0.7% 

hydrogen and structurally contain sequential chains of various amino acids (Hertrampf 

and Piedad-Pascual, 2000).  While these chains can contain mixtures of amino acids, 

only 10 are considered essential amino acids (EAA) and are shared among all 

vertebrates--arginine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, 

threonine, tryptophan, and valine (Trushenski et al., 2006).  The relative amounts of 

these 10 amino acids required can vary between species.  For example, Small and 

Soares (1998) determined the methionine requirement for striped bass, Morone 

saxatilis, to be 2.2% of the diet while Alam et al. (2000) calculated the methionine 

requirement for juvenile Japanese flounder, Paralichthys olivaceus, to be 1.49% of the 

diet. 

Since they are of vital importance, the 10 EAAs must be found in the sources of 

protein used to create finfish diets and in amounts similar to those required by the fish.  

If not, they must be supplemented to the diet in such a way that they meet the required 

balance for the particular species of fish.  Trushenski et al. (2006) summarizes this 

“ideal protein concept” best stating, “if the amino acid profile of the feed mimics the 
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whole-body amino acid profile of the animal being fed, protein utilization and growth 

should be maximized.”  The solution to this problem is to use fish meal as a source of 

protein for finfish diets, since it is a high quality protein that contains all of the EAAs.  

However, there are many problems associated with using fish meal today.  Various 

alternative protein sources are under research as a possible replacement for fish meal 

in finfish diets.  Each general type has its own advantages and disadvantages and to 

what extent replacement is possible thus far.  

 

 

Fish Meal Production 

Fish meal is light brown flour or meal that is produced from raw fish and fish 

trimmings (Fishmeal Information Network [FIN], 2007).  The raw fish, such as Clupeidae 

and Engraulidae, are wild caught solely for fish meal production while the trimmings are 

simply recycled material from food-fish processing (FIN, 2007).  Production includes 

cooking, pressing, drying and milling of the raw materials and, as a side product, fish oil 

is produced which is also commercially sold (FIN, 2007).  Thus, a commercial product is 

formed from both whole fish and the bones and offal from processed fish.  It is not only 

used for aquaculture feedstuff, but also swine and poultry feed (Trushenski et al., 2006). 

Worldwide production of fish meal has been stable at roughly 6.3 million metric 

tons (mmt) annually since the 1980s with Peru and Chile the main producing countries 

in 2012 (Tacon et al., 2006; FAO, 2012).  Poultry, swine, and aquaculture are equal 

consumers of fish meal with each using roughly 2 mmt annually (Trushenski et al. 

2006).  Future projections estimate that total demand will be around 9.3 mmt by 2015 
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with the majority of that increase due to an increase in aquaculture production (Tacon et 

al., 2006; Trushenski et al., 2006).  Another driver will be the reduction in use of meat 

and bone meal due to worries of increasing contamination of bovine spongiform 

encephalopathy (BSE or mad cow disease) (Trushenski et al., 2006).  It does not seem 

likely that the non-food-use fisheries will be able to meet the 50% increase in demand 

that is predicted for 2015, and the United Nation’s Food and Agriculture Organization 

predicts that fish populations targeted for fish meal could be depleted by 2030 (Tacon et 

al., 2006; Trushenski et al., 2006).  The real uncertainty is with China, the largest 

consumer of fish meal.  These trends could change significantly if China’s aquaculture 

industry switches to an alternative protein source for their feeds.  

  

 

Problems with Fish Meal 

Currently, the two biggest problems for fish meal are decreasing supply and the 

increasing costs.  Once seen as a renewable source, fish meal supply has slowly 

decreased due to overfishing trying to keep production stable over time (Tacon et al., 

2006; Trushenski et al., 2006).  Now, demand is expected to increase which will 

ultimately create an even shorter supply unless a sufficient alternative protein source is 

found.  In the last four years, fish meal prices have increased by roughly 63%, peaking 

at $1961.11 per metric ton (Indexmundi, 2012a).  

A third problem with fish meal is the variation in composition and quality, which 

can vary greatly between species or with age (Tacon et al., 2006), season, geographic 

origin, and processing methods (Trushenski et al., 2006).  Since some of the raw 
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materials used in fish meal come from fish trimmings, the exact composition of the 

produced meal may vary significantly.  Rapidly-processed, fresh, uncontaminated, 

whole fish that has been dried at low temperatures produces the highest market quality 

of fish meal (Tacon et al., 2006). 

 The last problem with fish meal is that it could contain polychlorinated biphenyls 

(PCBs), dioxins, and other harmful chemicals (New and Wijkstrom, 2002).  

Contaminants that have spilled over into the ocean work their way up the food chain 

and eventually into fishes destined for fish meal.  When caught and produced into fish 

meal, the meal itself becomes a vector of contamination that can increase levels of 

PCBs, dioxin, and other harmful chemicals in farm-raised finfish (Trushenski et al., 

2006).  Some dioxin derivatives are carcinogenic and could increase the likelihood of 

developing cancer (Aoki, 2001).  

Thus, fish meal is unlikely to be a sustainable source of protein for diets in finfish 

aquaculture.  It is clearly a finite resource that could limit continued growth of 

aquaculture.  The need for an economically available alternative protein source free of 

any contamination is vital.  Current studies have looked at potential fish meal 

replacements from various sources including animals, plants, single cell proteins, and 

brewing/fermentation byproducts. 

 

 

Animal Protein Sources 

Alternative sources of protein derived from animals that have been considered 

are meat meal, meat and bone, poultry by-product meal, seafood processing wastes, 
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earthworm meal, turkey meal, krill meal, and hemoglobin powder.  “Meat” meals, 

including meat meal and meat and bone meal are produced using similar methods and 

may be different in nutrient composition such as nitrogen and phosphorous (Miles and 

Jacob, 1998).  Meat meal is produced through cooking of recycled animal by-products 

including meat trimmings, inedible parts and organs, fetuses, and certain unused 

carcasses to create a nutritional and economical feed ingredient (Miles and Jacob, 

1998).  Blood, hair, hoofs, horns, manure, stomach contents, and hide trimmings are not 

allowed to be added to the meal, but if bones are added to the meat meal it is 

considered meat and bone meal (Miles and Jacob, 1998).  Meat and bone meal is 

considered the highest quality with a minimum crude protein level of 50% and a 

phosphorous composition that is greater than four percent (Miles and Jacob, 1998).  

Meat meals have been very successful in replacing fish meal in fish diets.  For instance, 

replacement of up to 40% of fish meal using processed meat solubles has been 

observed in the diets of juvenile grouper (Millamena and Golez, 2001) and up to 80% 

replacement using processed meat and blood meal with sub adult grouper Epinephelus 

coioides with no decrease in growth (Millamena, 2002).  In juvenile rainbow trout 

Oncorhynchus mykiss diets, meat and bone meal replaced up to 28% of the fish meal 

without growth impairment (Lee et al., 1999). 

Poultry by-product meal is a protein source produced from waste and by-

products of processed chickens possibly including heads and feet, but excluding 

feathers and intestines.  Like other animal based protein feedstuffs it has a high protein 

content, but can vary in compositional quality and lacks certain EAAs.  Poultry by-

product meal has shown success in replacing fish meal at high levels of inclusion.  In 
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gilthead seabream (Sparus aurata), 50% of the fish meal was successfully replaced 

without significant reduction in growth (Nengas et al., 1999).  In juvenile red drum 

(Sciaenops ocellatus), 67% of the fish meal was replaced by poultry by-product meal 

with no reductions in growth (Kureshy et al., 2000). 

Seafood processing wastes or silage is a mixture of fishing and fishery wastes 

and their by-products such as rendered fish and crustacean meals, fish cannery and 

processing waste, and shrimp and other seafood processing waste (Tacon et al., 2006).  

Silage has also had some success as a replacement for fish meal in rainbow trout and 

catfish (Trushenski et al., 2006).  Ten percent of fish meal was replaced in channel 

catfish diets using a different seafood processing wastes, including flounder, mixed 

finfish, blue crab, and blue crab without carapace (Dean et al., 1992).  Krill meal is 

already used in many fish diets not only as a source of protein, but also as a feeding 

attractant (Tacon et al., 2006).  Olson et al. (2006) observed that up to 60% of fish meal 

could be replaced in diets for Atlantic salmon Salmo salar using Antarctic krill, 

Euphausia superba. 

Advantages of animal protein sources include similar amino acid profile, 

availability, and relatively low cost.  Fish meal is a meat based protein and other 

terrestrial and aquatic sources of meat based proteins have similar amino acid profiles.  

More importantly, the relative amount of EAAs in animal protein sources is close to the 

amount found in fish meal.  Secondly, the general availability of animal derived feedstuff 

is high.  Production of animal by-product meals is around 15 to 30 mmt per year which 

is two to three times more than the production of fish meal, making it the largest source 

of animal proteins on the market (Tacon et al., 2006).  Silage and by-catch are also in 
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relatively large supply as a protein source.  Approximately, 20.3 mmt each year are 

produced as by-catch and discards which is roughly 25% of total catch (Tacon et al., 

2006).  Since production of these animal protein sources is directly linked to production 

of animal meat for human consumption, their availability is dependent upon the demand 

for animal meat.  As long as humans eat meat, there will be by-products to use as an 

alternative protein source.  Availability, in turn, influences the cost of animal derived 

feedstuff.  Animal protein sources are relatively low cost because they are cheaper than 

fish meal, but not as cheap as plant based protein sources (Tacon et al., 2006).  

However if plant meals gain significant interest in either the aquafeed or biofuel 

industries, then animal protein sources might become more competitively priced since 

their production would be relatively stable. 

There are some disadvantages to using animal derived protein sources.  These 

include variation of composition and quality, inefficient source of energy, contamination, 

and public perception.  Quality and composition can vary because many of these meals 

are based on by-products or live animals (Trushenski et al., 2006).  Similar to fish meal, 

animal protein sources are an inefficient source of energy for herbivorous fishes.  More 

energy is lost using meat to feed an animal than using a plant to feed an animal.  

Contamination can be a problem depending upon the animal source.  Seafood wastes 

and by-products could contain similar toxins as fish meal.  However, animal by-products 

can carry another form of contamination, bovine spongiform encephalopathy (BSE or 

mad cow disease) that is of growing concern (New and Wijkstrom, 2002; Trushenski et 

al., 2006).  Lastly, public perception with marketing fish fed with animal based proteins 

could pose a problem (New and Wijkstrom, 2002).  Today, more focus has been placed 
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on how food is handled and treated prior to reaching the consumer particularly from the 

standpoint of establishing an organic standard.  Fish fed an animal based protein diet 

could receive a negative perception (‘animals being fed to animals’ much like ‘fish being 

fed to fish’) ultimately discouraging or preventing consumers from buying farm-raised 

fish (New and Wijkstrom, 2002). 

 

 

Plant Protein Sources 

Alternative plant based protein sources that have been considered include 

soybean, canola, linseed, corn gluten, cottonseed, lupin, pea, rapeseed, rice, mucuna, 

winged bean, and macroalgae.  Methods for processing plant proteins can vary greatly 

for a given source.  For example, heat processed full-fat soybeans, mechanically 

extracted soybean cake, solvent extracted soybean meal, and dehulled solvent 

extracted soybean meal are all types of soybean meal but vary in composition due to 

different extraction processes (Gatlin et al., 2007).  Unlike the heterogeneity of raw 

materials in animal proteins, the variation in composition of soybean meal comes from 

the mechanical processes used to produce the meal.  Standardizing the mechanical 

processes would produce high quality meals with a consistent composition. 

Globally speaking, soybeans are the most abundant plant protein source for use 

in fish feeds as a fish meal replacement with a global production of roughly 132.2 mmt 

in 2003 (Gatlin et al., 2007; Tacon et al., 2006).  This is one reason why soybean meal 

is a promising alternative protein source.  Soybean meal is commonly made in the 

United States, but production is starting to expand overseas.  Since 1995, the United 
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Soybean Board has funded market-development activities, primarily in China, with the 

intent to increase demand for soybean meal for farm-raised fish (Gatlin et al., 2007).  In 

2005, an estimated five mmt were produced, up from virtually zero in years past (Gatlin 

et al., 2007).  Additionally, the cost and EAA profile of soybean meal make it an 

excellent replacement for fish meal.  Cost of soybean meal is currently one-third that of 

fish meal (Indexmundi, 2012b).  Any reduction in feed costs will drastically reduce 

overall production costs.  Of all plant protein sources, the EAA profile found in soybeans 

is very similar to that of fish meal with the exception of lysine and methionine which are 

low in practically all plant proteins (Gatlin et al., 2007).  Using soybean meal reduces 

the need to supplement many of amino acids that are deficient in other plant proteins.  

Soybean meal is an effective fish meal replacement with and without amino acid 

supplementation.  Saitoh et al. (2003) demonstrated that extruded soybean meal could 

replace 32% of the fish meal in the diets of southern flounder Paralichthys olivaceus 

without using amino acid supplementation.  Alam et al. (2012) found that 70% of fish 

meal could be replaced by soybean meal in southern flounder diets with the addition of 

7.5% squid meal, 5% krill meal, and with or without supplement methionine and lysine.   

 One advantage of using plant based protein sources is their low production 

costs.  Crops are relatively cheap to grow renewably and are inexpensive to form into a 

cake or meal.  Plant based protein sources are cheaper than fish meal and even 

cheaper than animal derived protein sources particularly animal by-products 

(Trushenski et al., 2006).  Another advantage is the high availability of plant proteins 

which also keeps cost down.  In terms of trophic dynamics, primary producers have 

greater biomass and abundance than animal derived protein sources.  The diversity of 
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plant species allows for more possible alternatives for a sustainable protein source.  

Lastly, plant products have a high protein digestibility which ensures that the protein will 

be taken up and utilized by the fish, and not be wasted through excretion (Gatlin et al., 

2007). 

 One disadvantage that plant protein sources have is that they lack certain EAAs 

(Gatlin et al., 2007).  The amino acid profiles of many plant proteins are dissimilar to 

that of fish meal and thus do not meet the amino acid needs of fish (Trushenski et al., 

2006).  Therefore, supplementation of these deficient amino acids in finfish diets is 

required for plant protein sources to be successful in replacing fish meal.   

Another disadvantage of plant protein sources is that they are rich in 

carbohydrates like the high fiber content found in soybean meal.  Fish do require about 

15% to 20% of carbohydrates in their diet as a source of energy to allow protein to be 

used solely for growth (Craig and Helfrich, 2002).  However, the amount of 

carbohydrates in plant protein sources is in excess relative to the amount needed 

(Trushenski et al., 2006).  Thus, fish do not efficiently utilize the carbohydrate content of 

plant protein sources and much gets wasted.  

Palatability is also a problem with plant protein sources.  Plant material is not a 

usual fish food, especially for carnivorous species, and therefore fish are not ordinarily 

attracted to eating it.  However, feed uptake can be increased by using attractants such 

as krill meal and squid meal or flavor additives such as betaine, glycine, and other 

amino acids (Trushenski et al., 2006). 

The last disadvantage with plant protein sources is the presence of antinutritional 

compounds in produced meals.  Compounds such as protease inhibitors, lectins, phytic 
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acid, saponins, phytoestrogens, antivitamins, and allergens all create poor uptake of 

nutrients by the fish and can lead to increased nutrient content in the effluent (Gatlin et 

al., 2007; Trushenski et al., 2006).  However, these compounds can have different 

effects on different species of fishes.  For example, growth and feed utilization in 

rainbow trout and grass carp, Ctenopharyngodon idella, were negatively affected by 

soybean derived trypsin inhibitors, yet channel catfish growth was unaffected 

(Trushenski et al., 2006).  Phytate, for example, is an antinutritional compound found in 

soybeans which binds minerals together resulting in reduced mineral availability for the 

fish and can ultimately lead to a decrease in weight gain, feed efficiency, and mineral 

bioavailability along with possibly cataract formation (Trushenski et al., 2006).  

However, elimination or avoidance of antinutritional compounds is possible through 

increasing concentrations of certain macro-minerals, using processing treatments such 

as heat treatments and extraction procedures, dietary incorporation of enzymes like 

phytase (to break down phytate), and the use of genetically improved grains such as 

low-phytate strains of maize, barley, rice, and soybean containing 5% to 50% of 

traditional seed phytic acid levels (Gatlin et al., 2007; Trushenski et al., 2006).  

Unfortunately, some of these solutions can change the protein solubility and mineral 

availability to antinutritional factors (Gatlin et al., 2007). 

. 

 

Combined Alternative Protein Sources 

Alternative protein sources have been successful in replacing fish meal, but only 

to an extent.  To date, partial replacements have been successful but complete 
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replacements are rare (Trushenski et al., 2006).  One of the bottlenecks to preventing 

greater replacement is the absence of data on vital nutrient requirements for each 

species of fish.  Much research has been done with individual alternative protein 

sources, but very little with combined protein sources.  Combining one or more 

alternative protein sources, such as combining animal by-products with soybean meal, 

might be the solution to replacing higher percentages of fish meal and ultimately 

enabling total replacement.  One strategy of combining alternative protein sources is to 

balance out amino acid profiles similar to a fish’s needs.  Since plant protein sources 

are generally low in lysine, combining them with animal based protein sources in a diet 

could balance the amino acid profile to match that of fish meal (Gatlin et al., 2007).  In 

cuneate drum (Nibea miichthioides), a diet containing 41.7% animal protein sources 

(poultry by-product meal, meat and bone meal, blood meal, feather meal) in 

combination with 29.3% plant protein sources (soybean meal and rapeseed meal) and 

no fish meal produced no significant difference in growth compared to a fish meal based 

diet (Wang et al., 2010).  

 

 

Conclusions 

Research has shown potential for replacement of fish meal by alternative protein 

sources from animals and plants in fish feeds.  Each source has its own advantages 

and disadvantages to replacing fish meal.  For greater or total replacement of fish meal 

by alternative protein sources, the individual nutritional needs of each species must be 

determined as well as finding least cost or cost-effective combinations of alternative 
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protein sources that can meet those needs.  Dietary EAA requirements must be studied 

in order to understand how alternative protein sources can be utilized to meet the needs 

of fishes.  Furthermore, developing new ways of combining different protein sources or 

improving methods of manufacturing to streamline the quality protein sources will be 

required to help protein sources match a fish’s dietary needs. 

 

 

Black Sea Bass 

 Black sea bass, Centroprista striata, is a commercially important marine finfish 

species, particularly in North Carolina, that commands a high market value (NOAA Fish 

Watch, www.fishwatch.gov).  Black sea bass stocks north of Cape Hatteras, North 

Carolina are considered viable, but stocks south of Cape Hatteras are considered 

overfished (NOAA Fish Watch, www.fishwatch.gov; Watanabe, 2011).  Black sea bass 

inhabit hard-bottom areas such as reefs or shipwrecks and feed mainly on fishes, 

amphipods, and decapods (Musick and Mercer, 1977; Sedberry, 1988; Watanabe 

2011).  Hatchery-raised black sea bass juveniles spawned from conditioned wild-caught 

fish have been successfully cultured through the market stage in a recirculating 

aquaculture system at the University of North Carolina Wilmington aquaculture facility 

(Watanabe et al., 2003; Watanabe, 2011).  Diets formulated with 44% protein and 15% 

lipid were found to be ideal for optimal growth of black sea bass reared in a recirculating 

aquaculture system (Alam et al., 2008). 
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Southern Flounder 

 Southern flounder, Paralichthys lethostigma, is a highly sought-after species by 

both commercial and recreational fishermen in North Carolina due to its value as a 

savory foodfish.  Southern flounder stock is considered overfished since 2009, yet 

commercial landings in 2010 were reported at 1,689,000 lbs with a total value of 

$3,696,000 (NC Division of Marine Fisheries, portal.ncdenr.org).  Southern flounder 

prefer inshore soft muddy or sandy bottoms and feed mostly on shrimp and small fish 

(Daniels, 2000).  Tank culture of southern flounder from egg to marketable stage has 

been successfully in recirculating aquaculture systems (Daniels, 2000; Daniels and 

Watanabe, 2003).  Diets formulated with 50% protein and 10% lipid were found to be 

ideal for optimal growth of southern flounder reared in a recirculating aquaculture 

system (Alam et al., 2009). 

 

 

Objectives 

For commercial startup of black sea bass and southern flounder farm production, 

sustainable diets will need to be manufactured using cost-effective alternative protein 

sources.  Further research is needed to determine the effects of these alternative 

protein sources on both species before practical commercial diets can be produced.  

One objective of this study was to determine the maximum substitution limits of poultry 

by-product meal (PBM) for fish meal (FM) in juvenile black sea bass (BSB) Centropristis 

striata and southern flounder (SF) Paralichthys lethostigma.  A second objective was to 

determine the effects of combined protein sources including soybean meal (SBM), 
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PBM, meat and bone meal (MBM), krill meal (KM), and squid meal (SM) on growth and 

feed utilization in BSB. 

 

 

Null hypotheses 

Substitution of FM protein by PBM protein will have no effect in survival, growth 

performance, feed utilization, biochemical composition, and protein digestibility of 

juvenile BSB and SF.  Substitution of FM by a combination of protein sources (SBM, 

PBM, MBM, KM, and SM) will have no effect on survival, growth performance, feed 

utilization, and biochemical composition of juvenile BSB. 
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METHODS 

 

Experimental Animals and System 

Juvenile black sea bass (BSB) and southern flounder (SF) were cultured from 

eggs spawned by photothermally conditioned captive broodstock held at the UNCW-

CMS Aquaculture Facility (Wrightsville Beach, NC, USA).   Broodstock were induced to 

spawn using luteinizing hormone-releasing hormone analogue (LHRHa) implants 

(Watanabe et al., 2003; Watanabe et al., 2001).  Eggs were hatched and reared through 

juvenile stage in 150-L tanks (Daniels and Watanabe, 2003; Watanabe, 2011). 

The experimental system consisted of twenty-four 75-L rectangular (76 x 32 x 43 

cm) glass tanks supported by a recirculating seawater system (RAS) located in a 

controlled environment laboratory.  Water quality was maintained by a bubble wash 

bead filter (Top Fathom, Michigan, USA), a foam fractionator (Aquadyne, Georgia, 

USA), and UV sterilizer (Emperor Aquatics, Pottstown, Pennsylvania, USA).  Tanks 

were subjected to a 12L:12D photoperiod supplied by eight 60 W fluorescent lamps in 

addition to ambient light levels from sunlight entering the laboratory windows.  

 

 

Experimental Design 

Two experiments were designed to evaluate the effects of poultry by-product 

meal (PBM), an alternative protein source to fish meal (FM), on growth and feed 

utilization of juvenile BSB (Expt. 1) and SF (Expt. 2), respectively.  A third experiment 
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(Expt. 3) was designed to evaluate the effects of combined protein sources, including 

PBM and meat and bone meal (MBM), on growth and feed utilization for juvenile BSB.  

For Expt. 1 (BSB) and Expt. 2 (SF), eight diets were formulated to replace FM 

protein with PBM protein at levels of 0 (control), 40, 50, 60, 70, 80, 90, and 100% (Table 

1).  All diets were formulated to have the same crude protein level (45%) and lipid level 

(14%).  Except for wheat gluten as a binder, no additional protein sources or attractants 

were used.  Carbohydrate and energy values for all diets were calculated at 13.9% and 

15.1 kJ/g, respectively (Blaxter, 1989).  All diets contained the same amount of vitamin 

and mineral premix (Kadai, Kagoshima University, Kagoshima, Japan), and menhaden 

fish oil and soybean lecithin were used as lipid sources in addition to the lipid content 

found in the protein sources.  The ingredients in the Kadai vitamin and mineral premix 

are listed in Appendix A.  

For Expt. 3 (BSB), a control diet was formulated to contain 40% soybean meal 

(SBM), 20% FM, 7.5% squid meal (SM), and 5% krill meal (KM) (Alam et al., 2012).  Six 

diets were formulated to replace FM protein by either PBM protein or MBM protein at 35 

and 70% and by a combination of these proteins at 70 and 100% (Table 2).  One diet, 

formulated to replace 70% FM by both PBM and MBM proteins, contained no SM or 

KM.  All diets were formulated to have the same crude protein level (43%) and lipid level 

(12%) and the same amount of vitamin and mineral premix.  Menhaden fish oil and 

soybean lecithin were used as lipid sources supplementing the lipid content contributed 

by the protein sources.  All experimental diets were produced at the UNCW-CMS 

Aquaculture Facility.  For each experiment, diets were analyzed for proximate 
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composition (moisture, ash, lipid, and protein) and fatty acid composition as described 

below. 

The FM, MBM, and SM were sieved (750 µm) prior to being measured.  The 

SBM was grounded in a kitchen mill (KTEC, Orem, Utah, USA) before weighing.  For 

each diet, all dry ingredients were measured into a 4-L Ziploc bag and partially mixed by 

shaking the sealed bag and then further mixed in a KitchenAid mixer (St. Joseph, 

Minnesota, USA) for approximately 5 min.  Menhaden fish oil and soy lecithin were 

measured into 50 mL glass beakers, and heated on a hot plate for easy mixing.  The 

lipid sources were slowly added to the dry ingredients in the mixer using a spatula to 

ensure all of the lipid was transferred from the beaker.  The lipid and dry ingredients 

were mixed for an additional 10 min.  Deionized water (300-525 mL) was slowly added 

until the desired consistency was reached.  The diets were pelletized using a ¾ hp meat 

grinder (Jacobi-Lewis, Wilmington, North Carolina, USA) and then dried in a preheated 

(98°C) oven.  Once cooled, the pellets were placed in a labeled Ziploc bag and stored in 

a refrigerator.  This procedure was repeated for each of the three experiments.  In Expt. 

1, two 1-kg batches were produced to complete the experiment, while in Expt. 2 and 3, 

only one batch (1.5 kg) of each diet was produced.  

To begin each experiment, tanks were randomly stocked at densities of 20 (Expt. 

1), 16 (Expt. 2), or 15 (Expt. 3) fish per 75-L tank (0.27-0.20 fish per L).  After fish were 

acclimated for three days, the initial weights of fish in each tank were determined.  

Mean weights for Expt. 1 (BSB) and 2 (SF) were 1.21 g ± 0.07 and 1.16 g ± 0.07, 

respectively, while mean weight for Expt. 3 (BSB) was 2.13 g ± 0.03, with no significant 

differences (P > 0.05) among treatments.  Fish were fed a commercial diet containing 
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57% protein and 15% lipid (Skretting, Vancouver, Canada) during the acclimation 

period.  Treatment diets were fed twice daily (0900 and 1500 h) to triplicate groups of 

juvenile BSB (Expt. 1 and 3) and SF (Expt. 2) to apparent satiation (until fish stopped 

feeding with minimal wastage) for 8 weeks.  Individual feed containers for each tank 

were initially filled with 50 g of their respective diet and then refilled with 50 g each time 

when low.  At the end of eight weeks, the number of refills and weight of leftover diets in 

the containers was used to determine feed intake in each tank.  

 

 

Experimental Conditions 

Temperature, salinity, dissolved oxygen, and pH were monitored twice weekly 

using a multi-parameter probe (YSI, Yellow Springs, Ohio, USA) while ammonia and 

nitrite were measured once weekly using a portable HACH spectrophotometer (DR 

2010, Loveland, Colorado, USA).  In Expt. 1, temperature was maintained at 24.1 ± 

0.03 °C, salinity at 34.7 ± 0.10 g/L, dissolved oxygen at 5.9 ± 0.02 mg/L, and pH at 7.7 ± 

0.05.  Ammonia and nitrite levels were kept at 0.17 ± 0.01 mg/L and 0.06 ± 0.01 mg/L 

respectively.  For Expt. 2, temperature was maintained at 24.0 ± 0.05 ºC, salinity at 33.8 

± 0.11 g/L, dissolved oxygen at 6.9 ± 0.04 mg/L, and pH at 7.8 ± 0.03.  Ammonia was 

kept at 0.29 ± 0.02 mg/L and nitrite at 0.22 ± 0.01 mg/L.  In Expt. 3, temperature was 

maintained at 23.4 ± 0.06 ºC, salinity at 34.0 ± 0.07 g/L, dissolved oxygen at 6.8 ± 0.07 

mg/L, and pH at 7.8 ± 0.01.  Ammonia was maintained at 0.03 ± 0.01 mg/L, while nitrite 

was maintained at 0.22 ± 0.01 mg/L.  Tanks were siphoned and cleaned daily as 

needed. 
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Analytical Methods 

Mortalities were recorded daily and fish in each tank were lot weighed every two 

weeks to monitor growth.  Growth performance was determined from final body weight 

and by calculating percent body weight gain [(final wet weight – initial wet weight) / initial 

wet weight x 100%], and specific growth rate [(ln(mean final weight) – ln(mean initial 

weight)) / 56 d x 100] (Bureau et al., 2002).  Feed utilization was evaluated from feed 

intake [g d-1 fish-1], feed conversion ratio [total feed intake (g) / wet weight gain (g)], and 

protein efficiency ratio [wet weight gain (g) / total protein intake dry weight (g)] over the 

56-d study (Bureau et al., 2002).  After 8 weeks, final biomass and survival were 

measured. 

 

 

Fish Carcass Biochemical Analysis 

For each experiment, an initial sample of 10 to 20 fish was collected and stored 

in a deep freezer (-80°C) for later biochemical analysis. At the end of each experiment, 

eight to ten fish from each tank were collected for biochemical analysis.  Five fish were 

used to determine proximate composition (moisture, ash, lipid, and protein) and fatty 

acid profiles of the whole body and from three to five fish were dissected to analyze the 

proximate composition of muscle and liver tissue.  Proximate composition of fecal 

matter (Expt. 1 and 2) was also analyzed.  In addition, amino acid profiles of the diets 

were calculated based on published ingredient values.   
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Moisture content for the whole body, muscle, and liver tissues was determined 

using a freeze-dryer.  Samples were weighed before and after freeze-drying and 

moisture was calculated using the formula (AOAC 1990): 

 

Moisture (%) = Initial sample mass – Final sample mass  x  100 
          Initial sample mass 

 

Moisture content of the diets was determined using an isotemp oven (Fisher Scientific, 

Waltham, Massachusetts, USA).  Samples were weighed before and after drying in the 

oven (120°C) for 2 h and then moisture content calculated using the formula above. 

 Ash content of the diets and fish whole body, muscle, and liver tissues was 

determined using a muffle furnace (Barnstead/Thermolyne, Dubuque, Iowa, USA).  Diet 

and tissue samples were weighed before and after being placed in the furnace for 6 h at 

600°C.  Ash content was calculated using the formula (AOAC 1990): 

 

Ash (%) = Final sample mass  x 100 
      Initial sample mass 

 

Analysis of crude protein content was done on diets and fish whole body, muscle, 

and liver tissues using the Kjeldahl method (AOAC 1990).   Approximately 0.2 g of 

sample and 2 g of catalyst (9:1 potassium sulfate:copper sulfate) were dissolved in a 

solution of 10 mL of concentrated sulfuric acid and 10 mL of 30% hydrogen peroxide, 

and heated on a digestor (Labconco, Kansas City, Missouri, USA) at 400°C for 1.5 h.  

After cooling, 40 mL of deionized water was added to the solution which was distilled 
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with a 50% sodium hydroxide solution using a Kjeldahl distilling apparatus (Labconco, 

Kansas City, Missouri, USA).  The condensate was collected in a flask with 25 mL of 

boric acid indicator solution to a volume of 150 mL.  The solution in the flask was titrated 

with 0.1 N sulfuric acid until a standardized end point (determined by color change of a 

blank sample) was reached.  Total nitrogen (N) was determined using the formula: 

 

Total N (%) = (Final titration – blank titration) x 0.14 
        Mass of sample 

 

Crude protein content was calculated from the total N using the formula: 

 

 Protein (%) = Total N x 6.25 

 

Total crude lipid analysis was conducted using the Bligh and Dyer method (1959) 

on diets and fish whole body, muscle, and liver tissues.  Approximately 0.2 g of sample 

were homogenized in a 1:1 chloroform:methanol solution to extract the lipid content.  

The sample solution was vacuum-filtered through a 25-µm paper filter to remove 

particles and transferred to a separatory funnel.  Deionized water was added until two 

distinct layers formed.  The bottom layer was collected in a pre-weighed flask which was 

then dried using a Rotavap (Heidolph, Germany) to remove the solvents and placed in 

an oven (50°C) for 5 min.  After cooling, the flask was weighed and total crude lipid 

content calculated using the formula: 
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Lipid (%) = Final flask mass – Initial flask mass  x  100 
           Initial sample mass 

 

The total lipid sample of diets and fish whole body tissues was then transferred into a 10 

mL vial with 1:1 chloroform:methanol to create a stock solution of 0.01 g/mL for later 

fatty acid analysis. 

 Lipids of diets and fish whole body tissues were then converted into fatty acid 

methyl esters (FAMEs).  One mL of the lipid stock solution was transferred into a 

conical vial with 250 µL of a 0.001 g/mL solution of C19:0 fatty acid (internal standard).  

The solvents were then evaporated with nitrogen gas and heat (40°C).  One mL of 0.5 

M sodium hydroxide in methanol was added to the vial and heated at 80°C for 30 min.  

Next, 1.5 mL of boron trifluoride was added to the vial and heated for another 30 min at 

the same temperature.  Once cool, one mL of saturated sodium chloride and 1 mL of 

hexane were added to the vial which was then capped and shaken.  After two separate 

layers formed, the top layer was removed and passed through 63-µm silica in a Pasteur 

pipette into a 25 mL round bottom flask.  This procedure was repeated with 1 mL of 

hexanes and 1 mL of 20% ether:hexane solution and then the pipette was rinsed with 1 

mL of 50% ether:hexane solution.  The solvents were dried using a Rotavap and the 

sample transferred to a gas chromatography (GC) vial with 800 µL of 100% chloroform.  

The GC vials were then flashed with nitrogen and stored in the refrigerator.  

Identification and quantification of the FAMEs was done using the GC-FID (Hewlett 

Packard, USA) at the UNCW Chemistry Department (Rezek et al., 2010).  
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Digestibility 

Following Expt. 1 and 2, a digestibility study was conducted for 14 days to 

determine the apparent digestibility coefficients (ADC) of dry matter, crude protein, and 

crude lipid in the experimental diets.  Fish not collected for biochemical analysis were 

transferred to 3-L cylindroconical tanks (Expt. 1), or maintained in their original tanks 

(Expt. 2) for digestibility studies.  During digestibility studies, fish were maintained under 

experimental conditions as described above.  Each diet was reformulated to included 

0.5% chromic oxide which was offset by a reduction of cellulose.  These diets were fed 

twice daily after which the tanks were cleaned following the last feeding.  The next 

morning, fecal material produced overnight was collected, rinsed with deionized water, 

and stored in a freezer (-20°C) for chromic oxide and nutrient (protein and lipid) 

analyses.  Chromic oxide content was determined using a spectrophotometer (Thermo 

Fisher Scientific, Two Rivers, Wisconsin, USA) through a modified Furukawa and 

Tsukahara (1966) method.  Fecal samples were freeze-dried to remove all moisture.  

Samples of feces and diets were ground using a mortar and pestle and then weighed 

into digestion flasks.  After adding nitric acid, the flasks were heated on a mircodigestor 

(Labconco, Kansas City, Missouri, USA) for 20 min and cooled.  Perchloric acid was 

added to the cooled flasks and then the flasks reheated until the sample solution turned 

yellow for 10 min.  The sample solution was then transferred to a volumetric flask and 

deionized water was added until the solution reached 50 mL.  An aliquot of the sample 

solution was placed in the spectrophotometer to determine the absorbance and then the 

chromic oxide content was calculated from a standard curve.  The ADC of dry matter 

was calculated using the formula: 
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ADC of dry matter(%) = 100 X [1-(Dchromic / Fchromic)] 

The ADC of protein and lipid was calculated using the formula: 

ADC of nutrients(%) = 100 X [1-(Fnutrient / Dnutrient X Dchromic / Fchromic)] 

where F is the percent of nutrient or chromic oxide in the fecal matter and D is the 

percent of nutrient or chromic oxide in the diet (Furukawa and Tsukahara, 1966). 

 

 

Statistical Analysis 

Statistical analysis was performed using the JMP 7 statistical software (SAS 

Institute Inc., Cary, North Carolina).  Treatment means were compared using a one-way 

ANOVA with assumptions of the ANOVA verified by O’Brien’s test (1981) for 

homogeneity of variances.  Significant differences between the means were further 

analyzed using Tukey-Kramer HSD (Tukey, 1953; Kramer, 1956).  P < 0.05 was 

considered significant. 
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Table 1: Formulation of diets using PBM protein to replace FM protein in Experiments 1 
and 2.  All values are in g per 100 g diet unless otherwise noted. 

Replacement (%) 0 40 50 60 70 80 90 100 

         Menhaden fish meal
1 

70 42 35 28 21 14 7 0 

Poultry by-product meal
2 

0 25.1 31.3 37.6 43.9 50.1 56.4 62.7 

Wheat starch 13.9 13.9 13.9 13.9 13.9 13.9 13.9 13.9 

Wheat gluten
3 

4 4 4 4 4 4 4 4 

Menhaden fish oil
4 

4.6 4.2 4.1 4 3.9 3.8 3.7 3.6 

Soybean lecithin
5 

1 1 1 1 1 1 1 1 

Vitamin premix
6 

3 3 3 3 3 3 3 3 

Mineral premix
6 

3 3 3 3 3 3 3 3 

Vitamin C 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Calcium phosphate 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

Cellulose 0 3.3 4.2 5.0 5.8 6.7 7.5 8.3 

         

 

100 100 100 100 100 100 100 100 

         Protein %* 45.0 45.0 45.0 45.0 45.0 45.0 45.0 45.0 

Lipid %* 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 

Added Carbohydrate %* 13.9 13.9 13.9 13.9 13.9 13.9 13.9 13.9 

Energy (kJ/g)* 15.1 15.1 15.1 15.1 15.1 15.1 15.1 15.1 

 
 
1Melick Aquafeed, Catawissa, PA, 60% protein, 12% lipid 
2Melick Aquafeed, Catawissa, PA, 67% protein, 15% lipid 
3MP Biomedicals, Solon, OH, 77% protein 
4Omega Protein, Inc., Virginia Prime Gold, Houston, TX 

5Soapgoods, Smyrna, GA 
6Kadai, University of Kagoshima, Japan 
*Calculated value 
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Table 2: Formulation of diets using a combination of protein sources to replace fish 
meal protein (FM) including soybean meal, poultry by-product meal (PBM), meat and 
bone meal (MBM), squid meal (S), and krill meal (K) in Experiment 3.  All values are in g 
per 100 g diet unless otherwise noted.  Control diet formulated from Alam et al. (2012). 

 
 
1Melick Aquafeed, Catawissa, PA, 60% protein, 12% lipid 

2Southern States Cooperative, Inc., Wallace, NC 47% protein, 0.5% lipid 

3Scoular Company, International Protein Corp, Minneapolis, MN, 75% protein, 10% lipid 

4Skretting, Vancouver, Canada, 60% protein, 10% lipid 
5Melick Aquafeed, Catawissa, PA, 67% protein, 15% lipid 
6Tri State Packing Company, Van Wert, OH, 50% protein, 6% lipid 
*Calculated value 
†Added carbohydrate value 

Replacement (%) 0 35 70 35 70 70 70 100 

Replacement 
source 

   
S+K 

 PBM 
S+K 

 PBM 
S+K 

 MBM 
S+K 

MBM 
S+K 

PBM+MBM 
S+K 

PBM+MBM  
No S+K 

PBM+MBM 
S+K 

         
Menhaden FM

1 
20 13 6 13 6 6 6 0 

Soybean meal
2
  40 40 40 40 40 40 40 40 

Squid meal
3
 7.5 7.5 7.5 7.5 7.5 7.5 0.0 7.5 

Krill meal
4 

5 5 5 5 5 5 0 5 

PBM
5 

0.0 6.3 12.5 0.0 0.0 6.3 12.7 9.0 

MBM
6 

0.0 0.0 0.0 8.4 16.8 8.4 17.0 12.0 

Wheat starch 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 

Wheat gluten 4 4 4 4 4 4 4 4 

Menhaden fish oil
 

7.8 7.5 7.3 8.0 8.2 7.7 7.5 7.7 

Soybean lecithin 1 1 1 1 1 1 1 1 

Vitamin premix
 

3 3 3 3 3 3 3 3 

Mineral premix
 

3 3 3 3 3 3 3 3 

Vitamin C 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

CaPO4 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

Cellulose 4.5 5.5 6.4 2.9 1.3 3.9 1.5 3.6 

         

 
100 100 100 100 100 100 100 100 

         
Protein %* 42.5 42.5 42.5 42.5 42.5 42.5 42.5 42.5 

Lipid %* 12.2 12.2 12.2 12.2 12.2 12.2 12.2 12.2 

Carbohydrate %*
†
 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 

Energy (kJ/g)* 12.3 12.3 12.3 12.3 12.3 12.3 12.3 12.3 
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RESULTS: EXPERIMENT ONE (BLACK SEA BASS) 

 

Survival and Growth 

 At the end of the experiment (56 d), survival ranged from 95 - 100%, with no 

significant (P > 0.05) differences among treatments (Table 3).  Fish fed the 80% PBM 

protein diet showed 100% survival.  While fish fed the 100% PBM protein replacement 

diet showed very high survival, some fish in the treatment developed cataracts in their 

eyes potentially interfering with their natural feeding behavior. 

 No significant differences in mean fish weights (range = 1.12 – 1.27 g) were 

observed among treatment groups at the beginning of the experiment (d0) (Fig. 1).  By 

d14, fish mean weights ranged from 1.10 to 1.32 g, with no significant differences.  On 

d28 and d42, fish fed the 100% PBM protein diet (6.60 g and 9.93 g, respectively) were 

significantly smaller than fish fed the control FM diet (7.90 g and 13.0 g).  At the end of 

the experiment (d56), fish weight in the 100% PBM protein diet (13.6 g) was significantly 

lower than the control FM diet (17.8 g) (Table 3, Fig. 2).   

 Body weight gain (BWG) for all treatment groups was at least 1,000% (Table 3, 

Fig. 3).  No significant differences were observed in fish fed the 40-90% protein 

replacement diets (1,045% - 1,357%) compared to the control diet (1,307%).  Percent 

BWG for the diet replacing 100% FM protein by PBM protein (1,045%) was significantly 

lower than the control group.  Fish fed the 90% FM protein replacement diet (1,196%) 

was not significantly different from the 100% FM protein replacement diet (1,045%) 

(Table 3).   
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 Specific growth rate (SGR) of fish fed PBM protein replacement diets ranged 

from 2.30 to 2.59%/d, with no significant differences from the control (2.64%/d) (Table 3, 

Fig. 4).  Fish fed the 100% PBM protein diet had the lowest SGR (2.30%/d), significantly 

lower than the 50% PBM protein diet (2.59%/d).   

 

 

Feed Utilization 

 No significant differences in feed intake were observed, which ranged from 0.26 

to 0.30 (g/fish/d) (Table 3).  Feed conversion ratio (FCR) for fish fed the 60% PBM 

protein replacement diet (1.17) and the 100% PBM protein replacement diet (1.19) were 

significantly higher than fish fed the control 100% FM diet (0.99) (Table 3, Fig. 5).  No 

significant differences were found among all other treatments (1.08 – 1.14) compared to 

the control.  FCR of fish fed the 90% PBM protein diet was not significantly different 

from fish fed the 100% PBM protein diet.   

Protein efficiency ratio (PER) was significantly lower for fish fed the 100% PBM 

protein diet (1.96) compared to fish fed the control 100% FM protein diet (2.29) (Table 

3, Fig. 6).  PER was not significantly different for fish fed diets containing 40% to 90% 

PBM protein.  Fish fed the 90% PBM protein diet had no significant difference in PER 

from fish fed the 100% PBM protein diet. 
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Table 3: Survival, growth, and feed utilization (x̄ ± SEM, N = 3) of juvenile black sea bass fed diets with increasing 

concentrations of fish meal protein replaced by poultry by-product meal protein after 56 days (Expt. 1).  Growth and feed 

utilization parameters include percent body weight gain (BWG), specific growth rate (SGR), feed intake (FI), feed 

conversion ratio (FCR), and protein efficiency ratio (PER).  Means with a common letter were not significantly different.  

Diet 
(% PBM)1 

Survival 
(%) 

Final Weight 
(g) 

BWG 
(%) 

SGR 
(%/d) 

FI  
(g/fish/d) 

FCR PER 

0 (control) 98.3a 17.80 ± 0.76a 1307 ± 62.4ab 2.46 ± 0.05ab 0.29 ± 0.007a 0.99 ± 0.07b 2.29 ± 0.16a 

40 96.7a 15.85 ± 0.58ab 1199 ± 16.2abc 2.41 ± 0.03ab 0.29 ± 0.015a 1.11 ± 0.01ab 2.08 ± 0.02ab 

50 98.3a 16.34 ± 0.50ab 1357 ± 34.4a 2.59 ± 0.02a 0.29 ± 0.003a 1.08 ± 0.02ab 2.13 ± 0.03ab 

60 98.3a 15.39 ± 0.45bc 1136 ± 61.6bc 2.34 ± 0.08b 0.29 ± 0.007a 1.17 ± 0.02a 2.01 ± 0.04ab 

70 98.3a 15.90 ± 0.06ab 1231 ± 32.8abc 2.45 ± 0.05ab 0.29 ± 0.007a 1.09 ± 0.03ab 2.13 ± 0.05ab 

80 100.0a 15.93 ± 0.34ab 1250 ± 41.6ab 2.47 ± 0.07ab  0.29 ± 0.003a 1.09 ± 0.02ab 2.14 ± 0.05ab 

90 95.0a 16.18 ± 0.12ab 1196 ± 11.5abc 2.39 ± 0.02ab 0.30 ± 0.009a 1.14 ± 0.02ab 2.10 ± 0.03ab 

100 98.3a 13.56 ± 0.45c 1045 ± 33.8c 2.30 ± 0.03b 0.26 ± 0.015a 1.19 ± 0.03a 1.96 ± 0.04b 

1Values represent percent of FM protein replaced by PBM protein 
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Figure 1: Growth (wet weight) (x̄ ± SEM, N = 3) of juvenile black sea bass fed diets with 

increasing concentrations of fish meal (FM) protein replaced by poultry by-product meal 

(PBM) protein for 56 days (Expt. 1).  Significant (P < 0.05) treatment effects (**) were 

observed on d28, d42, and d56. 
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Figure 2: Final weight  (x̄ ± SEM, N = 3) of juvenile black sea bass fed diets with 

increasing concentrations of fish meal (FM) protein replaced by poultry by-product meal 

(PBM) protein after 56 days (Expt. 1).  Means with a common letter were not 

significantly different. 
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Figure 3: Percent weight gain  (x̄ ± SEM, N = 3) of juvenile black sea bass fed diets with 

increasing concentrations of fish meal (FM) protein replaced by poultry by-product meal 

(PBM) protein after 56 days (Expt. 1).  Means with a common letter were not 

significantly different. 
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Figure 4: Specific growth rate (SGR) (x̄ ± SEM, N = 3) of juvenile black sea bass fed 

diets with increasing concentrations of fish meal (FM) protein replaced by poultry by-

product meal (PBM) protein after 56 days (Expt. 1).  Means with a common letter were 

not significantly different. 
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Figure 5: Feed conversion ratio  (x̄ ± SEM, N = 3) of juvenile black sea bass fed diets 

with increasing concentrations of fish meal (FM) protein replaced by poultry by-product 

meal (PBM) protein after 56 days (Expt. 1).  Feed conversion ratio (FCR) is calculated 

by total feed intake (g) / wet weight gain (g).  Means with a common letter were not 

significantly different. 
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Figure 6: Protein efficiency ratio  (x̄ ± SEM, N = 3) of juvenile black sea bass fed diets 

with increasing concentrations of fish meal (FM) protein replaced by poultry by-product 

meal (PBM) protein after 56 days (Expt. 1).  Protein efficiency ratio (PER) is calculated 

by wet weight gain (g) / total dry protein intake (g).  Means with a common letter were 

not significantly different. 
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Proximate Composition of Diets 

 Diet moisture content was significantly higher in the 80% PBM diet (14.9%) and 

the 90% PBM diet (13.9%) and significantly lower for the 40% PBM diet (11.2%) and 

50% PBM diet (9.8%) compared to the control 100% FM diet (12.7%) (Table 4). 

Experimental diets with PBM protein replacing FM protein (11.0 - 14.3%) had 

significantly lower ash content than the control 100% FM diet (16.4%) (Table 4).  There 

was a clear trend toward decreasing diet ash content with increasing concentration of 

PBM protein in replacement of FM protein.  Crude protein content of the diets ranged 

from 41.9% to 44.4% among treatments and did not differ significantly (Table 4).  Crude 

lipid levels of diets with 50% - 100% PBM protein (12.3% - 13.0%) were significantly 

lower than in the control 100% FM protein diet (14.3%) (Table 4). 

 

 

Fatty Acid Profile of the Diets 

Total saturated fatty acids (SFA) in the diets ranged from 25.9 – 32.4 mg/g with 

only the 100% PBM protein diet (25.9 mg/g) significantly lower than the 100% FM 

protein control diet (31.3 mg/g) (Table 5).  Myristic acid (14:0 generally decreased as 

PBM increased from 7.7 mg/g in the control FM diet to 2.5% mg/g in the 100% PBM 

diet.  No significant differences were observed among treatments in dietary 

concentration of palmitic acid (16:0) (range = 18.4 – 21.3 mg/g).  Stearic acid (18:0) was 

significantly higher in diets with 70 and 80% PBM protein (5.1 and 5.0 mg/g. 

respectively) compared to the control 100% FM diet (4.1 mg/g). 
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Monounsaturated fatty acid (MUFA) concentration ranged from 25.7 – 38.7 mg/g 

among treatment diets (Table 5).  Diets replacing 40% (33.5 mg/g) and 60 – 100% FM 

(32.0 – 38.7 mg/g) protein by PBM protein had significantly higher MUFA than the 

control 100% FM protein diet (25.7 mg/g).  Palmitoleic acid (16:1n-7) was significantly 

lower in diets with 50 – 100% PBM protein (7.0 – 9.2 mg/g) compared to the control FM 

diet (11.7 mg/g).  Oleic acid (18:1n-9) concentration in diets containing PBM (17.6 – 

26.9 mg/g) was significantly higher than in the control 100% FM diet (9.5 mg/g).  

Gondoic acid (20:1n-9) concentration decreased with increasing concentrations of PBM 

from 1.1 in the control 100% FM diet to 0.6 in the 100% PBM diet.   

Total dietary concentration of n-6 polyunsaturated fatty acids (PUFAs) (range = 

8.5 – 17.7 mg/g) was mainly related to concentration of linoleic acid (18:2n-6) (range = 

6.8 – 16.9 mg/g) (Table 5).  Both showed a similar trend to increase with increasing 

PBM in the diet (Fig. 7).  

The concentration of n-3 PUFAs in the diet clearly decreased with increasing 

PBM protein concentration from 29.6 mg/g in the control FM diet to 8.3 in the 100% 

PBM diet (Table 5, Fig. 8).  Concentrations of stearidonic acid (18:4n-3) (range = 0.9 – 

3.1 mg/g), eicosapentaenoic acid (EPA, 20:5n-3) (range = 3.5 – 12.1 mg/g) (Fig. 9), and 

docosahexaenoic acid (DHA, 22:6n-3) (range = 3.1 – 12.3 mg/g) (Fig. 10) also 

decreased with increasing PBM protein in the diets.  The ratio of DHA to EPA in the 

diets was not significantly different up to the 70% PBM protein replacement diet (0.93 – 

1.01), but was significantly lower in diets with 80 – 100% PBM protein (0.84 – 0.91) 

compared to the FM control diet (1.01) (Fig 11).  The ratio of n-3 to n-6 PUFAs in the 
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diets clearly decreased with increasing PBM from 3.5 mg/g in the control FM diet to 0.5 

in the 100% PBM diet.    
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Table 4: Proximate composition (% wet basis, x̄ ± SEM, N = 3) of diets with increasing 

concentrations of fish meal (FM) protein replaced by poultry by-product meal (PBM) 

protein for juvenile black sea bass (Expt. 1).  Means with a common letter were not 

significantly different. 

Diet 
(% PBM)1 

Moisture 
(%) 

Ash 
(%) 

Protein 
(%) 

Lipid 
(%) 

0 (control) 12.7 ± 0.17c 16.4 ± 0.06a 44.4 ± 0.80a 14.3 ± 0.23a 

40 11.2 ± 0.22d 14.3 ± 0.06b 43.2 ± 1.14a 13.2 ± 0.09ab 

50 9.8 ± 0.12e 14.0 ± 0.12b 43.4 ± 1.34a 12.3 ± 0.24b 

60 12.6 ± 0.09c 12.8 ± 0.04c 42.7 ± 1.18a 12.4 ± 0.37b 

70 13.0 ± 0.29bc 12.7 ± 0.08cd 43.3 ± 1.83a 13.0 ± 0.31b 

80 14.9 ± 0.27a 12.3 ± 0.19de 43.0 ± 0.61a 12.8 ± 0.04b 

90 13.9 ± 0.31ab 11.8 ± 0.09e 41.9 ± 0.94a 12.6 ± 0.27b 

100 12.5 ± 0.19c 11.0 ± 0.14f 42.9 ± 0.50a 12.8 ± 0.18b 

1Percent of FM protein replaced by PBM protein 
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Table 5: Fatty acid profile (mg/g dry wt, x̄ ± SEM, N = 3) of diets with increasing concentrations of fish meal (FM) protein 

replaced by poultry by-product meal (PBM) protein for juvenile black sea bass (Expt. 1).  Means with a common letter 

were not significantly different. 

Fatty Acid 0%  (control) 40% 50% 60% 70% 80% 90% 100% 

14:0 7.7 ± 0.39a 6.0 ± 0.24b 4.8 ± 0.11c 4.3 ± 0.09cd 4.3 ± 0.18cd 3.5 ± 0.22de 3.7 ± 0.21cd 2.5 ± 0.02e 

16:0 19.6 ± 0.87a 21.3 ± 0.68a 18.4 ± 0.19a 19.1 ± 0.32a 20.4 ± 0.75a 19.3 ± 0.99a 20.2 ± 0.76a 18.4 ± 0.54a 

16:1n-7 11.7 ± 0.57a 10.8 ± 0.41ab 9.0 ± 0.16c 8.8 ± 0.16c 9.2 ± 0.38bc 8.2 ± 0.47cd 9.1 ± 0.27c 7.0 ± 0.07d 

18:0 4.1 ± 0.16b 5.0 ± 0.13ab 4.5 ± 0.02ab 4.8 ± 0.07ab 5.1 ± 0.16a 5.0 ± 0.22a 5.0 ± 0.39ab 4.9 ± 0.21ab 

18:1n-9 9.5 ± 0.42d 18.9 ± 0.78c 17.6 ± 0.11c 20.1 ± 0.31c 23.3 ± 0.81b 23.4 ± 1.13b 26.9 ± 0.16a 24.6 ± 0.77ab 

18:1n-11 3.4 ± 0.15a 2.8 ± 0.15b 2.5 ± 0.05bc 2.4 ± 0.04c 2.3 ± 0.09c 2.2 ± 0.08cd 2.0 ± 0.02cd 1.8 ± 0.08d 

18:2n-6 6.8 ± 0.33d 12.4 ± 0.47c 11.6 ± 0.16c 12.8 ± 0.18bc 14.8 ± 0.55ab 14.6 ± 0.71b 16.9 ± 0.30a 14.7 ± 0.40b 

18:4n-3 3.1 ± 0.137a 2.5 ± 0.100b 2.0 ± 0.044c 1.8 ± 0.033cd 1.8 ± 0.035cd 1.4 ± 0.083d 1.5 ± 0.122d 0.9 ± 0.003e 

20:1n-9 1.1 ± 0.05a 1.0 ± 0.03a 0.8 ± 0.01b 0.8 ± 0.01b 0.8 ± 0.02b 0.7 ± 0.03bc 0.7 ± 0.05c 0.6 ± 0.02c 

20:2n-6 1.7 ± 0.08a 1.3 ± 0.04b 1.1 ± 0.02c 1.0 ± 0.01cd 1.0 ± 0.03cd 0.8 ± 0.04de 0.8 ± 0.02e 0.6 ± 0.01f 

20:5n-3 (EPA) 12.1 ± 0.58a 9.2 ± 0.33b 7.4 ± 0.14c 6.7 ± 0.11cd 6.5 ± 0.22cd 5.3 ± 0.29d 5.3 ± 0.24d 3.5 ± 0.05e 

22:5n-3 2.1 ± 0.09a 1.8 ± 0.17a 1.4 ± 0.01b 1.3 ± 0.02bc 1.2 ± 0.03bc 1.0 ± 0.05bcd 1.0 ± 0.02cd 0.8 ± 0.02d 

22:6n-3 (DHA) 12.3 ± 0.57a 9.0 ± 0.37b 7.0 ± 0.07c 6.3 ± 0.09c 6.0 ± 0.17cd 4.8 ± 0.24de 4.4 ± 0.05e 3.1 ± 0.08f 

∑SFA 31.3 ± 1.41a 32.4 ± 1.05a 27.6 ± 0.31ab 28.2 ± 0.48ab 29.8 ± 1.08ab 27.8 ± 1.44ab 28.9 ± 0.94ab 25.9 ± 0.73b 

∑MUFA 25.7 ± 1.18d 33.5 ± 1.17bc 29.9 ± 0.30cd 32.0 ± 0.52bc 35.7 ± 1.28ab 34.5 ± 1.70abc 38.7 ± 0.27a 34.0 ± 0.92abc 

∑n-3 PUFA 29.6 ± 1.35a 22.6 ± 0.93b 17.7 ± 0.27c 16.0 ± 0.25c 15.5 ± 0.44cd 12.5 ± 0.66de 12.1 ± 0.30e 8.3 ± 0.15f 

∑n-6 PUFA 8.5 ± 0.40d 13.7 ± 0.51bc 12.7 ± 0.17c 13.8 ± 0.20bc 15.9 ± 0.58ab 15.4 ± 0.75b 17.7 ± 0.32a 15.3 ± 0.41b 

n-3/n-6 PUFA 3.5 ± 0.005a 1.6 ± 0.007b 1.4 ± 0.005c 1.2 ± 0.009d 1.0 ± 0.009e 0.8 ± 0.007f 0.7 ± 0.029g 0.5 ± 0.009h 

DHA/EPA 1.01 ± 0.007a 0.98 ± 0.016ab 0.95 ± 0.009abc 0.95 ± 0.004abc 0.93 ± 0.008abcd 0.91 ± 0.006bcd 0.84 ± 0.044d 0.88 ± 0.010cd 

Total 95.2 102.2 87.9 90.0 96.8 90.2 97.4 83.4 
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Figure 7: Concentration (mg/g dry wt, x̄ ± SEM, N = 3) of n-6 polyunsaturated fatty acids 

(PUFAs) in diets with increasing concentrations of fish meal (FM) protein replaced by 

poultry by-product meal (PBM) protein for juvenile black sea bass (Expt. 1).  Means with 

a common letter were not significantly different. 
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Figure 8: Concentration (mg/g dry wt, x̄ ± SEM, N = 3) of n-3 polyunsaturated fatty acids 

(PUFAs) in diets with increasing concentrations of fish meal (FM) protein replaced by 

poultry by-product meal (PBM) protein for juvenile black sea bass (Expt. 1).  Means with 

a common letter were not significantly different. 
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Figure 9: Concentration (mg/g dry wt, x̄ ± SEM, N = 3) of eicosapentaenoic acid (20:5n-

3) (EPA) in diets with increasing concentrations of fish meal (FM) protein replaced by 

poultry by-product meal (PBM) protein for juvenile black sea bass (Expt. 1).  Means with 

a common letter were not significantly different. 
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Figure 10: Concentration (mg/g dry wt, x̄ ± SEM, N = 3) of docosahexaenoic acid 

(22:6n-3) (DHA) in diets with increasing concentrations of fish meal (FM) protein 

replaced by poultry by-product meal (PBM) protein for juvenile black sea bass (Expt. 1).  

Means with a common letter were not significantly different. 
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Figure 11: Concentration (mg/g dry wt, x̄ ± SEM, N = 3) of DHA to EPA (22:6n-3 / 20:5n-

3) ratio in diets with increasing concentrations of fish meal (FM) protein replaced by 

poultry by-product meal (PBM) protein for juvenile black sea bass (Expt. 1).  Means with 

a common letter were not significantly different. 
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Fish Whole Body Proximate Composition 

 Fish whole body moisture content ranged from 63.5 - 66.2% (Table 6).  Whole 

body moisture content of fish fed diets with 50 to 80% PBM (65.6 - 65.8%) and 100% 

PBM (66.2%) was significantly higher than the control 100% FM diet (63.5%).  Fish 

whole body ash content ranged from 4.49 - 6.37% (Table 6).  Fish fed diets with 60 - 

90% PBM protein substitution (5.39 - 5.59%) had significantly greater whole body ash 

content than the control 100% FM diet (4.49%), but significantly lower than the 100% 

PBM diet (6.37%).  Crude protein content of fish fed the PBM protein replacement diets 

(15.6 - 16.6%) was not significantly different compared to fish fed the control 100% FM 

protein diet (16.6%) (Table 6).  Fish whole body crude lipid content ranged from 10.5 - 

11.6% (Table 6), with no significant differences among the PBM protein treatment diets 

(10.5 - 11.6%) and the control 100% FM diet (11.2%).  

 

 

Fatty Acid Profile of the Whole Body 

 Total concentration of saturated fatty acids (SFA) in the whole body was 

significantly higher in fish fed the 50% PBM protein diet (77.0 mg/g) than in the 100% 

FM control diet (53.9 mg/g) (Table 7), while no significant difference was observed 

among all other PBM treatments (49.2 – 64.5 mg/g).  Myristic acid (14:0) was 

significantly lower in fish fed the 60 – 100% PBM protein diets (4.8 – 6.1 mg/g) than in 

fish fed the control 100% FM diet (8.7 mg/g).  Palmitic acid (16:0) was significantly 

higher in fish fed the 50% PBM protein diet (54.7 mg/g) than in fish fed the control FM 

diet (36.9 mg/g).  No significant differences were observed among all other treatments 
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(35.1 – 47.2 mg/g).  Fish fed the 50 and 100% PBM protein replacement diets (12.4 

mg/g) had significantly higher stearic acid (18:0) levels than fish fed the 100% FM 

protein control diet (8.3 mg/g).  

 Total monounsaturated fatty acids (MUFA) of the whole body were higher in fish 

fed the 50, 90, and 100% PBM protein replacement diets (81.3, 73.6, 83.1 mg/g, 

respectively) compared to the control FM diet (46.5 mg/g) (Table 7).  With the exception 

of the 50% PBM protein replacement diet, total MUFAs in the whole body generally 

increased with increasing concentrations of PBM protein in the diet.  Palmitoleic acid 

(16:1n-7) was significantly higher in fish fed the 50% PBM protein diet (21.4 mg/g) than 

in fish fed the control diet (15.4 mg/g), while no significant difference was observed in all 

other PBM protein treatments (13.1 – 16.0 mg/g).  Fish fed the 50% (52.2 mg/g) and 70 

– 100% (41.5 – 61.7 mg/g) PBM protein replacement diets showed significantly higher 

oleic acid (18:1n-9) concentrations than fish fed a 100% FM protein control diet (24.7 

mg/g). Oleic acid concentrations in fish whole body generally increased with increasing 

PBM protein in the diets.  No significant differences were observed in gondoic acid 

(20:1n-9) among treatments (range = 1.0 – 1.7 mg/g). 

 Whole body concentration of n-6 polyunsaturated fatty acids (PUFAs) was 

significantly higher in fish fed 50% (25.5 mg/g) and 70 – 100% (19.1 – 31.6 mg/g) PBM 

protein compared to fish fed the control 100% FM protein control diet (8.9 mg/g), and 

this was primarily related to a similar pattern in linoleic acid (18:2n-6) concentrations 

(Table 7, Fig. 12).  With the exception of the 50% PBM protein replacement diet, both 

total n-6 PUFAs and linoleic acid increased in the fish whole body with increasing PBM 

protein in the diets (Fig. 12). 
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 Concentration of n-3 PUFAs in the whole body ranged from 7.0 – 31.0 mg/g, with 

no significant differences among treatments (Table 7, Fig. 13).  Stearidonic acid (18:4n-

3) (range = 1.1 – 3.4 mg/g), eicosapentaenoic acid (EPA, 20:5n-3) (range = 2.9 – 12.1 

mg/g) (Fig. 14), and docosahexaenoic acid (DHA, 22:6n-3) (range = 2.3 – 12.6 mg/g) 

(Fig. 15) showed no significant differences among treatments.  The ratio of DHA to EPA 

in the whole body was significantly lower in fish fed the 40 (0.78) and 60% (0.80) PBM 

protein replacement diets compared to fish fed the 100% FM protein control diet (0.99) 

(Fig. 16).  The ratio of n-3 to n-6 PUFAs in the whole body was significantly lower in all 

PBM protein treatments (0.5 – 1.2) than the control FM protein diet (2.3) (Table 7). 
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Table 6: Proximate composition (% wet basis, x̄ ± SEM, N = 3) of whole body tissue 

from juvenile black sea bass fed diets with increasing concentrations of fish meal (FM) 

protein replaced by poultry by-product meal (PBM) protein after 56 days (Expt. 1).  

Means with a common letter were not significantly different. 

Diet 
(% PBM)1 

Moisture 
(%) 

Ash 
(%) 

Protein 
(%) 

Lipid 
(%) 

0 (control) 63.5 ± 0.44b 4.49 ± 0.16c 16.6 ± 0.34a 11.2 ± 0.18ab 

40 65.2 ± 0.62ab 4.90 ± 0.07c 16.6 ± 0.14a 11.6 ± 0.06a 

50 65.6 ± 0.27a 4.86 ± 0.04c 15.8 ± 0.14a 11.6 ± 0.23a 

60 66.1 ± 0.19a 5.59 ± 0.11b 16.6 ± 0.25a 11.1 ± 0.04ab 

70 65.8 ± 0.47a 5.39 ± 0.07b 15.7 ± 0.24a 11.3 ± 0.18ab 

80 65.8 ± 0.43a 5.45 ± 0.13b 15.6 ± 0.38a 11.2 ± 0.21ab 

90 65.1 ± 0.33ab 5.52 ± 0.07b 16.4 ± 0.22a 11.0 ± 0.18ab 

100 66.2 ± 0.31a 6.37 ± 0.07a 16.2 ± 0.34a 10.5 ± 0.22b 

1Percent of FM protein replaced by PBM protein 
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Table 7: Fatty acid profile (mg/g dry wt, (x̄ ± SEM, N = 3) of whole body tissue from juvenile black sea bass fed diets with 

increasing concentrations of fish meal (FM) protein replaced by poultry by-product meal (PBM) protein after 56 days 

(Expt. 1).  Means with a common letter were not significantly different. 

Fatty Acid 0% (control) 40% 50% 60% 70% 80% 90% 100% 

14:0 8.7 ± 0.50ab 7.6 ± 0.39bc 9.9 ± 0.17a 5.8 ± 0.09cd 6.0 ± 0.57cd 6.1 ± 0.52cd 5.5 ± 0.70cd 4.8 ± 0.33d 

16:0 36.9 ± 1.99b 38.9 ± 1.03b 54.7 ± 3.29a 35.1 ± 0.33b 37.7 ± 2.20b 40.9 ± 3.25ab 43.8 ± 5.33ab 47.2 ± 2.01ab 

16:1n-7 15.4 ± 1.09b 15.4 ± 0.58b 21.4 ± 0.62a 13.1 ± 0.12b 14.4 ± 1.32b 15.3 ± 1.39b 15.1 ± 1.87b 16.0 ± 0.68b 

18:0 8.3 ± 0.44c 8.6 ± 0.31c 12.4 ± 1.05ab 8.3 ± 0.18c 9.0 ± 0.36bc 9.6 ± 0.66abc 11.0 ± 1.28abc 12.4 ± 0.49a 

18:1n-9 24.7 ± 1.74d 34.0 ± 0.87cd 52.2 ± 3.36ab 35.5 ± 0.44cd 41.5 ± 2.45bc 46.5 ± 3.91abc 53.5 ± 6.42ab 61.7 ± 2.23a 

18:1n-11 5.0 ± 0.28ab 4.4 ± 0.16ab 5.9 ± 0.50a 3.5 ± 0.07b 3.7 ± 0.37b 3.7 ± 0.23b 3.7 ± 0.47b 4.0 ± 0.12b 

18:2n-6 7.3 ± 0.91e 11.1 ± 0.36de 23.1 ± 1.39ab 13.0 ± 0.06cde 17.8 ± 1.86bcd 20.8 ± 2.31bc 25.2 ± 2.93ab 29.9 ± 0.44a 

18:4n-3 2.3 ± 0.50ab 1.3 ± 0.12b 3.4 ± 0.11a 1.1 ± 0.03b 1.7 ± 0.32ab 1.8 ± 0.25ab 1.7 ± 0.19ab 2.3 ± 0.70ab 

20:1n-9 1.4 ± 0.11ab 1.2 ± 0.02ab 1.7 ± 0.16a 1.0 ± 0.02b 1.1 ± 0.06b 1.2 ± 0.09b 1.4 ± 0.16ab 1.5 ± 0.04ab 

20:2n-6 1.6 ± 0.37ab 0.9 ± 0.04b 2.4 ± 0.10a 0.8 ± 0.02b 1.3 ± 0.18b 1.4 ± 0.18b 1.5 ± 0.19b 1.6 ± 0.12ab 

20:5n-3 (EPA) 8.1 ± 2.51ab 3.3 ± 0.17b 12.1 ± 0.41a 2.9 ± 0.07b 5.6 ± 1.25b 5.8 ± 1.07b 6.1 ± 0.71b 5.8 ± 0.27b 

22:5n-3 2.2 ± 0.66ab 0.8 ± 0.06bc 3.0 ± 0.22a 0.7 ± 0.01c 1.4 ± 0.27bc 1.5 ± 0.27bc 1.7 ± 0.19abc 2.0 ± 0.09abc 

22:6n-3 (DHA) 8.3 ± 2.98ab 2.6 ± 0.11b 12.6 ± 0.91a 2.3 ± 0.05b 5.0 ± 1.21b 5.3 ± 1.11b 6.0 ± 0.65b 5.6 ± 0.23b 

∑SFA 53.9 ± 2.94b 55.1 ± 1.44b 77.0 ± 4.44a 49.2 ± 0.41b 52.7 ± 3.14b 56.5 ± 4.42b 60.2 ± 7.32ab 64.5 ± 2.73ab 

∑MUFA 46.5 ± 3.21c 55.0 ± 1.33bc 81.3 ± 4.57a 53.1 ± 0.36bc 60.7 ± 4.19abc 66.7 ± 5.58abc 73.6 ± 8.92ab 83.1 ± 2.99a 

∑n-3 PUFA 20.9 ± 6.66ab 8.0 ± 0.41b 31.0 ± 1.64a 7.0 ± 0.12b 13.7 ± 3.04b 14.4 ± 2.69b 15.6 ± 1.75b 15.7 ± 1.27b 

∑n-6 PUFA 8.9 ± 1.28e 12.0 ± 0.40de 25.5 ± 1.49ab 13.8 ± 0.04cde 19.1 ± 2.04bcd 22.2 ± 2.49bc 26.7 ± 3.12ab 31.6 ± 0.40a 

n-3/n-6 PUFA 2.3 ± 0.373a 0.7 ± 0.012bc 1.2 ± 0.007b 0.5 ± 0.008c 0.7 ± 0.077bc 0.6 ± 0.056bc 0.6 ± 0.005bc 0.5 ± 0.040c 

DHA/EPA 0.99 ± 0.05ab 0.78 ± 0.02c 1.04 ± 0.05a 0.80 ± 0.01c 0.89 ± 0.01bc 0.90 ± 0.04abc 0.99 ± 0.01ab 0.96 ± 0.01ab 

Total 130.2 130.1 214.8 123.1 146.2 159.8 176.2 194.9 
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Figure 12: Concentration (mg/g dry wt, x̄ ± SEM, N = 3) of n-6 polyunsaturated fatty 

acids (PUFAs) from whole body tissue of juvenile black sea bass fed diets with 

increasing concentrations of fish meal (FM) protein replaced by poultry by-product meal 

(PBM) protein (Expt. 1).  Means with a common letter were not significantly different. 
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Figure 13: Concentration (mg/g dry wt, x̄ ± SEM, N = 3) of n-3 polyunsaturated fatty 

acids (PUFAs) from whole body tissue of juvenile black sea bass fed diets with 

increasing concentrations of fish meal (FM) protein replaced by poultry by-product meal 

(PBM) protein (Expt. 1).  Means with a common letter were not significantly different. 
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Figure 14: Concentration (mg/g dry wt, x̄ ± SEM, N = 3) of eicosapentaenoic acid 

(20:5n-3) (EPA) from whole body tissue of juvenile black sea bass fed diets with 

increasing concentrations of fish meal (FM) protein replaced by poultry by-product meal 

(PBM) protein (Expt. 1).  Means with a common letter were not significantly different. 
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Figure 15: Concentration (mg/g dry wt, x̄ ± SEM, N = 3) of docosahexaenoic acid 

(22:6n-3) (DHA) from whole body tissue of juvenile black sea bass fed diets with 

increasing concentrations of fish meal (FM) protein replaced by poultry by-product meal 

(PBM) protein (Expt. 1).  Means with a common letter were not significantly different. 
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Figure 16: Concentration (mg/g dry wt, x̄ ± SEM, N = 3) of DHA to EPA (22:6n-3 / 20:5n-

3) ratio from whole body tissue of juvenile black sea bass fed diets with increasing 

concentrations of fish meal (FM) protein replaced by poultry by-product meal (PBM) 

protein (Expt. 1).  Means with a common letter were not significantly different. 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.00 

0.20 

0.40 

0.60 

0.80 

1.00 

1.20 

1.40 

0 40 50 60 70 80 90 100 

C
o

n
ce

n
tr

at
io

n
 (

m
g/

g)
 

Diet (% of FM protein replaced by PBM protein) 

DHA / EPA 

ab 

c 

a 

c 
bc abc 

ab ab 



58 
 

Muscle Tissue Proximate Composition 

 No significant treatment differences were observed in fish muscle moisture 

(75.5 – 76.4%), ash (1.29 – 1.34%), and crude protein (18.1 – 20.1%) content (Table 8).  

Muscle tissue crude lipid level of fish fed the 50% PBM protein diet (3.4%) was 

significantly higher than the control 100% FM diet (2.7%) (Table 8).  Crude lipid content 

in all other treatment diets (2.6 - 3.0%) was not significantly different. 

 

 

Liver Tissue Proximate Composition 

 Liver moisture levels in fish fed the 60% PBM (53.9%) and 100% PBM (53.3%) 

diets were significantly lower than in fish fed the control 100% FM diet (60.7%) (Table 

9).  All other treatment diets (55.2 - 58.2%) were not significantly different from the 

control diet (60.7%).  A general trend toward lower liver moisture content with increasing 

PBM protein in the diets was observed.  No significant differences were observed in 

liver crude protein content (8.2 - 9.6%) among treatment groups (Table 9).  Crude lipid 

content of liver tissue was significantly higher in diets with 40% (16.2%) and 60 - 100% 

PBM protein (17.7 - 22.3%) compared to the control 100% FM diet (11.8%) (Table 9).  

Crude lipid levels generally increased with increasing PBM substitution for FM, with 

highest mean value in the 100% PBM diet (22.3%), significantly higher than in the 0, 40, 

50, 70 and 90% PBM diet treatments.   
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Table 8: Proximate composition (% wet basis, x̄ ± SEM, N = 3) of muscle tissue from 

juvenile black sea bass fed diets with increasing concentrations of fish meal (FM) 

protein replaced by poultry by-product meal (PBM) protein after 56 days (Expt. 1).  

Means with a common letter were not significantly different. 

Diet 
(% PBM)1 

Moisture 
(%) 

Ash 
(%) 

Protein 
(%) 

Lipid 
(%) 

0 (control) 76.4 ± 0.52a 1.31 ± 0.04a 19.1 ± 0.65a 2.7 ± 0.04b 

40 76.2 ± 0.09a 1.29 ± 0.03a 19.3 ± 0.23a 3.0 ± 0.12ab 

50 75.9 ± 0.24a 1.32 ± 0.01a 19.3 ± 0.17a 3.4 ± 0.02a 

60 75.5 ± 0.51a 1.30 ± 0.04a 20.1 ± 0.19a 2.6 ± 0.10b 

70 76.2 ± 0.31a 1.34 ± 0.02a 18.5 ± 0.29a 2.6 ± 0.13b 

80 75.9 ± 0.31a 1.31 ± 0.01a 18.1 ± 0.26a 2.8 ± 0.16b 

90 76.2 ± 0.02a 1.31 ± 0.01a 19.1 ± 0.80a 2.8 ± 0.06b 

100 76.3 ± 0.31a 1.33 ± 0.03a 18.2 ± 0.35a 2.7 ± 0.10b 

1Percent of FM protein replaced by PBM protein 
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Table 9: Proximate composition (% wet basis, x̄ ± SEM, N = 3) of liver tissue from 

juvenile black sea bass fed diets with increasing concentrations of fish meal (FM) 

protein replaced by poultry by-product meal (PBM) protein after 56 days (Expt. 1).  

Means with a common letter were not significantly different. 

Diet 
(% PBM)1 

Moisture 
(%) 

Protein 
(%) 

Lipid 
(%) 

0 (control) 60.7 ± 0.95a 8.2 ± 0.23a 11.8 ± 0.30e 

40 58.2 ± 1.09ab 8.8 ± 0.33a 16.2 ± 0.59cd 

50 57.9 ± 0.88ab 9.6 ± 0.36a 15.2 ± 0.55de 

60 53.9 ± 1.00b 8.8 ± 0.40a 19.6 ± 1.11abc 

70 55.6 ± 0.50ab 9.0 ± 0.18a 17.7 ± 0.95bcd 

80 55.6 ± 0.85ab 9.0 ± 0.32a 20.0 ± 0.86ab 

90 55.2 ± 1.37ab 9.3 ± 0.41a 18.4 ± 0.35bcd 

100 53.3 ± 2.71b 8.9 ± 0.28a 22.3 ± 0.93a 

1Percent of FM protein replaced by PBM protein 
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Digestibility of Diets 

 The apparent digestibility coefficient (ADC) of dry matter in diets with PBM 

protein replacing FM (52.4 – 58.1%) was not significantly different from the control 

100% FM protein diet (58.4%) (Table 10).  The diet with 70% PBM (81.6%) had a 

significantly lower protein ADC compared to the control 100% FM diet (87.0%) but not 

significantly different from other treatment groups (83.0 - 84.2%), except the 60% PBM 

diet (85.9%) (Table 10).  Lipid ADC ranged from 88.2 to 92.3% among treatments, with 

no significant differences (Table 10). 

 The level of digestible dry matter in the diets was not significantly different among 

treatments (41.9 – 51.0%) (Table 11).  The concentration of digestible protein in diets 

with PBM protein was significantly lower (39.4 – 41.0%) than the control 100% FM 

protein diet (44.2%), except for diets with 60% PBM protein (42.0%) and 80% PBM 

protein (41.9%) (Table 11).  All diets with PBM protein produced significantly lower 

levels of digestible lipid (12.0 – 13.5%) than the 100% FM protein control diet (15.1%) 

(Table 11). 
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Table 10: Apparent Digestibility Coefficients (ADC) (%, x̄ ± SEM, N = 3) of diets with 

increasing concentrations of fish meal (FM) protein replaced by poultry by-product meal 

(PBM) protein for juvenile black sea bass (Expt. 1).  Means with a common letter were 

not significantly different. 

Diet 
(% PBM)1 

Dry Matter 
(%) 

Protein 
(%) 

Lipid 
(%) 

0 (control) 58.4 ± 3.33a 87.0 ± 0.92a 92.3 ± 0.91a 

40 54.4 ± 1.97a 84.2 ± 0.92ab 91.1 ± 0.66a 

50 52.4 ± 1.44a 83.2 ± 0.45ab 88.2 ± 1.16a 

60 58.1 ± 2.78a 85.9 ± 0.72a 89.1 ± 0.50a 

70 53.9 ± 1.30a 81.6 ± 0.75b 89.4 ± 0.83a 

80 53.0 ± 1.96a 83.0 ± 0.92ab 89.6 ± 0.50a 

90 55.4 ± 1.92a 83.7 ± 0.17ab 90.7 ± 0.64a 

100 57.6 ± 3.69a 83.2 ± 1.37ab 90.2 ± 1.37a 

1Percent of FM protein replaced by PBM protein 
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Table 11: Calculated level (% dry basis, x̄ ± SEM, N = 3) of digestible dry matter, protein, and lipid in diets with increasing 

concentrations of fish meal (FM) protein replaced by poultry by-product meal (PBM) protein fed to juvenile black sea bass 

(Expt. 1).  Means with a common letter were not significantly different. 

 

 

 

 

 

 

 

 

Replacement (%) 0 (control) 40 50 60 70 80 90 100 

Dry Matter (%) 87.3 88.8 90.2 87.2 87.0 85.1 86.1 87.5 

Digestible Dry Matter (%) 51.0 ± 2.9a 48.3 ± 1.8a 47.3 ± 1.3a 50.7 ± 2.4a 41.9 ± 4.3a 45.2 ± 1.7a 47.7 ± 1.6a 50.3 ± 3.2a 

         

Protein (%) 50.8 48.7 48.1 48.9 49.8 50.5 48.7 49.1 

Digestible Protein (%) 44.2 ± 0.5a 41.0 ± 0.4bc 40.0 ± 0.2bc 42.0 ± 0.3ab 39.4 ± 1.0c 41.9 ± 0.5abc 40.7 ± 0.1bc 40.8 ± 0.7bc 

         

Lipid (%) 16.4 14.9 13.6 14.2 14.9 15.1 14.6 14.7 

Digestible Lipid (%) 15.1 ± 0.1a 13.5 ± 0.1b 12.0 ± 0.2d 12.6 ± 0.1cd 13.1 ± 0.1bc 13.5 ± 0.1b 13.2 ± 0.1bc 13.2 ± 0.3bc 
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RESULTS: EXPERIMENT TWO (SOUTHERN FLOUNDER) 

 

Survival and Growth 

 Survival after 56 days ranged from 83.4 - 95.9%, with no significant differences 

(Table 12).  Initial (d0) mean fish weight ranged from 1.14 – 1.19 g and did not differ 

significantly.  On d14, fish weight of fish fed experimental diets substituted with PBM 

protein (3.00 – 3.68 g) were not significantly different from fish fed the control 100% FM 

protein diet (3.80).  By d28, fish fed the diet with 90% PBM (5.84 g) were significantly 

lower in weight than those fed the control diet (8.04 g).  Fish weight in all other 

treatments ranged from 6.08 – 7.75 g, with no significant differences.  On d42 (range = 

10.40 – 14.13 g) and d56 (range = 15.35 – 21.71 g), no significant differences in fish 

weight were observed among treatments (Table 12).  Body weight gain (BWG) ranged 

from 1,214 – 1,781% among treatments during the 56-d feeding trial, with no significant 

differences (Table 12).  Fish fed 100% PBM protein diet showed the lowest BWG 

(1,214%).  Specific growth rate (SGR) over the 56-d study ranged from 2.44 to 2.82%/d, 

with no significant differences among treatments (Table 12).   

 

 

Feed Utilization 

 Feed intake ranged from 0.23 to 0.31 g/fish/d with no significant differences 

among treatments (Table 12).  Fish fed PBM protein replacement diets showed no 

significant differences in feed conversion ratio (range = 0.71 - 0.97) from fish fed the 

control 100% FM diet (0.97) (Table 12).  Protein efficiency ratio for PBM diets ranged 
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from 2.58 to 3.41, with no significant differences from the control FM diet (2.34) (Table 

12).
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Table 12: Survival, growth, and feed utilization (x̄ ± SEM, N = 3) of juvenile southern flounder fed diets with increasing 

concentrations of fish meal protein replaced by poultry by-product meal protein after 56 days (Expt. 2).  Growth and feed 

utilization parameters include percent body weight gain (BWG), specific growth rate (SGR), feed intake (FI), feed 

conversion ratio (FCR), and protein efficiency ratio (PER).  Means with a common letter were not significantly different.  

Diet 
(% PBM)1 

Survival 
(%) 

Final Weight 
(g) 

BWG 
(%) 

SGR 
(%/d) 

FI  
(g/fish/d) 

FCR PER 

0 (control) 95.9a 19.1 ± 0.69a 1530 ± 99.5a 2.66 ± 0.08a 0.31 ± 0.035a 0.97 ± 0.08a 2.34 ± 0.19a 

40 83.4a 21.7 ± 1.17a 1781 ± 103.9a 2.82 ± 0.06a 0.26 ± 0.010a 0.71 ± 0.04a 3.41 ± 0.21a 

50 85.4a 18.8 ± 3.53a 1546 ± 295.3a 2.67 ± 0.17a 0.24 ± 0.019a 0.79 ± 0.10a 3.10 ± 0.46a 

60 95.9a 16.1 ± 0.66a 1289 ± 75.5a 2.51 ± 0.09a 0.24 ± 0.012a 0.90 ± 0.01a 2.71 ± 0.03a 

70 93.8a 17.7 ± 0.76a 1463 ± 156.2a 2.63 ± 0.14a 0.26 ± 0.013a 0.89 ± 0.08a 2.73 ± 0.24a 

80 93.8a 15.3 ± 0.79a 1242 ± 97.4a 2.48 ± 0.11a 0.23 ± 0.007a 0.91 ± 0.03a 2.59 ± 0.09a 

90 89.6a 15.7 ± 3.12a 1227 ± 205.8a 2.45 ± 0.12a 0.24 ± 0.033a 0.97 ± 0.10a 2.58 ± 0.25a 

100 93.8a 15.6 ± 0.17a 1214 ± 11.1a 2.44 ± 0.02a 0.24 ± 0.007a 0.93 ± 0.04a 2.61 ± 0.12a 

1Values represent percent of FM protein replaced by PBM protein 
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Figure 17: Growth (wet weight) (x̄ ± SEM, N = 3) of juvenile southern flounder fed diets 

with increasing concentrations of fish meal (FM) protein replaced by poultry by-product 

meal (PBM) protein for 56 days (Expt. 2).  Significant (P < 0.05) treatment effects (**) 

were observed on d28. 
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Proximate Composition of the Diets 

 Moisture levels of diets with 50 - 90% PBM in replacement of FM protein (8.9 - 

10.1%) were significantly higher than in the control 100% FM diet (8.1%) (Table 13).  

Ash content decreased as PBM protein increased in the diets.  Ash content for all PBM 

diets ranged from 11.2 to 14.5%, significantly lower than the control 100% FM diet 

(17.2%) (Table 13).  Diets with 60% PBM (41.0%), 70% PBM (41.6%), and 100% PBM 

(41.5%) had significantly lower crude protein content compared to the control 100% FM 

diet (45.0%) (Table 13).  Crude protein in all other treatments (41.6 – 42.7%) was not 

significantly different from the control diet.  No significant differences were observed in 

crude lipid content of the diets (range = 12.5 to 13.7%) (Table 13). 

 

 

Fatty Acid Profile of the Diets 

Dietary saturated fatty acids (SFAs) ranged from 27.0 – 30.9 mg/g, with no 

significant differences among treatments (Table 14).  Myristic acid (14:0) slightly 

decreased as PBM protein increased from 6.9 mg/g in the control FM diet to 2.6 mg/g in 

the 100% PBM diet.  No significant differences were observed among treatments (17.3 

– 21.1 mg/g) in palmitic acid (16:0).  Stearic acid (18:0) was significantly higher in the 

diet with 100% PBM protein (5.2 mg/g) than in the control 100% FM protein diet (3.7 

mg/g), while no other significant differences were noted among the other treatments 

(4.7 – 4.9 mg/g).   

Total monounsaturated fatty acids (MUFAs) were significantly higher the 60 – 

100% PBM protein replacement diets (34.1 – 38.4 mg/g) compared to the control FM  
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diet (23.2 mg/g) (Table 14).  No significant treatment differences were observed in 

palmitoleic acid (16:1n-7) concentrations (range = 8.0 – 10.7 mg/g).  Oleic acid (18:1n-

9) concentrations were much higher in diets containing PBM protein (18.7 – 27.7 mg/g) 

than in the control FM diet (8.6 mg/g) and increased as dietary PBM levels increased.  

Diets replacing 70 – 100 % FM protein by PBM protein (0.7 mg/g) were significantly 

lower in gondoic acid concentrations (20:1n-9) than the control 100% FM protein diet 

(1.0 mg/g). 

The sum of n-6 polyunsaturated fatty acids (PUFAs) was significantly higher in all 

PBM protein diets (13.5 – 17.7 mg/g) than in the control 100% FM protein diet (7.7 

mg/g) (Table 14).  The total n-6 PUFAs generally increased with higher PBM inclusion 

levels in the diets (Fig. 18).  The same trend was observed for linoleic acid (18:2n-6) 

which was significantly greater in PBM protein diets (12.2 – 17.1 mg/g) compared to the 

control 100% FM diet (6.2 mg/g).   

The concentration of n-3 PUFAs in the diets was significantly lower when 50 – 

100% FM protein was replaced by PBM protein (9.5 – 19.7 mg/g) compared to the 

control 100% FM diet (26.8 mg/g) (Table 14, Fig. 19).  Generally, total n-3 PUFAs 

decreased with increasing levels of PBM in the diets.  Dietary stearidonic acid (18:4n-3) 

levels decreased with increasing PBM in the diet from 2.7 mg/g in the control 100% FM 

diet to 1.1 in the 100% PBM diet.  Eicosapentaenoic acid (EPA, 20:5n-3) concentrations 

decreased with increasing PBM in the diet from 11.1 mg/g in the control FM diet to 4.1 

mg/g in the control 100% PBM diet (Fig. 20).  Docosahexaenoic acid (DHA, 22:5n-3) 

levels also decreased with increasing PBM in the diet, from 11.1 mg/g in the control FM 

diet to 3.5 mg/g in the 100% PBM diet (Fig. 21).  The ratio of DHA to EPA in the diets 
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was significantly lower when 60 – 100% FM protein was substituted by PBM protein 

(0.86 – 0.94) compared to the 100% FM protein control diet (1.00) (Fig. 22).  The ratio 

of n-3 to n-6 PUFAs in the diets decreased as PBM inclusion level was increased from 

3.5 in the control FM diet to 0.5 in the 100% PBM diet. 
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Table 13: Proximate composition (% wet basis, x̄ ± SEM, N = 3) of diets with increasing 

concentrations of fish meal (FM) protein replaced by poultry by-product meal (PBM) 

protein for juvenile southern flounder (Expt. 2).  Means with a common letter were not 

significantly different. 

Diet 
(% PBM)1 

Moisture 
(%) 

Ash 
(%) 

Protein 
(%) 

Lipid 
(%) 

0 (control) 8.1 ± 0.21e 17.2 ± 0.11a 45.0 ± 0.92a 12.6 ± 0.10ab 

40 8.4 ± 0.12de 14.5 ± 0.08b 41.6 ± 0.50ab 12.5 ± 0.13b 

50 9.2 ± 0.10bc 13.9 ± 0.06c 42.7 ± 0.66ab 13.6 ± 0.11ab 

60 9.3 ± 0.08bc 13.4 ± 0.10d 41.0 ± 0.40b 13.5 ± 0.47ab 

70 10.1 ± 0.17a 13.0 ± 0.03e 41.6 ± 0.63b 13.7 ± 0.23a 

80 8.9 ± 0.15cd 12.3 ± 0.03f 42.6 ± 0.48ab 13.0 ± 0.22ab 

90 9.6 ± 0.08ab 11.6 ± 0.07g 41.6 ± 0.97ab 13.0 ± 0.17ab 

100 8.6 ± 0.09de 11.2 ± 0.02h 41.5 ± 0.82b 12.8 ± 0.24ab 

1Percent of FM protein replaced by PBM protein 
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Table 14: Fatty acid profile (mg/g dry wt, x̄ ± SEM, N = 3) of diets with increasing concentrations of fish meal (FM) protein 

replaced by poultry by-product meal (PBM) protein for juvenile southern flounder (Expt. 2).  Means with a common letter 

were not significantly different. 

Fatty Acid 0% (control) 40% 50% 60% 70% 80% 90% 100% 

14:0 6.9 ± 0.17a 5.6 ± 0.45ab 5.2 ± 0.20abc 4.6 ± 0.24bcd 5.0 ± 0.86bc 3.7 ± 0.03cde 3.1 ± 0.05de 2.6 ± 0.20e 

16:0 17.3 ± 0.40a 20.3 ± 1.90a 20.4 ± 0.92a 19.6 ± 1.24a 21.1 ± 2.44a 18.8 ± 0.26a 19.0 ± 0.14a 19.8 ± 0.59a 

16:1n-7 10.5 ± 0.27a 10.4 ± 0.93a 10.1 ± 0.40a 9.5 ± 0.51a 10.7 ± 1.69a 8.5 ± 0.03a 8.1 ± 0.09a 8.0 ± 0.23a 

18:0 3.7 ± 0.09b 4.8 ± 0.52ab 5.0 ± 0.24ab 4.8 ± 0.34ab 4.8 ± 0.32ab 4.7 ± 0.12ab 4.9 ± 0.04ab 5.2 ± 0.20a 

18:1n-9 8.6 ± 0.21d 18.7 ± 1.90c 19.9 ± 0.86bc 21.2 ± 1.30bc 23.6 ± 2.47abc 22.9 ± 0.54abc 25.0 ± 0.13ab 27.7 ± 0.76a 

18:1n-11 3.1 ± 0.07a 2.9 ± 0.30ab 2.7 ± 0.13ab 2.5 ± 0.17ab 2.7 ± 0.30ab 2.5 ± 0.08ab 2.3 ± 0.08ab 2.1 ± 0.11b 

18:2n-6 6.2 ± 0.15c 12.2 ± 1.14b 13.1 ± 0.54ab 13.6 ± 0.78ab 15.8 ± 2.19ab 14.2 ± 0.25ab 15.5 ± 0.14ab 17.1 ± 0.53a 

18:4n-3 2.7 ± 0.07a 2.4 ± 0.21a 2.2 ± 0.07ab 1.9 ± 0.14abc 2.1 ± 0.37ab 1.4 ± 0.02bcd 1.2 ± 0.02cd 1.1 ± 0.04d 

20:1n-9 1.0 ± 0.03a 1.0 ± 0.10ab 0.9 ± 0.05abc 0.8 ± 0.06abcd 0.7 ± 0.04bcd 0.7 ± 0.02cd 0.7 ± 0.01d 0.7 ± 0.03d 

20:2n-6 1.5 ± 0.04a 1.3 ± 0.12ab 1.2 ± 0.04ab 1.1 ± 0.06bcd 1.1 ± 0.14bc 0.8 ± 0.01cde 0.7 ± 0.01de 0.7 ± 0.03e 

20:5n-3 (EPA) 11.1 ± 0.29a 8.8 ± 0.81ab 8.2 ± 0.34bc 7.2 ± 0.37bcd 7.6 ± 1.22bc 5.6 ± 0.02cde 4.6 ± 0.03de 4.1 ± 0.11e 

22:5n-3 1.9 ± 0.06a 1.6 ± 0.16ab 1.5 ± 0.07abc 1.3 ± 0.07bcd 1.3 ± 0.18bcd 1.1 ± 0.01cde 0.9 ± 0.003de 0.8 ± 0.03e 

22:6n-3 (DHA) 11.1 ± 0.30a 8.6 ± 0.83b 7.9 ± 0.31b 6.8 ± 0.38bc 6.7 ± 0.89bc 5.1 ± 0.02cd 4.0 ± 0.02d 3.5 ± 0.10d 

∑SFA 27.9 ± 0.66a 30.7 ± 2.86a 30.6 ± 1.36a 29.0 ± 1.82a 30.9 ± 3.61a 27.2 ± 0.35a 27.0 ± 0.19a 27.6 ± 0.90a 

∑MUFA 23.2 ± 0.57b 32.9 ± 3.22ab 33.7 ± 1.43ab 34.1 ± 2.03a 37.8 ± 4.49a 34.6 ± 0.55a 36.1 ± 0.11a 38.4 ± 0.97a 

∑n-3 PUFA 26.8 ± 0.72a 21.3 ± 2.00ab 19.7 ± 0.75b 17.3 ± 0.97bc 17.6 ± 2.67bc 13.3 ± 0.01cd 10.8 ± 0.07d 9.5 ± 0.25d 

∑n-6 PUFA 7.7 ± 0.19b 13.5 ± 1.25a 14.3 ± 0.58a 14.6 ± 0.84a 16.9 ± 2.34a 15.1 ± 0.26a 16.2 ± 0.15a 17.7 ± 0.56a 

n-3/n-6 PUFA 3.5 ± 0.010a 1.6 ± 0.014b 1.4 ± 0.008c 1.2 ± 0.003d 1.0 ± 0.015e 0.9 ± 0.016f 0.7 ± 0.003g 0.5 ± 0.012h 

DHA/EPA 1.00 ± 0.002a 0.97 ± 0.004ab 0.97 ± 0.005ab 0.94 ± 0.004bc 0.87 ± 0.021de 0.91 ± 0.006cd 0.88 ± 0.006de 0.86 ± 0.006e 

Total 85.6 98.4 98.3 95.1 103.1 90.1 90.1 93.3 
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Figure 18: Concentration (mg/g dry wt, x̄ ± SEM, N = 3) of n-6 polyunsaturated fatty 

acids  (PUFAs) in diets with increasing concentrations of fish meal (FM) protein 

replaced by poultry by-product meal (PBM) protein for juvenile southern flounder (Expt. 

2).  Means with a common letter were not significantly different. 
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Figure 19: Concentration (mg/g dry wt, x̄ ± SEM, N = 3) of n-3 polyunsaturated fatty 

acids  (PUFAs) in diets with increasing concentrations of fish meal (FM) protein 

replaced by poultry by-product meal (PBM) protein for juvenile southern flounder (Expt. 

2).  Means with a common letter were not significantly different. 
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Figure 20: Concentration (mg/g dry wt, x̄ ± SEM, N = 3) of eicosapentaenoic acid 

(20:5n-3) (EPA) in diets with increasing concentrations of fish meal (FM) protein 

replaced by poultry by-product meal (PBM) protein for juvenile southern flounder (Expt. 

2).  Means with a common letter were not significantly different. 
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Figure 21: Concentration (mg/g dry wt, x̄ ± SEM, N = 3) of docosahexaenoic acid 

(22:6n-3) (DHA) in diets with increasing concentrations of fish meal (FM) protein 

replaced by poultry by-product meal (PBM) protein for juvenile southern flounder (Expt. 

2).  Means with a common letter were not significantly different. 
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Figure 22: Concentration (mg/g dry wt, x̄ ± SEM, N = 3) of DHA to EPA (22:6n-3 / 20:5n-

3 ratio in diets with increasing concentrations of fish meal (FM) protein replaced by 

poultry by-product meal (PBM) protein for juvenile southern flounder (Expt. 2).  Means 

with a common letter were not significantly different. 
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Fish Whole Body Proximate Composition 

 No significant treatment differences were observed in moisture content of fish 

whole body (range = 75.4 – 77.6) (Table 15).   

Whole body ash content ranged from 3.32 – 3.63% and was significantly higher 

in fish fed 60% PBM protein (3.63%) than in fish fed the control 100% FM diet (3.43%) 

(Table 15).  Crude protein content of the whole body ranged from 15.5 to 16.8%, with no 

significant differences (Table 15).  Diets with 50 – 100% PBM protein produced 

significantly lower fish whole body crude lipid content (2.2 – 2.7%) than the control 

100% FM diet (3.2%) (Table 15).  Fish fed 90% and 100% PBM protein diets had the 

lowest whole body crude lipid levels. 

 

 

Fatty Acid Profile of Whole Body 

 Total saturated fatty acids (SFAs) in whole body of fish fed diets replacing 50% 

(18.9 mg/g) and 80 – 100% FM (14.6 – 17.4 mg/g) protein by PBM protein were 

significantly lower than in fish fed a control 100% FM protein diet (23.8 mg/g) (Table 

16).  Myristic acid (14:0) was significantly lower in fish fed PBM protein diets (1.4 – 3.9 

mg/g) compared to fish fed a control FM diet (5.6 mg/g) and generally decreased with 

increased PBM in the diets.  Fish fed 80 and 100% PBM protein replacement diets (11.9 

and 10.5 mg/g, respectively) contained significantly lower palmitic acid (16:0) than fish 

fed a control 100% FM protein diet (15.4 mg/g).  No significant differences in stearic 

acid (18:0) were observed among treatments (range = 2.7 – 3.5 mg/g).  
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 Whole body monounsaturated fatty acid (MUFA) concentration ranged from 20.2 

– 26.3 mg/g, with no significant difference among treatments (Table 16).  Palmitoleic 

acid (16:1n-7) was significantly lower in fish fed PBM (4.5 – 8.1 mg/g) than in fish fed 

the control FM diet (9.6 mg/g).  Concentration of oleic acid (18:1n-9) in the whole body 

of fish fed PBM (11.9 – 16.3 mg/g) was significantly higher than in fish fed the control 

FM diet (8.2 mg/g).  Fish fed the 50% and 80 – 100% PBM protein replacement diets 

had significantly lower gondoic acid (20:1n-9) concentrations (0.6 mg/g) than fish fed 

the 100% FM protein control diet (0.8 mg/g). 

 The concentration of n-6 polyunsaturated fatty acids (PUFAs) in the whole body 

was significantly higher in fish fed a diet substituting 40% (9.7 mg/g) and 60 – 90% (9.9 

– 11.5 mg/g) FM protein with PBM protein than in fish fed the control 100% FM diet (6.6 

mg/g) (Table 16, Fig. 23).  Fish fed the 40% (8.8 mg/g) and 60 – 100% PBM (8.7 – 10.8 

mg/g) protein replacements diets had significantly higher linoleic acid (18:2n-6) 

concentrations than fish fed the control FM diet (5.5 mg/g). 

 The sum of n-3 PUFAs in the whole body of fish fed PBM protein diets ranged 

from 4.4 – 14.7 mg/g and were significantly lower than fish fed the control FM protein  

diet (21.5 mg/g) (Table 16, Fig. 24).   Stearidonic acid (18:4n-3) was significantly lower 

in fish fed PBM protein diets (0.5 – 1.6 mg/g) compared to fish fed the control 100% FM 

protein diet (2.3 mg/g) and generally decreased with increasing PBM in the diets.  A 

similar trend was observed in whole body eicosapentaenoic acid (EPA, 20:5n-3) 

concentrations in fish fed PBM which had significantly lower EPA levels (1.0 – 4.3 mg/g) 

than fish fed a control FM protein diet (6.7 mg/g) (Fig. 25).  The concentration of 

docosahexaenoic acid (DHA, 22:6n-3) also generally decreased with increasing PBM in 
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the diet, from 9.7 mg/g in the control FM protein diet to 1.8 in fish fed the 100% PBM 

diet (Fig. 26).  The ratio of DHA to EPA in whole body tissues of fish fed the 70 – 100% 

PBM protein replacement diets (1.60 – 1.88 mg/g) was significantly higher than in fish 

fed the control diet (1.44 mg/g) (Fig. 27).  The ratio of n-3 to n-6 PUFAs decreased with 

increasing PBM in the diet from 3.3 mg/g in the control FM protein diet to 0.5 mg/g in 

the 100% PBM diet. 
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Table 15: Proximate composition (% wet basis, x̄ ± SEM, N = 3) of whole body tissue 

from juvenile southern flounder fed diets with increasing concentrations of fish meal 

(FM) protein replaced by poultry by-product meal (PBM) protein after 56 days (Expt. 2).  

Means with a common letter were not significantly different. 

Diet 
(% PBM)1 

Moisture 
(%) 

Ash 
(%) 

Protein 
(%) 

Lipid 
(%) 

0 (control) 76.2 ± 0.13a 3.43 ± 0.015bc 16.0 ± 0.30a 3.2 ± 0.05a 

40 76.6 ± 0.14a 3.51 ± 0.037ab 16.1 ± 0.18a 3.2 ± 0.09a 

50 76.8 ± 0.07a 3.36 ± 0.015bc 15.9 ± 0.18a 2.4 ± 0.04bc 

60 75.4 ± 1.36a 3.63 ± 0.003a 16.8 ± 0.26a 2.7 ± 0.08b 

70 77.0 ± 0.25a 3.52 ± 0.035ab 16.3 ± 0.18a 2.3 ± 0.08bc 

80 76.3 ± 0.56a 3.37 ± 0.031bc 16.0 ± 0.39a 2.4 ± 0.11bc 

90 77.6 ± 0.17a 3.37 ± 0.077bc 15.5 ± 0.20a 2.2 ± 0.09c 

100 77.5 ± 0.13a 3.32 ± 0.024c 16.1 ± 0.33a 2.2 ± 0.04c 

1Percent of FM protein replaced by PBM protein 

 

 

 

 

 

 

 

 

 

 



82 
 

Table 16: Fatty acid profile (mg/g dry wt, x̄ ± SEM, N = 3) of whole body tissue from juvenile southern flounder fed diets 

with increasing concentrations of fish meal (FM) protein replaced by poultry by-product meal (PBM) protein after 56 days 

(Expt. 2).  Means with a common letter were not significantly different. 

Fatty Acid 0% (control) 40% 50% 60% 70% 80% 90% 100% 

14:0 5.6 ± 0.03a 3.9 ± 0.08b 3.2 ± 0.19bc 3.2 ± 0.20bc 2.9 ± 0.25cd 2.0 ± 0.07ef 2.1 ± 0.19de 1.4 ± 0.09f 

16:0 15.4 ± 0.12ab 15.6 ± 0.86a 12.9 ± 0.03abcd 14.4 ± 0.57abc 15.2 ± 1.02ab 11.9 ± 0.40cd 12.3 ± 0.81bcd 10.5 ± 0.55d 

16:1n-7 9.6 ± 0.04a 8.1 ± 0.34b 7.1 ± 0.16bc 7.6 ± 0.18b 7.2 ± 0.30bc 5.7 ± 0.18de 6.0 ± 0.50cd 4.5 ± 0.23e 

18:0 2.8 ± 0.02a 3.2 ± 0.25a 2.8 ± 0.05a 3.1 ± 0.16a 3.5 ± 0.30a 2.9 ± 0.11a 2.9 ± 0.18a 2.7 ± 0.16a 

18:1n-9 8.2 ± 0.08c 13.9 ± 0.95ab 11.9 ± 0.12b 14.9 ± 0.59ab 16.3 ± 0.90a 14.2 ± 0.43ab 15.3 ± 0.93ab 13.8 ± 0.74ab 

18:1n-11 2.9 ± 0.03a 2.4 ± 0.10b 2.0 ± 0.01cde 2.1 ± 0.07bc 2.0 ± 0.10bcd 1.6 ± 0.07ef 1.7 ± 0.13def 1.3 ± 0.06f 

18:2n-6 5.5 ± 0.06c 8.8 ± 0.61ab 7.8 ± 0.11bc 9.7 ± 0.23ab 10.8 ± 0.61a 9.4 ± 0.27ab 10.3 ± 0.80a 8.7 ± 0.53ab 

18:4n-3 2.3 ± 0.01a 1.6 ± 0.12b 1.3 ± 0.06b 1.3 ± 0.05b 1.3 ± 0.10b 0.9 ± 0.03c 0.9 ± 0.10c 0.5 ± 0.04d 

20:1n-9 0.8 ± 0.01a 0.8 ± 0.04a 0.6 ± 0.01c 0.7 ± 0.04abc 0.7 ± 0.06ab 0.6 ± 0.02bc 0.6 ± 0.03bc 0.6 ± 0.03bc 

20:2n-6 1.1 ± 0.03a 0.9 ± 0.03b 0.6 ± 0.03cd 0.6 ± 0.04cd 0.7 ± 0.04c 0.5 ± 0.03de 0.5 ± 0.04e 0.2 ± 0.01f 

20:5n-3 (EPA) 6.7 ± 0.07a 4.3 ± 0.12b 3.3 ± 0.12c 3.2 ± 0.07c 3.3 ± 0.16c 2.3 ± 0.08d 1.9 ± 0.21d 1.0 ± 0.07e 

22:5n-3 2.8 ± 0.11a 2.3 ± 0.18ab 1.6 ± 0.12cd 1.9 ± 0.13bc 2.3 ± 0.19ab 1.8 ± 0.07bcd 1.5 ± 0.14cd 1.1 ± 0.08d 

22:6n-3 (DHA) 9.7 ± 0.08a 6.4 ± 0.27b 4.4 ± 0.07d 4.9 ± 0.10cd 5.6 ± 0.39bc 3.9 ± 0.11de 3.0 ± 0.33e 1.8 ± 0.16f 

∑SFA 23.8 ± 0.16a 22.8 ± 1.18ab 18.9 ± 0.12bcde 20.7 ± 0.92abcd 21.5 ± 1.57abc 16.8 ± 0.53de 17.4 ± 1.17cde 14.6 ± 0.80e 

∑MUFA 21.5 ± 0.16ab 25.2 ± 1.43ab 21.5 ± 0.20ab 25.3 ± 0.87a 26.3 ± 1.34a 22.1 ± 0.69ab 23.5 ± 1.58ab 20.2 ± 1.07b 

∑n-3 PUFA 21.5 ± 0.16a 14.7 ± 0.69b 10.5 ± 0.11cd 11.3 ± 0.33cd 12.5 ± 0.83bc 8.9 ± 0.25de 7.3 ± 0.78e 4.4 ± 0.35f 

∑n-6 PUFA 6.6 ± 0.06c 9.7 ± 0.64ab 8.4 ± 0.13bc 10.4 ± 0.24ab 11.5 ± 0.65a 9.9 ± 0.30ab 10.7 ± 0.84ab 9.0 ± 0.55bc 

n-3/n-6 PUFA 3.3 ± 0.01a 1.5 ± 0.03b 1.3 ± 0.01c 1.1 ± 0.02d 1.1 ± 0.01d 0.9 ± 0.005e 0.7 ± 0.02f 0.5 ± 0.01g 

DHA/EPA 1.44 ± 0.012d 1.48 ± 0.022cd 1.35 ± 0.063d 1.50 ± 0.014cd 1.70 ± 0.039b 1.70 ± 0.012b 1.60 ± 0.010bc 1.88 ± 0.027a 

Total 73.4 72.3 59.4 67.7 71.7 57.6 58.9 48.2 
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Figure 23: Concentration (mg/ g dry wt, x̄ ± SEM, N = 3) of n-6 polyunsaturated fatty 

acids (PUFAs) of whole body tissue from juvenile southern flounder fed diets with 

increasing concentrations of fish meal (FM) protein replaced by poultry by-product meal 

(PBM) protein (Expt. 2).  Means with a common letter were not significantly different. 
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Figure 24: Concentration (mg/ g dry wt, x̄ ± SEM, N = 3) of n-3 polyunsaturated fatty 

acids (PUFAs) of whole body tissue from juvenile southern flounder fed diets with 

increasing concentrations of fish meal (FM) protein replaced by poultry by-product meal 

(PBM) protein (Expt. 2).  Means with a common letter were not significantly different. 
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Figure 25: Concentration (mg/g dry wt, x̄ ± SEM, N = 3) of eicosapentaenoic acid 

(20:5n-3) (EPA) of whole body tissue from juvenile southern flounder fed diets with 

increasing concentrations of fish meal (FM) protein replaced by poultry by-product meal 

(PBM) protein (Expt. 2).  Means with a common letter were not significantly different. 
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Figure 26: Concentration (mg/g dry wt, x̄ ± SEM, N = 3) of docosahexaenoic acid 

(22:6n-3) (DHA) of whole body tissue from juvenile southern flounder fed diets with 

increasing concentrations of fish meal (FM) protein replaced by poultry by-product meal 

(PBM) protein (Expt. 2).  Means with a common letter were not significantly different. 
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Figure 27: Concentration (mg/g dry wt, x̄ ± SEM, N = 3) of DHA to EPA (22:6n-3 / 20:5n-

3 ratio of whole body tissue from juvenile southern flounder fed diets with increasing 

concentrations of fish meal (FM) protein replaced by poultry by-product meal (PBM) 

protein (Expt. 2).  Means with a common letter were not significantly different. 
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Muscle Tissue Proximate Composition 

 Moisture levels of the muscle tissue ranged from 79.6 to 80.6%, with no 

significant differences among treatments (Table 17).  Fish fed diets with PBM protein 

(1.22 - 1.28%) showed no significant differences in muscle tissue ash content compared 

to fish fed the control 100% FM protein diet (1.20%) (Table 17).  Muscle tissue crude 

protein content did not differ significantly among treatments ranging 17.4 to 18.2% 

(Table 17).  No significant treatment differences were observed in crude lipid content of 

the muscle tissue (0.8 - 1.0%) (Table 17).  

 

 

Liver Tissue Proximate Composition 

  Fish fed a 90% PBM protein diet (76.1%) had significantly higher liver tissue 

moisture content than the control 100% FM diet (72.7%) (Table 18).  All other PBM 

treatments had a liver tissue moisture content ranging from 74.4 to 75.6%, with no 

significant differences.  Crude lipid content of the liver tissue ranged from 4.6 to 6.3%. 

Diets with 90% (4.6%) and 100% (4.8%) PBM protein substitution produced significantly 

lower crude lipid content in the fish liver tissue than the control 100% FM diet (6.3%) 

(Table 18).  
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Table 17: Proximate composition (% wet basis, x̄ ± SEM, N = 3) of muscle tissue from 

juvenile southern flounder fed diets with increasing concentrations of fish meal (FM) 

protein replaced by poultry by-product meal (PBM) protein after 56 days (Expt. 2).  

Means with a common letter were not significantly different. 

Diet 
(% PBM)1 

Moisture 
(%) 

Ash 
(%) 

Protein 
(%) 

Lipid 
(%) 

0 (control) 79.6 ± 0.01a 1.20 ± 0.043a 18.2 ± 0.29a 1.0 ± 0.117a 

40 80.0 ± 0.28a 1.22 ± 0.033a 17.7 ± 0.30a 1.0 ± 0.015a 

50 80.0 ± 0.19a 1.22 ± 0.026a 17.9 ± 0.21a 0.9 ± 0.003a 

60 80.2 ± 0.12a 1.24 ± 0.090a 17.7 ± 0.22a 0.8 ± 0.031a 

70 80.1 ± 0.17a 1.27 ± 0.012a 18.0 ± 0.22a 1.0 ± 0.047a 

80 80.6 ± 0.19a 1.28 ± 0.035a 17.4 ± 0.48a 0.9 ± 0.024a 

90 80.1 ± 0.15a 1.27 ± 0.015a 17.6 ± 0.31a 1.0 ± 0.017a 

100 80.2 ± 0.21a 1.22 ± 0.006a 18.1 ± 0.10a 1.0 ± 0.029a 

1Percent of FM protein replaced by PBM protein 
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Table 18: Proximate composition (% wet basis, x̄ ± SEM, N = 3) of liver tissue from 

juvenile southern flounder fed diets with increasing concentrations of fish meal (FM) 

protein replaced by poultry by-product meal (PBM) protein after 56 days (Expt. 2).  

Means with a common letter were not significantly different. 

Diet 
(% PBM)1 

Moisture 
(%) 

Lipid 
(%) 

0 (control) 72.7 ± 0.12b 6.3 ± 0.32ab 

40 74.5 ± 0.78ab 5.6 ± 0.06abc 

50 74.4 ± 0.60ab 5.3 ± 0.23bc 

60 74.7 ± 1.08ab 6.8 ± 0.11a 

70 74.4 ± 0.75ab 5.6 ± 0.05abc 

80 75.4 ± 0.50ab 5.4 ± 0.41bc 

90 76.1 ± 0.42a 4.6 ± 0.38c 

100 75.6 ± 0.92ab 4.8 ± 0.19c 

    1Percent of FM protein replaced by PBM protein 
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Digestibility of Diets 

 Dry matter ADC of diets generally decreased with increased PBM protein.  Diets 

with 80% PBM protein (56.6%) and 100% PBM protein (55.4%) had significantly lower 

dry matter apparent digestibility coefficient (ADC) than the control 100% FM protein diet 

(73.9%) (Table 19).  No significant differences were observed in protein ADC among 

treatments (83.2 - 88.9%) (Table 19).  Lipid ADC also generally decreased with 

increasing PBM protein.  Lipid ADC was significantly lower for diets with 80% PBM 

(69.2%) and 100% PBM (65.6%) compared to the control 100% FM diet (84.4%) (Table 

19).   

 The level of digestible dry matter was significantly lower in diets with 80% PBM 

(51.6%) and 100% PBM (50.6%) than the 100% FM control diet (67.9%), yet not 

significantly different among all other treatments (56.9 – 62.4%) (Table 20).  As PBM 

protein increased in the diets, the percent of digestible dry matter decreased. Diets with 

40% PBM protein (40.4%) and 60-100% PBM protein (37.8 – 39.8%) produced 

significantly lower concentrations of digestible protein than the control diet (43.6%) 

(Table 20).  The level of digestible lipid in the 100% PBM protein diet (9.2%) was 

significantly lower compared to the control 100% FM diet (11.6%) (Table 20).  No 

significant differences were observed among other treatments (9.9 – 11.5%). 
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Table 19: Apparent Digestibility Coefficients (ADC) (%, x̄ ± SEM, N = 3) of diets with 

increasing concentrations of fish meal (FM) protein replaced by poultry by-product meal 

(PBM) protein for juvenile southern flounder (Expt. 2).  Means with a common letter 

were not significantly different. 

Diet 
(% PBM)1 

Dry Matter 
(%) 

Protein 
(%) 

Lipid 
(%) 

0 (control) 73.9 ± 0.81a 88.9 ± 0.49a 84.4 ± 0.59a 

40 70.5 ± 2.21ab 88.8 ± 0.34a 77.6 ± 1.91ab 

50 68.7 ± 1.87abc 88.3 ± 0.80a 76.8 ± 1.19ab 

60 67.2 ± 1.77abc 87.1 ± 0.41a 74.9 ± 2.10ab 

70 65.2 ± 1.09abc 86.0 ± 0.77a 72.5 ± 1.97ab 

80 56.6 ± 5.92bc 83.4 ± 2.82a 69.2 ± 4.54b 

90 63.0 ± 3.22abc 86.5 ± 1.17a 74.2 ± 2.51ab 

100 55.4 ± 2.72c 83.2 ± 1.18a 65.6 ± 2.87b 

1Percent of FM protein replaced by PBM protein 
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Table 20: Calculated level (% dry basis, x̄ ± SEM, N = 3) of digestible dry matter, protein, and lipid in diets with increasing 

concentrations of fish meal (FM) protein replaced by poultry by-product meal (PBM) protein fed to juvenile southern 

flounder (Expt. 2).  Means with a common letter were not significantly different. 

 

 

 

 

Replacement (%) 0 (control) 40 50 60 70 80 90 100 

Dry Matter (%) 91.9 91.6 90.8 90.7 89.9 91.1 90.4 91.4 

Digestible Dry Matter (%) 67.9 ± 0.8a 64.6 ± 2.0a 62.4 ± 1.7ab 60.9 ± 1.6ab 58.6 ± 1.0ab 51.6 ± 5.4b 56.9 ± 2.9ab 50.6 ± 2.5b 

         

Protein (%) 49.0 45.5 47.1 45.3 46.2 46.8 46.0 45.4 

Digestible Protein (%) 43.6 ± 0.2a 40.4 ± 0.2bc 41.6 ± 0.4ab 39.5 ± 0.2bc 39.7 ± 0.4bc 39.0 ± 1.3bc 39.8 ± 0.5bc 37.8 ± 0.5c 

         

Lipid (%) 13.7 13.6 15.0 14.9 15.2 14.3 14.4 14.0 

Digestible Lipid (%) 11.6 ± 0.1a 10.6 ± 0.3ab 11.5 ± 0.2a 11.1 ± 0.3a 11.0 ± 0.3a 9.9 ± 0.7ab 10.7 ± 0.4ab 9.2 ± 0.4b 
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RESULTS: EXPERIMENT THREE (MIXED PROTEIN) 

 

Survival and Growth 

 Survival after 56 days ranged from 91% - 100%, with no significant differences 

among treatments (Table 21).  Fish fed the 35% PBM, 70% PBM, and 35% MBM 

protein replacement diets showed 100% survival during the experiment.  

 At the beginning of the study (d0), mean fish weight ranged from 2.10 to 2.15 g, 

with no significant treatment differences (Fig. 28).  On d14 and d28, no significant 

differences were observed between the experimental diets (range = 4.20 – 4.84 g and 

6.44 – 8.04 g, respectively) and the control diet (4.68 and 7.76 g).  By d42, fish fed the 

70% PBM and MBM protein replacement diet without SM and KM had significantly 

lower mean weight compared to the FM based diet (11.44 g).  All other treatments had 

mean fish weights ranging from 8.22 g to 11.42 g.  On d56, fish weights ranged from 

10.6 to 16.1 g, with the 70% PBM and MBM protein replacement diet without SM and 

KM (10.6 g) having a significantly lower mean fish weight than the control (16.1 g) 

(Table 21, Fig. 29).  Percent body weight gain (BWG) for all treatment groups ranged 

from 401% to 640% (Table 21, Fig. 30).  Only the fish fed the 70% PBM and MBM 

protein replacement diet without SM or KM (401%) had significantly lower BWG 

compared to the control FM based diet (652%).  Specific growth rate (SGR) for all 

treatment groups ranged from 1.02 – 1.41%/d (Table 21, Fig. 31).  Fish fed the 70% 

PBM and MBM protein replacement diet not containing SM or KM (1.02%/d) treatment 

showed a significantly lower SGR than the control FM based diet (1.41%/d).   
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Feed Utilization 

 Feed intake ranged from 0.23 to 0.28 (g/fish/d) for all experimental groups, with 

no significant difference (Table 21).  Feed conversion ratio (FCR) for all treatment 

groups (1.02 – 1.26) were not significantly different, except for fish fed the 70% PBM 

and MBM protein replacement diet without SM or KM (1.54), which was significantly 

higher than for all other treatments (Table 21, Fig. 32).  Protein efficiency ratio ranged 

from 1.50 – 2.27 among treatments (Table 21, Fig. 33).  The diet with 70% PBM and 

MBM protein replacement with no SM and KM (1.50) had significantly lower protein 

efficiency ratios than all other diets. 
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Table 21: Survival, growth, and feed utilization (x̄ ± SEM, N = 3) of juvenile black sea bass fed diets with fish meal protein 

replaced by a combination of protein sources (poultry by-product meal, PBM; meat and bone meal, MBM; squid meal, SM; 

krill meal, KM) at varying concentrations after 56 days (Expt. 3).  Growth and feed utilization parameters include percent 

body weight gain (BWG), specific growth rate (SGR), feed intake (FI), feed conversion ratio (FCR), and protein efficiency 

ratio (PER).  Means with a common letter were not significantly different.  

Diet 
(% replacement)1 

Survival 
(%) 

Final Weight 
(g) 

BWG 
(%) 

SGR 
(%/d) 

FI  
(g/fish/d) 

FCR PER 

0 (control) 91.1a 16.1 ± 1.42a 652 ± 70.6a 1.41 ± 0.10a 0.28 ± 0.027a 1.10 ± 0.01b 2.05 ± 0.02a 

PBM 35 100.0a 15.3 ± 0.54a 621 ± 28.1a 1.38 ± 0.04a 0.25 ± 0.006a 1.06 ± 0.01b 2.16 ± 0.03a 

PBM 70 100.0a 15.9 ± 0.78a 640 ± 34.9a 1.40 ± 0.05a 0.25 ± 0.012a 1.04 ± 0.02b 2.22 ± 0.04a 

MBM 35 100.0a 14.7 ± 0.84a 603 ± 46.6a 1.37 ± 0.07a 0.23 ± 0.019a 1.02 ± 0.09b 2.27 ± 0.19a 

MBM 70 97.8a 13.6 ± 0.55ab 541 ± 29.1ab 1.26 ± 0.05ab 0.23 ± 0.013a 1.14 ± 0.11b 2.03 ± 0.19a 

PBM & MBM 70 95.6a 14.8 ± 0.67a 596 ± 37.5a 1.34 ± 0.06a 0.26 ± 0.009a 1.13 ± 0.04b 1.98 ± 0.08ab 

PBM & MBM 70 
No SM/KM 

91.1a 10.6 ± 0.31b 401 ± 16.3b 1.02 ± 0.03b 0.23 ± 0.003a 1.54 ± 0.06a 1.50 ± 0.06b 

PBM & MBM 100 97.8a 12.8 ± 0.40ab 502 ± 19.1ab 1.20 ± 0.03ab 0.24 ± 0.006a 1.26 ± 0.03b 1.79 ± 0.03ab 

1Values represent percent of FM protein replaced by PBM protein, MBM protein, or PBM and MBM proteins 
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Figure 28: Growth (wet weight) (x̄ ± SEM, N = 3) of juvenile black sea bass fed diets 

with fish meal protein replaced by a combination of protein sources (poultry by-product 

meal, PBM; meat and bone meal, MBM; squid meal, SM; krill meal, KM) at varying 

concentrations for 56 days (Expt. 3).  Significant (P < 0.05) treatment effects (**) were 

observed on d42 and d56. 
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Figure 29: Final weight  (x̄ ± SEM, N = 3) of juvenile black sea bass fed diets with fish 

meal protein replaced by a combination of protein sources (poultry by-product meal, 

PBM; meat and bone meal, MBM; squid meal, SM; krill meal, KM) at varying 

concentrations after 56 days (Expt. 3).  Means with a common letter were not 

significantly different. 
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Figure 30: Percent weight gain (x̄ ± SEM, N = 3) of juvenile black sea bass fed diets 

with fish meal protein replaced by a combination of protein sources (poultry by-product 

meal, PBM; meat and bone meal, MBM; squid meal, SM; krill meal, KM) at varying 

concentrations after 56 days (Expt. 3).  Means with a common letter were not 

significantly different. 
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Figure 31: Specific growth rate (SGR)  (x̄ ± SEM, N = 3) of juvenile black sea bass fed 

diets with fish meal protein replaced by a combination of protein sources (poultry by-

product meal, PBM; meat and bone meal, MBM; squid meal, SM; krill meal, KM) at 

varying concentrations after 56 days (Expt. 3).  Means with a common letter were not 

significantly different. 
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Figure 32: Feed conversion ratio (x̄ ± SEM, N = 3) of juvenile black sea bass fed diets 

with fish meal protein replaced by a combination of protein sources (poultry by-product 

meal, PBM; meat and bone meal, MBM; squid meal, SM; krill meal, KM) at varying 

concentrations after 56 days (Expt. 3).  Feed conversion ratio (FCR) is calculated by 

total feed intake (g) / wet weight gain (g).  Means with a common letter were not 

significantly different. 

 

 

 

 

 

 

 

 

 

 

 

 



102 
 

 

Figure 33: Protein efficiency ratio (x̄ ± SEM, N = 3) of juvenile black sea bass fed diets 

with fish meal protein replaced by a combination of protein sources (poultry by-product 

meal, PBM; meat and bone meal, MBM; squid meal, SM; krill meal, KM) at varying 

concentrations after 56 days (Expt. 3).  Protein efficiency ratio (PER) is calculated by 

wet weight gain (g) / total dry protein intake (g).  Means with a common letter were not 

significantly different. 
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Proximate Composition of Diets 

 All diets replacing FM protein with PBM or MBM protein had significantly lower 

moisture levels (7.9% - 9.8%) than the high FM control diet (11.6%) (Table 22).  Ash 

content of the 35% PBM protein replacement diet (9.5%) and the 70% PBM protein 

replacement diet (8.9%) was significantly lower than the control high FM diet (9.8%) 

(Table 22).  All other experimental diets (10.2% - 11.7%) had ash content significantly 

higher than the control diet.  Crude protein content of the diets ranged from 43.1% to 

44.6% and did not differ significantly (Table 22).  The 35% MBM protein replacement 

diet (16.8%), the 70% MBM protein replacement diet (16.0%), the 70% PBM and MBM 

protein replacement diet (15.0%), and the 100% PBM and MBM protein replacement 

diet (15.3%) had significantly higher crude lipid content compared to the high FM control 

diet (13.1%) (Table 22). 

 

 

Fatty Acid Profile of the Diets 

 The sum of saturated fatty acids (SFAs) in the diets ranged from 24.2 – 29.7 

mg/g, with no significant difference among treatments (Table 23).  Myristic acid (14:0) 

was significantly lower in the 70% MBM (5.4 mg/g), 70% PBM and MBM with no SM or 

KM (4.1 mg/g), and 100% PBM and MBM (5.3 mg/g) protein replacement diets 

compared to the control FM based diet (6.7 mg/g).  No significant differences were 

observed in dietary palmitic acid (16:0) concentrations among treatments (range = 15.5 

– 18.5 mg/g).  Stearic acid (18:0) was significantly higher for diets containing MBM 

protein (4.2 – 4.6 mg/g) than for the control FM protein diet (3.1 mg/g).   
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 Total monounsaturated fatty acids (MUFAs) in the diets ranged from 23.4 – 29.3 

mg/g, with diets replacing 70% FM protein by PBM protein (28.3 mg/g) and 70% by 

PBM and MBM proteins (29.3 mg/g) significantly higher than the control FM diet (23.4 

mg/g) (Table 23).  Palmitoleic acid (16:1n-7) was significantly lower in the 70% MBM 

protein replacement diet (7.7 mg/g) and 70% PBM and MBM protein replacement diet 

without SM or KM (6.9 mg/g) compared to the control FM diet (9.5 mg/g).  Dietary oleic 

acid (18:1n-9) concentration was significantly higher in the 70% PBM protein 

replacement diet (14.5 mg/g) and in diets containing MBM (range = 12.7 – 14.7 mg/g) 

compared to the control FM based diet (9.7 mg/g).  Gondoic acid (20:1n-9) ranged from 

0.8 – 1.2 mg/g, with only the 70% PBM and MBM protein replacement diet with no SM 

or KM (0.8 mg/g) significantly lower than the control FM diet (1.1 mg/g).  

 Dietary n-6 polyunsaturated fatty acids (PUFAs) were significantly higher in the 

70% PBM protein replacement diet (12.8 mg/g) than in the control FM based diet (9.9 

mg/g).All other treatments (range = 8.2 – 11.4 mg/g) did not differ significantly from the 

control (Table 23, Fig. 34).  Linoleic acid (18:2n-6) ranged from 7.1 – 11.4 mg/g among 

treatments, with the 70% PBM protein replacement diet (11.4 mg/g) significantly higher 

than the control FM diet (8.4 mg/g). 

 The total n-3 PUFAs in the 70% MBM (19.1 mg/g), 70% PBM and MBM without 

SM and KM (15.2 mg/g), and 100% PBM and MBM (18.6 mg/g) protein replacement 

diets were significantly lower than in the control FM diet (24.6 mg/g) (Table 23, Fig. 35).  

Stearidonic acid (18:4n-3), eicosapentaenoic acid (EPA, 20:5n-3), and 

docosahexaenoic acid (DHA, 22:6n-3) concentrations in the diets all showed the same 

trend as the sum of n-3 PUFAs.  Stearidonic acid, EPA (Fig. 36), and DHA (Fig. 37) 
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concentrations in the 70% MBM (2.1, 8.2, and 7.3 mg/g, respectively), 70% PBM and 

MBM without SM and KM (1.7, 6.4, 5.8 mg/g), and 100% PBM and MBM (2.1, 8.1, and 

7.0 mg/g) protein replacement diets were significantly lower than in the control FM 

based diet (2.8, 10.7, and 9.5 mg/g).  The diet replacing 70% FM protein by PBM and 

MBM protein without SM and KM had the lowest stearidonic acid, EPA, and DHA 

concentrations and hence, the lowest total of n-3 PUFAs.  The ratio of DHA to EPA was 

significantly lower in the diet using PBM and MBM protein to replace 70% FM protein 

(0.83) than in the control FM diet (0.89) (Fig. 38).  The ratio of n-3 to n-6 PUFAs in diets 

containing PBM or MBM protein (range = 1.6 – 2.4) was significantly lower than in the 

control FM based diet (2.5).  The 70% PBM and MBM protein replacement diet had the 

lowest n-3 to n-6 PUFA ratio (1.6) compared to the control FM diet (2.5). 
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Table 22: Proximate composition (% wet basis, x̄ ± SEM, N = 3) of diets with fish meal 

protein replaced by a combination of protein sources (poultry by-product meal, PBM; 

meat and bone meal, MBM; squid meal, SM; krill meal, KM) at varying concentrations 

for juvenile black sea bass (Expt. 3).  Means with a common letter were not significantly 

different. 

Diet 
(% replacement)1 

Moisture 
(%) 

Ash 
(%) 

Protein 
(%) 

Lipid 
(%) 

0 (control) 11.6 ± 0.15a 9.8 ± 0.088e 44.4 ± 0.40a 13.1 ± 0.55d 

PBM 35 8.7 ± 0.05cd 9.5 ± 0.032f 43.9 ± 1.44a 14.7 ± 0.05bcd 

PBM 70 9.8 ± 0.03b 8.9 ± 0.003g 43.1 ± 1.06a 13.4 ± 0.37cd 

MBM 35 8.8 ± 0.01cd 10.5 ± 0.067c 43.9 ± 1.31a 16.8 ± 0.25a 

MBM 70 8.5 ± 0.08d 11.3 ± 0.066b 44.0 ± 0.76a 16.0 ± 0.10ab 

PBM & MBM 70 9.0 ± 0.07c 10.2 ± 0.020d 44.6 ± 0.03a 15.0 ± 0.31bc 

PBM & MBM 70 
No SM/KM 

8.9 ± 0.06cd 11.9 ± 0.057a 43.1 ± 0.98a 14.5 ± 0.63bcd 

PBM & MBM 100 7.9 ± 0.10e 10.2 ± 0.032cd 44.2 ± 0.69a 15.3 ± 0.38abc 

1Percent of FM protein replaced by PBM protein, MBM protein, or PBM and MBM 

proteins 

 

 

 

 

 

 



107 
 

Table 23: Fatty acid profile (mg/g dry wt, x̄ ± SEM, N = 3) of diets with fish meal protein replaced by a combination of 

protein sources (poultry by-product meal, PBM; meat and bone meal, MBM; squid meal, S; krill meal, K) at varying 

concentrations for juvenile black sea bass (Expt. 3).  Means with a common letter were not significantly different. 

Fatty Acid 0% (control) 
35%  
PBM 

70%  
PBM 

35%  
MBM 

70%  
MBM 

70%  
PBM and 
MBM 

70%  
PBM and 
MBM no S/K 

100%  
PBM and 
MBM 

14:0 6.7 ± 0.41a 6.4 ± 0.15ab 6.1 ± 0.20ab 6.4 ± 0.12ab 5.4 ± 0.10b 7.0 ± 0.33a 4.1 ± 0.26c 5.3 ± 0.16b 

16:0 15.7 ± 0.74a 16.8 ± 0.45a 17.7 ± 0.45a 17.8 ± 0.42a 16.5 ± 0.34a 18.5 ± 1.10a 15.5 ± 0.89a 16.8 ± 0.35a 

16:1n-7 9.5 ± 0.52ab 9.5 ± 0.22ab 9.4 ± 0.27abc 9.2 ± 0.17abc 7.7 ± 0.13cd 10.1 ± 0.52a 6.9 ± 0.42d 8.0 ± 0.21bcd 

18:0 3.1 ± 0.14c 3.4 ± 0.11bc 3.8 ± 0.08abc 4.3 ± 0.11a 4.6 ± 0.12a 4.2 ± 0.31ab 4.6 ± 0.25a 4.4 ± 0.09a 

18:1n-9 9.7 ± 0.47c 11.9 ± 0.32bc 14.5 ± 0.33a 12.7 ± 0.32ab 13.2 ± 0.21ab 14.7 ± 0.88a 14.5 ± 0.81a 14.6 ± 0.32a 

18:1n-11 3.1 ± 0.14ab 3.2 ± 0.10a 3.2 ± 0.07a 3.4 ± 0.08a 3.1 ± 0.05ab 3.4 ± 0.21a 2.6 ± 0.14b 3.0 ± 0.06ab 

18:2n-6 8.4 ± 0.43bc 9.9 ± 0.25ab 11.4 ± 0.32a 8.5 ± 0.23bc 7.1 ± 0.18c 10.0 ± 0.59ab 8.5 ± 0.52bc 8.9 ± 0.23b 

18:4n-3 2.8 ± 0.18a 2.6 ± 0.07ab 2.6 ± 0.08ab 2.6 ± 0.04ab 2.1 ± 0.07bc 2.8 ± 0.16a 1.7 ± 0.11c 2.1 ± 0.08bc 

20:1n-9 1.1 ± 0.06a 1.1 ± 0.03a 1.2 ± 0.02a 1.2 ± 0.03a 1.1 ± 0.02a 1.1 ± 0.07a 0.8 ± 0.04b 1.0 ± 0.02a 

20:2n-6 1.4 ± 0.07a 1.4 ± 0.04a 1.4 ± 0.04ab 1.4 ± 0.03a 1.2 ± 0.02abc 1.4 ± 0.10ab 1.0 ± 0.06c 1.1 ± 0.02bc 

20:5n-3 (EPA) 10.7 ± 0.59a 10.1 ± 0.27a 9.7 ± 0.29ab 9.9 ± 0.14ab 8.2 ± 0.14bc 10.5 ± 0.62a 6.4 ± 0.38c 8.1 ± 0.23bc 

22:5n-3 1.8 ± 0.08a 1.7 ± 0.05ab 1.7 ± 0.05ab 1.8 ± 0.03a 1.5 ± 0.04abc 1.8 ± 0.12a 1.3 ± 0.07c 1.4 ± 0.02bc 

22:6n-3 (DHA) 9.5 ± 0.47a 9.0 ± 0.26a 8.7 ± 0.22ab 9.0 ± 0.15a 7.3 ± 0.13bc 8.7 ± 0.60ab 5.8 ± 0.35c 7.0 ± 0.15c 

∑SFA 25.5 ± 1.22ab 26.6 ± 0.69ab 27.5 ± 0.72ab 28.5 ± 0.65ab 26.5 ± 0.56ab 29.7 ± 1.74a 24.2 ± 1.39b 26.5 ± 0.59ab 

∑MUFA 23.4 ± 1.16b 25.7 ± 0.66ab 28.3 ± 0.69a 26.5 ± 0.60ab 25.1 ± 0.41ab 29.3 ± 1.67a 24.8 ± 1.42ab 26.7 ± 0.60ab 

∑n-3 PUFA 24.6 ± 1.26a 23.3 ± 0.64ab 22.7 ± 0.64abc 23.3 ± 0.37ab 19.1 ± 0.37bcd 23.8 ± 1.48a 15.2 ± 0.91d 18.6 ± 0.48cd 

∑n-6 PUFA 9.9 ± 0.50bc 11.3 ± 0.29ab 12.8 ± 0.36a 9.9 ± 0.26bc 8.2 ± 0.20c 11.4 ± 0.68ab 9.5 ± 0.59bc 10.1 ± 0.25bc 

n-3/n-6 PUFA 2.5 ± 0.037a 2.1 ± 0.003c 1.8 ± 0.012d 2.4 ± 0.025b 2.3 ± 0.017b 2.1 ± 0.005c 1.6 ± 0.007e 1.8 ± 0.014d 

DHA/EPA 0.89 ± 0.019ab 0.90 ± 0.004ab 0.89 ± 0.004ab 0.91 ± 0.003a 0.90 ± 0.002ab 0.83 ± 0.010c 0.90 ± 0.006ab 0.86 ± 0.007bc 

Total 83.4 86.9 91.3 88.2 78.9 94.1 73.7 81.9 
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Figure 34: Concentration (mg/g dry wt, x̄ ± SEM, N = 3) of n-6 polyunsaturated fatty 

acids (PUFAs) in diets with fish meal protein replaced by a combination of protein 

sources (poultry by-product meal, PBM; meat and bone meal, MBM; squid meal, S; krill 

meal, K) at varying concentrations for juvenile black sea bass (Expt. 3).  Means with a 

common letter were not significantly different. 
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Figure 35: Concentration (mg/g dry wt, x̄ ± SEM, N = 3) of n-3 polyunsaturated fatty 

acids (PUFAs) in diets with fish meal protein replaced by a combination of protein 

sources (poultry by-product meal, PBM; meat and bone meal, MBM; squid meal, S; krill 

meal, K) at varying concentrations for juvenile black sea bass (Expt. 3).  Means with a 

common letter were not significantly different. 
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Figure 36: Concentration (mg/g dry wt, x̄ ± SEM, N = 3) of eicosapentaenoic acid 

(20:5n-3) (EPA) in diets with fish meal protein replaced by a combination of protein 

sources (poultry by-product meal, PBM; meat and bone meal, MBM; squid meal, S; krill 

meal, K) at varying concentrations for juvenile black sea bass (Expt. 3).  Means with a 

common letter were not significantly different. 
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Figure 37: Concentration (mg/g dry wt, x̄ ± SEM, N = 3) of docosahexaenoic acid 

(22:6n-3) (DHA) in diets with fish meal protein replaced by a combination of protein 

sources (poultry by-product meal, PBM; meat and bone meal, MBM; squid meal, S; krill 

meal, K) at varying concentrations for juvenile black sea bass (Expt. 3).  Means with a 

common letter were not significantly different. 
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Figure 38: Concentration (mg/g dry wt, x̄ ± SEM, N = 3) of DHA to EPA (22:6n-3 / 20:5n-

3) ratio in diets with fish meal protein replaced by a combination of protein sources 

(poultry by-product meal, PBM; meat and bone meal, MBM; squid meal, S; krill meal, K) 

at varying concentrations for juvenile black sea bass (Expt. 3).  Means with a common 

letter were not significantly different. 
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Fish Whole Body Proximate Composition 

 The moisture content of the fish whole body ranged from 66.2 to 68.2%, with no 

treatment differences (Table 24).  Diets replacing FM by 70% MBM (4.70%), 70% PBM 

and MBM (4.58%), 70% PBM and MBM without KM and SM (5.14%), and 100% PBM 

and MBM (4.73%) had significantly higher whole body ash content compared to the high 

FM control diet (4.02%) (Table 24).  Whole body ash content of the diet replacing 70% 

of FM protein using PBM and MBM protein without KM and SM (5.14%) was 

significantly greater than for all other treatments.  Fish fed a diet with 70% of the FM 

protein replaced by PBM and MBM protein with no KM and SM (14.5%) had significantly 

lower whole body crude protein content than the high FM control diet (15.8%), although 

not significantly different from the other experimental diets (14.6 - 15.6%) (Table 24).  

Crude lipid content of the whole body ranged from 8.6% to 10.7% among experimental 

groups with the 70% PBM and MBM protein replacement diet (10.7%) significantly 

higher than the control diet (9.3%) (Table 24).  The 70% PBM and MBM protein 

replacement diet without KM and SM had a significantly lower whole body crude lipid 

content (8.6%) than the other FM protein replacement diets (9.9 – 10.2%), but not 

significantly different from the control.  

 

 

Fatty Acid Profile of Whole Body 

 The saturated fatty acid (SFA) concentration of the whole body ranged from 49.3 

– 74.7 mg/g, with no significant difference among treatments (Table 25).  Myristic acid 

(14:0) was significantly higher in fish fed the 35% MBM protein replacement diet (14.2 
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mg/g) and significantly lower in fish fed the 70% PBM and MBM protein replacement 

diet without SM and KM (7.3 mg/g) compared to fish fed the control FM diet (10.6 mg/g).  

No significant difference in palmitic acid (16:0) was observed among treatments (range 

= 33.0 – 48.3 mg/g).  Stearic acid (18:0) was significantly higher in fish fed the diet 

substituting 70% of the FM protein by PBM protein (11.9 mg/g) compared to fish fed the 

control FM based diet (9.4 mg/g).  All other treatments (9.0 – 11.6 mg/g) did not differ 

significantly from the control. 

 Whole body monounsaturated fatty acids (MUFAs) were significantly higher in 

fish fed the diets replacing 70% FM protein using PBM protein (77.5 mg/g) and 35% FM 

protein using MBM protein (77.9 mg/g) than in fish fed the control FM based diet (60.6 

mg/g) (Table 25).  Palmitoleic acid (16:1n-7) ranged from 14.4 – 24.7 mg/g among 

treatments, with fish fed the 35% MBM protein replacement diet (24.7 mg/g) significantly 

higher than fish fed the control FM diet (18.9 mg/g).  Fish fed the 70% PBM (46.3 mg/g) 

and 35% MBM (42.6 mg/g) protein replacement diets had significantly higher oleic acid 

(18:1n-9) concentrations compared to fish fed the control FM based diet (33.1 mg/g).  

Gondoic acid (20:1n-9) was significantly lower in fish fed the 70% PBM and MBM 

protein replacement diet without SM and KM (1.7 mg/g) than in fish fed the control FM 

diet (2.6 mg/g).   

 Total n-6 polyunsaturated fatty acids (PUFAs) in the whole body were 

significantly higher in fish fed the 70% PBM protein replacement diet (28.6 mg/g) and 

significantly lower in fish fed the 70% MBM protein replacement diet (13.0 mg/g) and the 

70% PBM and MBM protein replacement diet with no SM and KM (14.6 mg/g) 

compared to fish fed the control FM diet (20.8 mg/g) (Table 25, Fig. 39).  Linoleic acid 



115 
 

(18:2n-6) concentrations were significantly higher in fish fed the 70% PBM protein 

replacement diet (25.4 mg/g) and significantly lower in fish fed the 70% MBM protein 

replacement diet (11.7 mg/g) than in fish fed the control FM diet (17.5 mg/g). 

 The sum of n-3 PUFAs in the whole body was significantly lower in fish fed the 

70% MBM protein replacement diet (12.9 mg/g) and diets using both PBM and MBM 

proteins to replace FM protein (9.7 – 14.4 mg/g) compared to fish fed the control FM 

based diet (42.1 mg/g) (Table 25, Fig 40).  These relative differences in concentrations 

among treatments were evident for stearidonic acid (18:4n-3), eicosapentaenoic acid 

(20:5n-3) (Fig. 41) and docosahexaenoic acid (22:6n-3) (Fig. 42).  Fish fed the 35% 

MBM protein replacement diet had significantly higher levels of stearidonic acid (5.8 

mg/g) than in fish fed the control FM diet (4.5 mg/g).  Eicosapentaenoic acid (EPA, 

20:5n-3) was also significantly higher in fish fed the 35% MBM protein replacement diet 

(21.2 mg/g) than in fish fed the control FM based diet (17.1 mg/g).  Stearidonic acid and 

EPA levels in fish fed the 70% MBM protein replacement diet (1.9 and 5.4 mg/g, 

respectively) and diets with PBM and MBM proteins (ranges = 1.6 – 2.1 and 4.0 – 6.0 

mg/g) were significantly lower than in fish fed the control FM diet.  Docosahexaenoic 

acid (DHA, 22:6n-3) was significantly lower in fish fed the 70% MBM protein 

replacement diet (4.3 mg/g) and diets using both PBM and MBM proteins to replace FM 

protein (3.1 – 4.9 mg/g) compared to fish fed a FM based control diet (16.6 mg/g).  The 

ratio of DHA to EPA was significantly lower in fish fed diets containing MBM protein 

(0.76 – 0.90) than in fish fed the control FM protein diet (0.97) (Fig. 43).  Except for the 

35% PBM diet (2.0), all FM protein replacement diets contained significantly lower ratios 

of n-3 to n-6 PUFAs (0.7 – 1.7) than the control FM diet (2.0 mg/g). 
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Table 24: Proximate composition (% wet basis, x̄ ± SEM, N = 3) of whole body tissue 

from juvenile black sea bass fed diets with fish meal protein replaced by a combination 

of protein sources (poultry by-product meal, PBM; meat and bone meal, MBM; squid 

meal, SM; krill meal, KM) at varying concentrations after 56 days (Expt. 3).  Means with 

a common letter were not significantly different. 

Diet 
(% replacement)1 

Moisture 
(%) 

Ash 
(%) 

Protein 
(%) 

Lipid 
(%) 

0 (control) 67.1 ± 0.32a 4.02 ± 0.14c 15.8 ± 0.12a 9.3 ± 0.33bc 

PBM 35 66.2 ± 1.02a 3.97 ± 0.08c 15.2 ± 0.10ab 10.2 ± 0.21ab 

PBM 70 67.0 ± 0.21a 4.10 ± 0.12c 15.6 ± 0.23ab 10.1 ± 0.30ab 

MBM 35 67.2 ± 0.15a 4.09 ± 0.08c 15.0 ± 0.28ab 10.3 ± 0.27ab 

MBM 70 67.3 ± 0.23a 4.70 ± 0.07b 15.2 ± 0.32ab 9.9 ± 0.25ab 

PBM & MBM 70 67.0 ± 0.35a 4.58 ± 0.03b 15.2 ± 0.47ab 10.7 ± 0.10a 

PBM & MBM 70  
No SM/KM 

68.2 ± 0.23a 5.14 ± 0.04a 14.5 ± 0.24b 8.6 ± 0.23c 

PBM & MBM 100 67.0 ± 0.41a 4.73 ± 0.04b 14.6 ± 0.16ab 10.1 ± 0.13ab 

1Percent of FM protein replaced by PBM protein, MBM protein, or PBM and MBM 

proteins 
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Table 25: Fatty acid profile (mg/g dry wt, x̄ ± SEM, N = 3) of whole body tissue from juvenile black sea bass fed diets with 

fish meal protein replaced by a combination of protein sources (poultry by-product meal, PBM; meat and bone meal, 

MBM; squid meal, S; krill meal, K) at varying concentrations after 56 days (Expt. 3).  Means with a common letter were not 

significantly different. 

Fatty Acid 0% (control) 
35%  
PBM 

70%  
PBM 

35%  
MBM 

70%  
MBM 

70%  
PBM and 
MBM 

70%  
PBM and 
MBM no S/K 

100%  
PBM and 
MBM 

14:0 10.6 ± 0.41b 11.1 ± 0.24b 11.1 ± 1.08b 14.2 ± 1.01a 8.6 ± 0.42bc 9.9 ± 0.33bc 7.3 ± 0.03c 8.6 ± 0.47bc 

16:0 40.1 ± 1.35abc 45.5 ± 0.79ab 48.3 ± 4.46a 48.9 ± 2.19a 35.9 ± 2.02bc 42.1 ± 1.55abc 33.0 ± 0.22c 41.1 ± 0.55abc 

16:1n-7 18.9 ± 0.68bc 20.3 ± 0.38ab 21.4 ± 1.98ab 24.7 ± 1.54a 15.1 ± 0.84c 17.6 ± 0.58bc 14.4 ± 0.13c 16.5 ± 0.36bc 

18:0 9.4 ± 0.29bc 11.0 ± 0.16abc 11.9 ± 1.08a 11.6 ± 0.39ab 9.6 ± 0.58abc 10.7 ± 0.37abc 9.0 ± 0.04c 11.0 ± 0.12abc 

18:1n-9 33.1 ± 1.48c 39.8 ± 0.66abc 46.3 ± 4.03a 42.6 ± 1.84ab 33.1 ± 2.00c 38.4 ± 1.32abc 33.6 ± 0.30bc 40.1 ± 0.34abc 

18:1n-11 6.0 ± 0.67bc 7.1 ± 0.14ab 7.2 ± 0.47ab 8.2 ± 0.40a 5.8 ± 0.39bc 6.3 ± 0.23bc 5.0 ± 0.07c 6.2 ± 0.11bc 

18:2n-6 17.5 ± 0.48bc 21.2 ± 0.37ab 25.4 ± 2.46a 21.3 ± 1.04ab 11.7 ± 0.63d 14.7 ± 0.58cd 13.6 ± 0.31cd 15.3 ± 0.04cd 

18:4n-3 4.5 ± 0.02b 4.4 ± 0.10b 4.4 ± 0.51b 5.8 ± 0.40a 1.9 ± 0.16c 2.1 ± 0.11c 1.6 ± 0.10c 2.1 ± 0.08c 

20:1n-9 2.6 ± 0.30ab 2.6 ± 0.03ab 2.7 ± 0.24a 2.4 ± 0.07ab 1.9 ± 0.13bc 2.1 ± 0.07abc 1.7 ± 0.01c 2.1 ± 0.02abc 

20:2n-6 3.3 ± 0.28a 3.1 ± 0.05a 3.2 ± 0.29a 3.4 ± 0.16a 1.3 ± 0.05b 1.5 ± 0.11b 1.0 ± 0.10b 1.4 ± 0.05b 

20:5n-3 (EPA) 17.1 ± 0.75b 17.0 ± 0.33b 17.0 ± 1.66b 21.2 ± 1.18a 5.4 ± 0.30c 6.0 ± 0.37c 4.0 ± 0.27c 6.0 ± 0.28c 

22:5n-3 4.0 ± 0.14a 3.9 ± 0.07a 3.9 ± 0.36a 4.2 ± 0.18a 1.3 ± 0.08b 1.4 ± 0.08b 1.0 ± 0.05b 1.5 ± 0.09b 

22:6n-3 (DHA) 16.6 ± 0.35a 16.8 ± 0.33a 16.4 ± 1.58a 19.0 ± 0.81a 4.3 ± 0.21b 4.6 ± 0.28b 3.1 ± 0.22b 4.9 ± 0.29b 

∑SFA 60.1 ± 2.04abc 67.6 ± 1.18ab 71.3 ± 6.62a 74.7 ± 3.58a 54.1 ± 3.02bc 62.6 ± 2.25abc 49.3 ± 0.29c 60.7 ± 0.99abc 

∑MUFA 60.6 ± 2.00b 69.7 ± 1.20ab 77.5 ± 6.71a 77.9 ± 3.85a 55.9 ± 3.36b 64.4 ± 2.18ab 54.7 ± 0.50b 64.9 ± 0.77ab 

∑n-3 PUFA 42.1 ± 1.17a 42.0 ± 0.81a 41.7 ± 4.10a 50.1 ± 2.54a 12.9 ± 0.75b 14.1 ± 0.83b 9.7 ± 0.63b 14.4 ± 0.72b 

∑n-6 PUFA 20.8 ± 0.74bc 24.3 ± 0.42ab 28.6 ± 2.75a 24.7 ± 1.19ab 13.0 ± 0.68d 16.2 ± 0.67cd 14.6 ± 0.41d 16.7 ± 0.07cd 

n-3/n-6 PUFA 2.0 ± 0.02a 1.7 ± 0.01b 1.5 ± 0.01c 2.0 ± 0.01a 1.0 ± 0.01d 0.9 ± 0.02e 0.7 ± 0.02f 0.9 ± 0.04e 

DHA/EPA 0.97 ± 0.023a 0.99 ± 0.001a 0.97 ± 0.002a 0.90 ± 0.016b 0.79 ± 0.009c 0.77 ± 0.001c 0.76 ± 0.006c 0.81 ± 0.012c 

Total 183.5 203.5 219.2 227.3 135.9 157.3 128.3 156.7 
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Figure 39: Concentration (mg/g dry wt, x̄ ± SEM, N = 3) of n-6 polyunsaturated fatty 

acids (PUFAs) in whole body tissue of juvenile black sea bass fed diets with fish meal 

protein replaced by a combination of protein sources (poultry by-product meal, PBM; 

meat and bone meal, MBM; squid meal, S; krill meal, K) at varying concentrations (Expt. 

3).  Means with a common letter were not significantly different. 
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Figure 40: Concentration (mg/g dry wt, x̄ ± SEM, N = 3) of n-3 polyunsaturated fatty 

acids (PUFAs) in whole body tissue of juvenile black sea bass fed diets with fish meal 

protein replaced by a combination of protein sources (poultry by-product meal, PBM; 

meat and bone meal, MBM; squid meal, S; krill meal, K) at varying concentrations (Expt. 

3).  Means with a common letter were not significantly different. 
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Figure 41: Concentration (mg/g dry wt, x̄ ± SEM, N = 3) of eicosapentaenoic acid 

(20:5n-3) (EPA) in whole body tissue of juvenile black sea bass fed diets with fish meal 

protein replaced by a combination of protein sources (poultry by-product meal, PBM; 

meat and bone meal, MBM; squid meal, S; krill meal, K) at varying concentrations (Expt. 

3).  Means with a common letter were not significantly different. 
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Figure 42: Concentration (mg/g dry wt, x̄ ± SEM, N = 3) of docosahexaenoic acid 

(22:6n-3) (DHA) in whole body tissue of juvenile black sea bass fed diets with fish meal 

protein replaced by a combination of protein sources (poultry by-product meal, PBM; 

meat and bone meal, MBM; squid meal, S; krill meal, K) at varying concentrations (Expt. 

3).  Means with a common letter were not significantly different. 
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Figure 43: Concentration (mg/g dry wt, x̄ ± SEM, N = 3) of DHA to EPA (22:6n-3 to 

20:5n-3) ratio in whole body tissue of juvenile black sea bass fed diets with fish meal 

protein replaced by a combination of protein sources (poultry by-product meal, PBM; 

meat and bone meal, MBM; squid meal, S; krill meal, K) at varying concentrations (Expt. 

3).  Means with a common letter were not significantly different. 
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Muscle Tissue Proximate Composition 

 Muscle tissue moisture levels were significantly higher for the 70% MBM protein 

replacement diet (78.0%) and the 70% PBM and MBM protein replacement diet (78%) 

compared to the high FM protein control diet (77.1%) (Table 26), but were not 

significantly different from the other FM protein replacement diets (77.1 – 77.8%).  Fish 

fed the 70% MBM protein replacement diet (1.99%), the 70% PBM and MBM protein 

replacement diet (1.70%), the 70% PBM and MBM protein replacement diet with no KM 

and SM (1.99%), and 100% PBM and MBM protein replacement diet (1.86%) contained 

a significantly higher ash content in the muscle tissue than the control diet (1.36%) 

(Table 26).  Crude protein content of the muscle tissue did not differ significantly among 

treatments (range = 18.5 - 19.3%) (Table 26).  All experimental diets containing PBM or 

MBM separately or in combination to replace FM had significantly lower muscle crude 

lipid content (1.1% - 1.7%) than the high FM control diet (2.3%) (Table 26).  The 70% 

MBM protein replacement diet (1.1%) and the 70% PBM and MBM protein replacement 

diet (1.1%) had significantly lower crude lipid content in the muscle tissue than all other 

treatments (1.5 – 2.3%). 

 

 

Liver Tissue Proximate Composition 

 No significant differences were observed in the moisture content (range = 57.3 - 

59.8%) of the liver tissue (Table 27).  Crude protein content of the liver did not differ 

significantly between fish fed a control high FM protein diet (9.6%) and fish fed diets 

using PBM or MBM protein independently or in combination to replace the FM protein 
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(9.2% - 9.6%) (Table 27).  Crude lipid content of the liver tissue was not significantly 

different among treatments (range = 13.5 – 19.4%) (Table 27). 
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Table 26: Proximate composition (% wet basis, x̄ ± SEM, N = 3) of muscle tissue from 

juvenile black sea bass fed diets with fish meal protein replaced by a combination of 

protein sources (poultry by-product meal, PBM; meat and bone meal, MBM; squid meal, 

SM; krill meal, KM) at varying concentrations after 56 days (Expt. 3).  Means with a 

common letter were not significantly different. 

Diet 
(% replacement)1 

Moisture 
(%) 

Ash 
(%) 

Protein 
(%) 

Lipid 
(%) 

0 (control) 77.1 ± 0.31b 1.36 ± 0.12c 19.3 ± 0.33a 2.3 ± 0.01a 

PBM 35 77.7 ± 0.08ab 1.41 ± 0.01bc 18.8 ± 0.30a 1.5 ± 0.03c 

PBM 70 77.8 ± 0.18ab 1.50 ± 0.04bc 19.0 ± 0.50a 1.5 ± 0.03c 

MBM 35 77.5 ± 0.23ab 1.33 ± 0.02c 19.2 ± 0.21a 1.5 ± 0.05c 

MBM 70 78.0 ± 0.02a 1.99 ± 0.08a 18.5 ± 0.65a 1.1 ± 0.02d 

PBM & MBM 70 78.0 ± 0.13a 1.70 ± 0.07ab 19.0 ± 0.16a 1.1 ± 0.02d 

PBM & MBM 70 
No SM/KM 

77.8 ± 0.14ab 1.99 ± 0.04a 18.9 ± 0.14a 1.6 ± 0.05bc 

PBM & MBM 100 77.8 ± 0.12ab 1.86 ± 0.07a 19.3 ± 0.24a 1.7 ± 0.05b 

1Percent of FM protein replaced by PBM protein, MBM protein, or PBM and MBM 

proteins 
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Table 27: Proximate composition (% wet basis, x̄ ± SEM, N = 3) of liver tissue from 

juvenile black sea bass fed diets with fish meal protein replaced by a combination of 

protein sources (poultry by-product meal, PBM; meat and bone meal, MBM; squid meal, 

SM; krill meal, KM) at varying concentrations after 56 days (Expt. 3).  Means with a 

common letter were not significantly different. 

Diet 
(% replacement)1 

Moisture 
(%) 

Protein 
(%) 

Lipid 
(%) 

0 (control) 59.4 ± 1.33a 9.6 ± 0.53a 17.3 ± 0.69ab 

PBM 35 57.3 ± 1.90a 9.2 ± 0.32a 17.7 ± 1.03ab 

PBM 70 59.5 ± 0.09a 9.2 ± 0.34a 16.4 ± 1.41ab 

MBM 35 59.8 ± 2.01a 9.2 ± 0.59a 13.5 ± 0.23b 

MBM 70 57.3 ± 2.07a 9.4 ± 0.33a 18.1 ± 0.88a 

PBM & MBM 70 57.4 ± 1.45a 9.6 ± 0.66a 19.4 ± 0.28a 

PBM & MBM 70 
No SM/KM 

58.0 ± 0.23a 9.2 ± 0.50a 15.5 ± 1.43ab 

PBM & MBM 100 58.8 ± 0.39a 9.5 ± 0.15a 15.0 ± 0.13ab 

1Percent of FM protein replaced by PBM protein, MBM protein, or PBM and MBM 

proteins 
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DISCUSSION: EXPERIMENT ONE (BLACK SEA BASS) 

 

Survival and Growth 

Survival of juvenile BSB in all treatments was excellent throughout the 

experiment with little or no mortality (Table 3).  This is similar to what has been reported 

in other carnivorous marine finfish species such as humpback grouper Cromileptas 

altivelis (Shapawi et al., 2007), cobia Rachycentron canadum (Zhou et al., 2011), 

greater amberjack Seriola dumerili (Takakuwa et al., 2006), and black sea turbot Psetta 

maeotica (Yigit et al., 2006) which showed high survival when fed diets with FM protein 

replaced by PBM protein between 20 and 100%. 

Juvenile BSB fed diets with 40 – 90% PBM protein showed equivalent growth to 

those fed the control 100% FM protein diet.  However, final fish weight and percent 

BWG over the 56-d study were significantly lower in fish fed 100% PBM protein diet 

than those fed the control 100% FM protein diet (Table 3, Fig. 2, Fig. 3).   Shapawi et al. 

(2007) also reported no significant differences in growth of humpback grouper 

fingerlings when fed a 50% or 75% feed-grade PBM protein replacement diets 

compared to a 100% FM protein control diet; however, growth was significantly lower in 

fingerlings fed a 100% feed-grade PBM protein diet.  Compared to marine species like 

humpback grouper and black sea bass, freshwater fish appear to have better growth 

performance when fed diets completely replacing FM protein by PBM protein. For 

example, Nile tilapia, Oreochromis niloticus (L.), (El-Sayed, 1998) and sunshine bass, 

Morone chrysops x M. saxatilis, (Webster et al., 1999, 2000) fed diets completely 

replacing FM protein by PBM protein showed no reduction in growth performance.  Fish 
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growth performance in this study and in previous studies demonstrate that PBM is a 

high quality protein source with a suitable amino acid profile to partially or completely 

replace FM in diets of both marine and freshwater fish. 

 

 

Feed Utilization 

Feed intake in juvenile BSB did not differ significantly among the treatments, 

suggesting palatability was not affect by substitution of PBM for FM in the treatment 

diets (Table 3).  Feed conversion and protein efficiency ratios in fish fed diets with high 

substitution levels of PBM protein up to 90% were also not significantly different from 

fish fed a 100% FM control diet.  In contrast, fish fed a 100% PBM protein diet showed 

increased FCR (Fig. 5) and decreased PER values (Table 3, Fig. 6) consistent with 

decreased growth found in the 100% PBM protein treatment.  Poor feed utilization was 

also observed in humpback grouper fed a 100% feed-grade PBM protein diet (Shapawi 

et al., 2007).  In black sea turbot, feed intake and FCR for fish fed 75 and 100% PBM 

protein replacement diets were significantly lower while PER was significantly higher 

than in fish fed a 100% FM control diet (Yigit et al., 2006).  In contrast, feed utilization 

was not affected by complete replacement of FM protein using PBM protein in African 

catfish Clarias gariepinus (Burchell 1822) (Abdel-Warith et al., 2001) and sunshine bass 

(Webster et al., 1999).   

A possible cause for poor feed utilization in fish fed 100% PBM protein diet is the 

development of cataracts in both eyes.  Some BSB in the 100% PBM treatment 

developed cloudy eyes that could have prevented the fish from their natural eating 
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behavior.  The poor feeding ability could have, in turn-caused the reduced growth; 

however, the cataracts were only noticed after the final sampling.  The cause of the 

cataract formation is not completely known, but may be attributed to an imbalance of 

amino acids (Breck et al., 2005; Waagbo et al., 2010).  Calculated values of methionine, 

lysine, threonine, leucine, and phenylalanine in diets with PBM protein were lower than 

the analyzed requirement of juvenile BSB reported by Alam et al. (2012) (Table 28).     

The quality of PBM used to replace FM can influence feed utilization and growth 

of finfish and hence, the maximum level of substitution resulting in no adverse effects on 

fish performance (Bureau et al., 1993; Dong et al., 1993).  For example, Nengas et al. 

(1999) reported poor growth and feed utilization in gilthead seabream, Sparus aurata L., 

fed a diet replacing 40% FM protein with a high fat poultry meal, or replacing 75% FM 

protein with a locally available PBM.  On the other hand, these workers found, no 

significant differences when fish were fed a diet using poultry meat meal (which unlike 

PBM does not include feathers) to replace 100% of the FM protein.  Likewise, a diet 

with 100% feed-grade PBM protein produced reduced growth and poor feed utilization 

in humpback grouper, while diet with 100% pet food-grade PBM protein produced no 

significant differences in growth and feed utilization (Shapawi et al., 2007).  In this 

study, a feed-grade PBM was used to replace FM in the diets of juvenile BSB.  The 

reason PBM protein is usually regarded as a suitable replacement for FM protein is due 

to its comparable amino acid composition and high protein digestibility (Dong et al., 

1993; Bureau et al., 1999).  However, variation in quality can compromise these 

characteristics, and must be carefully considered in selecting PBM sources as a FM 

protein replacement in commercial fish feeds. 
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Based on survival, growth, and feed utilization, PBM protein can replace as much 

as 90% of the FM protein in the diet of juvenile BSB without adverse effects.  This level 

of replacement using a feed-grade PBM is greater than typically seen in marine finfish 

without amino acid supplementation and suggests that BSB have a superior ability to 

digest and assimilate high levels of PBM protein.  The natural diet of BSB, which 

consists of animal protein such as fishes, amphipods, and decapods (Sedberry, 1988), 

indicates that these fish posses the ability to process amino acids from animal protein 

efficiently and supports the idea they have the ability to do so even with PBM.  However 

while growth performance and feed utilization were minimally impacted, differences in 

whole body, muscle, and liver proximate composition might exist since diets in this 

study were formulated using a terrestrial animal protein source and not a marine animal 

protein source.   

 

 

Diet and Fish Proximate Composition 

Whole body moisture content was significantly higher in BSB fed diets with 50 – 

80% and 100% PBM protein (Table 6).  In contrast, Takakuwa et al. (2006) noted lower 

whole body moisture content in greater amberjack fed diets substituting 60% of the FM 

protein by PBM protein without amino acids or 40% with PBM protein supplemented 

with amino acids.   

Ash content of the whole body increased with increasing levels of PBM in the 

diets (Table 6).  This trend is not reflective of the ash content found in the diets for 

juvenile BSB which used low-ash PBM to replace FM (Table 4).  Hence, whole body
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Table 28: Calculated essential amino acid composition of juvenile black sea bass whole body tissue and treatment diets 

(g/100g dry diet) with increasing concentrations of fish meal (FM) protein replaced by poultry by-product meal (PBM) 

protein (Expt. 1).  Dietary calculations based on manufacturer specifications of protein sources. 

1from Alam et al. (2012) 
2Percent of FM protein replaced by PBM protein

  
Diet2 

Amino acid 
Calculated value in 
45% of whole body 
protein1 

0 40 50 60 70 80 90 100 

Methionine 1.46 1.19 1.07 1.04 1.01 0.98 0.95 0.92 0.89 

Lysine 3.20 3.38 3.08 3.00 2.93 2.85 2.77 2.70 2.62 

Threonine 1.80 1.81 1.72 1.70 1.68 1.66 1.64 1.62 1.60 

Isoleucine 1.46 1.74 1.72 1.71 1.70 1.70 1.69 1.68 1.68 

Leucine 2.82 3.18 2.01 1.72 1.42 1.13 0.84 0.54 0.25 

Valine 1.69 2.11 2.10 2.09 2.09 2.08 2.08 2.08 2.07 

Histidine 0.85 1.10 1.01 0.99 0.97 0.95 0.93 0.91 0.89 

Phenylalanine 1.51 1.73 1.11 0.96 0.80 0.65 0.49 0.34 0.18 

Arginine 2.73 2.73 2.84 2.87 2.90 2.93 2.96 2.99 3.02 

Tryptophan N/A 0.38 0.38 0.39 0.39 0.39 0.39 0.39 0.39 
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ash results must be explained by some other means.  An amino acid imbalance may 

have caused metabolites or minerals to accumulate in the tissue of BSB fed PBM 

protein diets.  Similar results were observed in the whole body of humpback grouper fed 

diets with 75% and 100% feed-grade PBM protein or 100% pet food-grade PBM 

(Shapawi et al., 2007).  African catfish (Abdel-Warith et al., 2001) and Nile tilapia (El-

Sayed, 1998) fed diets using PBM protein to completely replace FM protein also 

produced high whole body ash content. 

No significant differences were seen in whole body protein content of juvenile 

BSB suggesting assimilation of PBM protein by juvenile BSB was comparable to FM 

protein (Table 6).  Greater amberjack fed diets replacing 20 – 60% FM protein with PBM 

protein supplemented with and without amino acids likewise showed no differences in 

whole body protein (Takakuwa et al., 2006).  Juvenile cobia fed diets with 15 – 60% FM 

protein replaced by pet food-grade PBM protein (Zhou et al., 2011) and humpback 

grouper fingerlings fed diets with 75 and 100% of a pet feed-grade PBM protein 

(Shapawi et al., 2007) produced whole body protein content similar to a FM control diet.  

Gilthead seabream fed diets with 100% poultry meat meal protein (Nengas et al., 1999) 

also showed no difference in whole body protein from fish fed a control FM diet.  

However, a diet with 75% of a locally available PBM protein produced a decrease in 

whole body protein content in this species and showed a low protein digestibility 

(Nengas et al., 1999).  These results demonstrate the importance of understanding 

PBM quality before consideration for use in replacing FM in diets of finfish. 

Whole body lipid content was not affected by PBM substitution for FM protein up 

to 100% (Table 6).  Dietary lipid levels were only slightly different between PBM protein 
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diets and the FM protein control diet, but whole body lipid results suggests lipid content 

of PBM was utilized as efficiently as lipid found in FM (Table 4).  This was similar to 

other marine finfish, including greater amberjack (Takakuwa et al., 2006) and cobia 

(Zhou et al., 2011) fed diets with up to 60% of the FM protein replaced by PBM and in 

humpback grouper (Shapawi et al., 2007) fed 75% and 100% PBM protein, where 

whole body lipid levels were not affected by PBM protein substitution for FM protein in 

the diet.  Among freshwater finfish, Yang et al. (2006) reported no significant difference 

in whole body lipid content of gibel carp, Carassius auratus gibelio Bloch, fed up to 

100% PBM protein.  No difference in whole body lipid content was also reported in 

African catfish (Abdel-Warith et al., 2001), Nile tilapia (El-Sayed, 1998), and sunshine 

bass (Webster et al., 1999) fed diets with 100% FM protein replaced by PBM protein.   

 

 

Fatty Acid Profile of the Diets and Whole Body 

 While total lipid content of the whole body was not significantly different between 

fish fed PBM and FM, the composition of fatty acids in the whole body reflected dietary 

levels of terrestrial animal protein and marine protein sources used.  Higher oleic acid 

(18:1n-9) levels were observed in fish fed diets with PBM protein, increasing as PBM 

increased in the diets (Table 7).  This caused total MUFA concentrations to be higher in 

fish fed PBM protein replacement diets.  Clearly, PBM contains higher MUFAs than FM, 

and high levels of PBM produced high amounts of MUFAs in the whole body of juvenile 

BSB.  This same general trend was observed in linoleic acid (18:2n-6) and the sum of n-

6 PUFAs in the whole body of juvenile BSB.  Similarly, juvenile coho salmon 
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Oncorhynchus kisutch fed a diet with PBM protein completely replacing FM protein 

contained elevated oleic acid, total MUFA, linoleic acid, and total n-6 PUFA levels 

(Twibell et al., 2012).  Increased oleic and linoleic acid levels were also reported in 

Atlantic salmon Salmo salar L. when fed diets with poultry fat partially replacing fish oil 

(Higgs et al., 2006).   

Interestingly, substitution of PBM for FM in the diets did not have an effect on 

EPA or DHA concentrations in the fish whole body (Table 7) suggesting the possibility 

to synthesize EPA or DHA from some precursor.  Dietary levels of both EPA (Fig. 9) 

and DHA (Fig. 10) did decrease with increased PBM, but the same trend was not 

observed in whole body (Table 5).  The PBM had a higher lipid content than the FM, so 

less fish oil was added to the PBM diets to makeup the difference.  This may imply 

juvenile BSB have lower EPA and DHA requirements in their diets.  The dietary EPA 

(3.5 – 12.1%) and DHA (3.1 – 12.3%) levels in this study met or exceeded the minimum 

recommended levels for red sea bream Pagrus major and yellowtail Seriola 

quinqueradiata diets (Sargent et al., 2002).  Juvenile coho salmon fed diets using PBM 

protein to replace FM protein produced lower EPA, DHA, and total n-3 PUFA 

concentrations as well as a lower n-3 to n-6 PUFA ratio (Twibell et al., 2012).  A 

significantly lower n-3 to n-6 PUFA ratio in the whole body of BSB was also observed in 

this study (Table 7).  Replacing FM protein by PBM protein in the diets of BSB also did 

not affect the ratio of DHA to EPA found in the whole body.  The ratio of DHA to EPA in 

the diets was 0.84 – 1.01 which was above the dietary requirement for yellowtail, but 

below the minimum for gilthead seabream (Sargent et al., 2002).  Wu et al. (2002) 

reported that growth of Epinephelus malabaricus, was enhanced when the DHA to EPA 
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ratio in the diet was greater than 1.0.  No recommended value for EPA or DHA in the 

diet for BSB has been published.  However based on the requirements for other marine 

species and the results of this study, sufficient EPA and DHA were provided in all the 

diets. 

 

 

Muscle and Liver Tissue Proximate Composition 

Moisture, ash, and protein content of the muscle tissue showed no significant 

differences among the treatments (Table 8).  These results differed from the trend 

observed in whole body ash content indicating assimilation of inorganic material was 

different in the muscle compared to the whole body.  Clearly, the increased ash content 

was not distributed into the muscle tissue, but rather possibly concentrated in either 

bone tissue or intestines.  Yigit et al. (2006) also reported no difference in moisture, ash, 

or protein content for muscle tissue in black sea turbot fed diets replacing up to 50% of 

the FM protein with PBM protein.  In contrast, replacement of FM protein by PBM 

protein at levels of 75 and 100% in the diet for black sea turbot caused an increase in 

muscle moisture and ash contents and a decrease in protein content (Yigit et al., 2006).  

These authors suggested that the decreased protein content in the muscle tissue was 

caused by elevated catabolism. Diets with high replacement of FM protein by PBM 

protein fed to black sea turbot could also have contained lower levels of digestible 

protein than those used in this study. 

Juvenile BSB fed the 50% PBM protein replacement diet had significantly higher 

muscle lipid levels than the 100% FM control diet, while diets with 40% and 60 –  
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100% PBM protein produced no significant differences (Table 8).  Similarly, fish fed the 

50% PBM protein replacement diet had some of the highest concentrations of fatty 

acids among treatments.  Black sea turbot showed no significant differences in muscle 

tissue lipid content for diets with 25 – 100% PBM protein (Yigit et al., 2006). 

 Liver moisture content for juvenile BSB fed diets with 60% and 100% FM protein 

replaced by PBM protein was significantly lower than BSB fed the control diet (Table 9).  

Both treatments produced the lowest final weight and as a result may have produced 

smaller liver weights leading to a lower moisture percentage.  Fish fed diets replacing 

70 – 90% FM protein with PBM protein showed similar final weight and liver moisture 

level as fish fed the control FM diet.  No significant differences were seen in the liver 

moisture content from greater amberjack fed a diet with up to 60% FM protein replaced 

by PBM protein with and without amino acid supplementation (Takakuwa et al., 2006). 

 Protein content of the liver was not significantly different among treatments 

(Table 9) indicating excessive catabolism in the liver did not occur.  These results 

differed with that of greater amberjack which had decreased liver protein content when 

fed diets replacing up to 60% FM protein with PBM protein both with and without amino 

acid supplementation (Takakuwa et al., 2006).  No clear reasoning was given for the 

decreased protein content found in greater amberjack.   

 Lipid levels in the liver were significantly higher in juvenile BSB fed diets with 

40% and 60 – 100% PBM protein compared to BSB fed the 100% FM control diet 

(Table 9).  Generally, lipid and moisture contents have an inverse relationship however, 

this was not the case in this study.  It is possible that some fatty acid or amino acid 

imbalance may have caused the elevated lipid levels in the liver.  In contrast, lipid 
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content of liver tissue from greater amberjack fed diets replacing up to 60% FM with 

PBM protein with and without additional amino acids showed no significant differences 

to that of a high FM control diet (Takakuwa et al., 2006) which is consistent with the 

moisture level in the same study. 

 

 

Digestibility 

Dry matter ADC showed no significant differences among treatments (Table 10), 

indicating the ability of fish to digest dry matter in the diets did not vary between fish fed 

diets with PBM protein and the 100% FM protein control diet.  Similar results were 

observed for humpback grouper fed a 50% FM replacement diet with feed-grade PBM 

protein and a 75% FM replacement diet with pet food-grade PBM protein (Shapawi et 

al., 2007).  Gibel carp also showed no significant differences in dry matter ADC when 

fed diets replacing 90% and 100% FM protein by PBM protein (Yang et al., 2006).  

Utilization of PBM to replace FM in diets of marine and freshwater fish appears to have 

no affect on dry matter ADC. 

 Juvenile BSB fed a 70% PBM replacement diet had significantly lower protein 

ADC than BSB fed a 100% FM control diet, yet no significant differences were observed 

among other treatments (Table 10).  In general, the ADC of protein for all treatments 

suggests PBM protein is as digestible as FM protein and thus well assimilated by BSB.  

No significant differences were reported in protein ADC of greater amberjack fed diets 

with 60% of the FM protein replaced by PBM protein supplemented with and without 

amino acids (Takakuwa et al., 2006), however protein ADC values were lower than 
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those in this study indicating BSB digests PBM protein better than greater amberjack.  

Gibel carp showed a similar range of protein ADC values to BSB, but diets replacing 

40.5 – 83% and 100% FM protein by PBM protein had significantly lower protein ADC 

when compared to a FM control diet (Yang et al., 2006).  The FM control diet in Yang et 

al. (2006) had a higher protein ADC value compared to this study suggesting the FM 

used in this study was of lower quality than the FM used in Yang et al. (2006). 

 No significant differences were observed in lipid ADC among treatments (Table 

10).  All diets contained fish oil, but concentrations decreased as PBM increased in the 

diets since PBM had a higher lipid content than FM.  This suggests lipid of PBM was as 

digestible by BSB as the lipid content found in FM.  The results are consistent with 

greater amberjack fed diets with up to 40% PBM replacement levels with and without 

additional amino acids (Takakuwa et al., 2006) and humpback grouper fed 75% and 

100% FM protein replacement diets using feed-grade or pet food-grade PBM protein 

(Shapawi et al., 2007) in which lipid ADC was not different from the control FM diet. 

 

 

Conclusion 

 In conclusion, FM protein in diets of juvenile BSB can be replaced by PBM 

protein at levels as high as 90% without affecting survival, growth, feed utilization, fish 

biochemical composition (e.g. muscle moisture, ash, or protein content, liver moisture or 

protein content), or ADC of dry matter, protein, or lipid compared to a 100% FM control 

diet.  At a PBM substitution level for FM of 90%, juvenile BSB were fed only 7% FM in 

their diet, compared to 70% FM in the control diet.  It is evident that BSB can utilize high 
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amounts of dietary PBM efficiently, although complete replacement of FM impaired 

growth and feed utilization.  In contrast, complete replacement of FM by PBM was 

possible for Nile tilapia (El-Sayed, 1998) and sunshine bass (Webster et al., 1999).  

Even though no negative effects on growth performance and feed utilization were 

observed when humpback grouper were fed diets with 100% FM protein replaced by pet 

food-grade PBM, Shapawi et al. (2007) recommended that PBM (pet food-grade or 

feed-grade) can replace more than half of the FM in humpback grouper diets.  Lower 

nutrient digestibility and limiting essential amino acids, however, prevented a higher 

recommendation for FM replacement by these workers.  Based on the results of the 

present study, juvenile BSB can be successfully raised on diets containing 56.4% PBM 

and 7% FM.  However, commercial diets for growout BSB utilizing a single protein 

source to replace FM may not be practical, economical, or ultimately sustainable 

because exclusive utilization of one protein source will create an imbalance between 

supply and demand resulting in higher market prices (i.e., current problems associated 

with FM).  By combining multiple protein sources (e.g. soybean meal and PBM) in 

commercial diets, higher levels of FM protein could be replaced while utilizing different 

resources, keeping feed costs low.  Thus, research to replace FM protein by a 

combination of protein sources is needed to develop practical commercial diets for 

production of BSB.  This study demonstrated that PBM would be a suitable protein 

source for such a model. 
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DISCUSSION: EXPERIMENT TWO (SOUTHERN FLOUNDER) 

 

Survival and Growth 

Survival remained high in all treatments for the duration of the study with no 

significant treatment effects (Table 12).  Humpback grouper Cromileptas altivelis 

(Shapawi et al., 2007), cobia Rachycentron canadum (Zhou et al., 2011), greater 

amberjack Seriola dumerili (Takakuwa et al., 2006), and black sea turbot Psetta 

maeotica (Yigit et al., 2006) also showed high survival, with no significance differences 

when fed diets with FM protein replaced by PBM protein up to complete replacement. 

Juvenile SF fed diets with PBM protein in substitution for FM at levels up to 100% 

PBM showed comparable growth (i.e., fish weight and percent weight gain) to fish fed 

the control FM diet.  This is a higher successful level of PBM substitution than 

previously reported in other marine finfish.   Many marine carnivorous species such as 

cobia (Zhou et al., 2011) and humpback grouper (Shapawi et al., 2007) have been 

reported to show no differences in growth when fed diets with substantial levels of PBM 

(60 and 75%, respectively) in replacement of FM protein, but reduced growth when FM 

was completely replaced with a 100% feed-grade PBM diet (Shapawi et al., 2007).  In 

contrast to these species, unimpaired growth on a diet replacing 100% of FM using a 

feed-grade PBM without amino acid supplementation suggests that SF have an 

exceptional ability to digest and assimilate high levels of PBM protein.  A number of 

freshwater fish showed similar ability to utilize diets replacing 100% FM protein by PBM 

protein.  Nile tilapia, Oreochromis niloticus (L.), (El-Sayed, 1998) and sunshine bass, 

Morone chrysops x M. saxatilis, (Webster et al., 1999, 2000) fed diets completely 
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replacing FM protein by PBM protein demonstrated no negative effects on growth 

performance.  Results of this and previous studies indicate that PBM is clearly a high 

quality protein source with a suitable amino acid profile that can be used by fish 

culturists to substantially or fully replace FM in both marine and freshwater fish. 

 

 

Feed Utilization 

Feed utilization (feed intake, FCR, and PER) in juvenile SF fed diets replacing 

FM protein with up to 100% PBM protein was not significantly different from fish fed a 

control FM diet.  This suggests that palatability, digestibility, and assimilation of feed 

were not compromised by substitution of PBM for FM in the diet at any replacement 

level (Table 12).  These results are very similar to those reported in African catfish 

Clarias gariepinus (Burchell 1822) (Abdel-Warith et al., 2001) and sunshine bass 

(Webster et al., 1999).  Humpback grouper also showed no differences in feed 

utilization when fed diets replacing FM protein with up to 100% pet food-grade PBM 

protein (Shapawi et al., 2007).  Interestingly, when these fish were fed a diet with 100% 

feed-grade PBM protein, humpback grouper showed an increase in FCR and a 

decrease in PER (Shapawi et al., 2007) suggesting PBM from different sources can 

vary in quality and digestibility.  Nengas et al. (1999) reported a decrease in PER in 

gilthead seabream, Sparus aurata L., fed diets with 75% FM protein replaced by a 

locally available PBM protein, but no significant difference when fed a diet with 100% of 

a poultry meat meal (which unlike PBM does not include feathers), also suggesting high 

variability in quality of poultry products among sources.  Available information suggests 
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that the quality of PBM used to replace FM can markedly influence growth and feed 

utilization of finfish and thus the maximum effective level of substitution (Dong et al., 

1993; Bureau et al., 1999; Shapawi et al., 2007; Nengas et al., 1999). 

 Survival, growth, and feed utilization results suggest that PBM protein can 

replace FM protein completely in the diets of juvenile SF.  This level of replacement 

using a feed-grade PBM is greater than typically seen in marine finfish without amino 

acid supplementation, but comparable to some species of freshwater fish.  It is evident 

SF have a superior ability to utilize high levels of PBM protein.  The natural diet of SF, 

which consists of animal protein such as shrimp and small fish (Daniels, 2000), supports 

that these fish posses the ability to efficiently process amino acids from both marine 

animal protein as well as terrestrial animal protein such as PBM.  Since settlement of 

juvenile southern flounder occurs in upper estuarine environments, their early life-stage 

diets generally contain more terrestrial sources than most marine fish.  Preliminary 

studies at UNCW have shown that SF are also able to utilize meat and bone meal 

protein at high replacement levels for FM protein (Alam et al., unpublished data).  The 

reason PBM protein is usually regarded as a suitable replacement for FM protein is due 

to its comparable amino acid composition and high protein digestibility (Dong et al., 

1993; Bureau et al., 1999).  However, based on the available data, it is recommended 

that fish culturists carefully evaluate PBM quality and digestibility to ensure reliable fish 

performance.  While growth performance and feed utilization were not adversely 

affected by PBM substitution for FM protein, differences in whole body, muscle, and 

liver proximate composition did exist that could adversely affect product quality and 

marketability.   
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Diet and Fish Proximate Composition 

Whole body moisture content of juvenile SF was not affected by level of PBM 

replacement for FM (Table 15).  Gibel carp Carassius auratus gibelio Bloch (Yang et al., 

2006) and humpback grouper (Shapawi et al., 2007) also showed no significant 

differences in whole body moisture content when fed diets with up to 100% PBM.  

Replacement of FM protein by PBM did not have an affect on whole body ash 

content except in juvenile SF fed the 60% PBM protein replacement (Table 15).  The 

observation in fish fed the 60% PBM protein replacement diet cannot be explained by 

the dietary ash content which showed lower levels in PBM diets than the control FM 

diet.  The ash content observed in fish fed the 60% PBM protein replacement diet may 

have been an outlier.  It is not clear why ash content was higher in the 60% PBM protein 

replacement diet, but other studies have found higher whole body ash content in fish fed 

high PBM protein substitution diets.  Gibel carp produced significantly higher ash 

content fed a diet with 91.5% FM protein replaced by PBM protein (Yang et al., 2006), 

while humpback grouper showed significantly higher whole body ash content fed diets 

above 75% FM replacement using a feed-grade PBM and a 100% pet food-grade PBM 

diet (Shapawi et al. 2007). 

No significant differences were observed in whole body protein content of 

juvenile SF fed diets replacing FM by PBM up to 100% (Table 15).  Gibel carp fed up to 

91.5% PBM substituted protein (Yang et al., 2006) and Nile tilapia (El-Sayed, 1998) fed 

a diet replacing 100% FM protein with PBM protein also showed no significant 

differences in whole body protein content.  In contrast, humpback grouper fed a diet 

with more than 75% FM protein replaced by either feed-grade or pet food-grade PBM 
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protein showed decreased whole body protein content (Shapawi et al., 2007).  It 

appears that these dissimilar results are related to species-specific differences rather 

than to PBM source and quality. 

   Lipid content of the whole body decreased significantly when juvenile SF were 

fed a diet with more than 40% PBM protein replacement (Table 15).  Since the amount 

of digestible lipid in the diets did not differ, this result could be related to poorer lipid 

quality in PBM compared to FM, and/or lower-lipid digestibility by the SF.  Nengas et al. 

(1999) reported lower whole body lipid levels in gilthead seabream fed diets with 50% 

and 75% FM protein replacement using a locally available PBM, but no significant 

difference when fed 100% poultry meat meal protein.  In contrast, both cobia (Zhou et 

al., 2011) and greater amberjack (Takakuwa et al., 2006) fed diets with up to 60% FM 

protein replaced by PBM protein showed no significant differences in whole body lipid 

compared to fish fed a control FM diet.  In gibel carp (Yang et al., 2006) and humpback 

grouper (Shapawi et al., 2007), no significant differences were observed in fish fed diets 

with 100% FM replacement with PBM.  Available data suggests that the quality of PBM 

may have a greater effect on whole body lipid content than species-specific differences 

in digestibility. 

 

 

Fatty Acid Profile of the Diets and Whole Body 

 Dietary fatty acid composition was reflected in the whole body fatty acid profile 

(Table 14). Since PBM had a higher lipid content than FM, less fish oil was needed in 

the diets to create isolipidic levels among treatments.  High PBM in the diets of SF 
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caused elevated oleic acid (18:1n-9) concentrations in the whole body.  However, the 

pattern seen in oleic acid was not observed in total MUFAs.  Other MUFA levels in the 

whole body were highest in the FM control diet which caused the sum of MUFAs to be 

not significantly different among treatments.  Higher linoleic acid (18:2n-6) and total n-6 

PUFAs were also observed in fish fed PBM protein diets.  In comparison, juvenile coho 

salmon Oncorhynchus kisutch fed a diet with PBM protein completely replacing FM 

protein also contained elevated oleic acid, linoleic acid, and total n-6 PUFA levels 

(Twibell et al., 2012).  Atlantic salmon, Salmo salar L., fed diets with poultry fat partially 

replacing fish oil produced increased whole body oleic and linoleic acid levels (Higgs et 

al., 2006).   

Increasing PBM protein substitution for FM protein in SF lowered whole body 

EPA, DHA, and total n-3 concentrations (Table 16, Fig. 24, Fig. 25, Fig. 26).  

Significantly lower n-3 to n-6 PUFA ratio in the whole body was also observed in 

juvenile SF fed diets with PBM protein.  While the dietary EPA (4.1 – 11.1%) and DHA 

(3.5 – 11.1%) levels in this study met or exceeded the minimum recommended levels 

for other marine finfish (red sea bream Pagrus major and yellowtail Seriola 

quinqueradiata) diets (Sargent et al., 2002), juvenile SF may require higher minimum 

concentrations of these essential PUFAs in diets with PBM to create a similar whole 

body profile as a FM based diet.  Juvenile coho salmon fed diets using PBM protein to 

replace 100% FM protein also showed lower EPA, DHA, and total n-3 PUFA 

concentrations as well as a lower n-3 to n-6 PUFA ratio (Twibell et al., 2012).  Despite 

being significantly lower in diets replacing more than 60% FM protein by PBM protein, 

the ratio of DHA to EPA in the diets was 0.86 – 1.00 which was above the dietary 



146 
 

requirement for yellowtail, but below the minimum for gilthead seabream (Sargent et al., 

2002).  Wu et al. (2002) reported that growth of Epinephelus malabaricus, was 

enhanced when the DHA to EPA ratio in the diet was greater than 1.0.  No 

recommended value for EPA or DHA in the diet for SF has been published, but DHA to 

EPA ratio results suggest that n-3 PUFA requirements must be carefully considered 

when PBM protein is substituted for FM protein at levels of 60% or higher.   

 

 

Muscle and Liver Tissue Proximate Composition 

Moisture, ash, protein, and lipid contents of the muscle showed no significant 

differences among treatments (Table 17) indicating that no major changes in proximate 

composition of diets were caused by PBM substitution for FM.  Except for fish fed the 

60% PBM protein replacement diet, moisture, ash, and protein content of the muscle 

matched the trend found in the whole body.  These results differed from those of Yigit et 

al. (2006) who reported lower muscle moisture, ash, and protein levels in black sea 

turbot fed more than 75% PBM protein replacement, but with similar muscle lipid. 

Liver moisture content in juvenile SF fed a diet with 90% FM protein replaced by 

PBM protein was significantly lower than in fish fed a 100% FM control diet, while no 

significant differences were observed in fish fed diets with lower levels of PBM (Table 

18).  These results are similar to those of Takakuwa et al. (2006) who reported no 

significant differences in liver moisture content in greater amberjack fed diets replacing 

as high as 60% FM protein with PBM protein with and without amino acid 

supplementation. 
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Liver lipid content in juvenile SF was not affected by replacement of FM protein 

by up to 80% PBM in the diet, but was significantly lower at the 90% and 100% 

replacement levels (Table 18).  This suggests a possible whole body deficiency in 

amino acids or fatty acids which was caused by insufficient fatty acid concentrations in 

the high PBM protein replacement diets for SF.  Calculated values of essential amino 

acids methionine, lysine, threonine, and leucine, in diets with PBM protein were lower 

than the analyzed requirement of juvenile SF reported by Alam et al. (2011) (Table 29).  

Greater amberjack fed diets replacing up to 60% FM protein by PBM protein with and 

without additional amino acids also showed no significant differences in liver lipid 

content (Takakuwa et al. 2006), but higher replacement levels were not tested.  

  

 

Digestibility 

The ADC of dry matter in juvenile SF fed 80% and 100% PBM protein 

replacement diets was significantly lower than the 100% FM protein control diet (Table 

19).  It is unclear why dry matter digestibility declined in these treatments.  It is possible 

that the dry matter content of PBM contains indigestible material that only has a 

significant effect in fish at high levels of inclusion in the diet.  Shapawi et al. (2007) 

reported ADC values for humpback grouper that were similar to the ones found in this 

study, with significantly lower ADC of dry matter in fish fed diets replacing 75% and 

100% FM protein using a feed-grade PBM protein and replacing 100% FM protein using 

a pet food-grade PBM protein.   
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The ADC of protein by SF was not affected by PBM substitution for FM at levels 

of up to 100% (Table 19) suggesting PBM protein is as digestible as FM protein in 

juvenile SF.  Greater amberjack fed up to 60% PBM protein replacement diets with and 

without amino acid supplementation produced no significant differences in ADC of 

protein (Takakuwa et al., 2006); however, protein ADC values were lower compared to 

SF suggesting SF have a superior ability to digest PBM protein.   

Humpback grouper fed diets replacing 75% FM protein with a pet food-grade 

PBM protein had a similar protein ADC as SF, with no significant difference from the 

control.  However, fish fed a diet with FM protein substituted at 100% showed a 

decrease in protein ADC (Shapawi et al., 2007).  It is clear SF have a unique ability to 

digest and assimilate PBM even when used as a complete replacement of FM. 

 Juvenile SF fed 80% and 100% PBM protein replacement diets showed 

significantly lower lipid ADC than fish fed a FM control diet (Table 19).  Diets fed to SF 

contained fish oil and poultry oil (from PBM lipid content), however, less fish oil was 

needed as PBM increased in the diets.  This suggests that SF may have a problem 

digesting poultry fat found in PBM.  This pattern is supported by the fatty acid profile of 

the whole body which showed fish fed 80 and 100% PBM protein replacement diets with 

significantly lower SFAs.  Greater amberjack fed a 60% PBM protein replacement diet 

with and without amino acid supplementation also had lower lipid ADC (Takakuwa et al., 

2006).  However, humpback grouper fed 75% and 100% FM protein replacement diets 

using either feed-grade or pet food-grade PBM showed no significant differences in lipid 

ADC, suggesting that humpback grouper may have the ability to digest high amounts of 

PBM oil (Shapawi et al., 2007).  The range of protein ADC was lower in SF than in  
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Table 29: Calculated essential amino acid composition of juvenile southern flounder whole body tissue and treatment 

diets (g/100g dry diet) with increasing concentrations of fish meal (FM) protein replaced by poultry by-product meal (PBM) 

protein (Expt. 2).  Dietary calculations based on manufacturer specifications of protein sources. 

1from Alam et al. (2011) 
2Percent of FM protein replaced by PBM protein

  
Diet2 

Amino acid 
Calculated value in 
45% of whole body 
protein1 

0 40 50 60 70 80 90 100 

Methionine 1.20 1.19 1.07 1.04 1.01 0.98 0.95 0.92 0.89 

Lysine 3.56  3.38 3.08 3.00 2.93 2.85 2.77 2.70 2.62 

Threonine 1.90  1.81 1.72 1.70 1.68 1.66 1.64 1.62 1.60 

Isoleucine 1.35  1.74 1.72 1.71 1.70 1.70 1.69 1.68 1.68 

Leucine 2.48  3.18 2.01 1.72 1.42 1.13 0.84 0.54 0.25 

Valine 1.68  2.11 2.10 2.09 2.09 2.08 2.08 2.08 2.07 

Histidine 0.88  1.10 1.01 0.99 0.97 0.95 0.93 0.91 0.89 

Phenylalanine 0.60  1.73 1.11 0.96 0.80 0.65 0.49 0.34 0.18 

Arginine 2.77  2.73 2.84 2.87 2.90 2.93 2.96 2.99 3.02 

Tryptophan N/A  0.38 0.38 0.39 0.39 0.39 0.39 0.39 0.39 
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greater amberjack (Takakuwa et al., 2006) and humpback grouper (Shapawi et al., 

2007), supporting the idea that SF cannot digest high amounts of PBM lipid.  It does 

appear that differences in PBM lipid digestibility are related to species-specific 

differences rather than quality of PBM. 

 

 

Conclusion 

In conclusion, PBM protein can be used to completely replace FM protein in the 

diet of juvenile SF without adverse affects on growth or feed utilization, indicating an 

exceptional ability to digest and to assimilate PBM protein.  When fed a diet with 100% 

PBM protein, juvenile SF showed no significant lowering in survival, growth, feed 

utilization, whole body moisture, ash, and protein content, muscle proximate 

composition, liver moisture, and ADC of protein compared to a control 100% FM diet.  

Clearly, complete replacement of FM by PBM in the diets for SF is possible; however, 

due to high variability within treatments, it is difficult to recommend a suitable inclusion 

level.  While no recommendation of complete replacement of FM protein by PBM has 

been found in marine finfish, there has been success in freshwater fish (El-Sayed, 1998; 

Webster et al., 1999).  Nevertheless, commercial diets for growout of SF utilizing a 

single protein source to replace FM may not be practical, economical, or ultimately 

sustainable because exclusive utilization of one protein source in the diets for farmed 

fish, will uncouple supply and demand resulting in higher market prices (i.e. current 

problem associated with FM).  Thus, research to replace FM protein by a combination of 

protein sources (e.g. soybean meal and PBM) is needed to develop practical 
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commercial diets for production of SF.  This study demonstrated that PBM would be a 

suitable protein source for such a model. 
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DISCUSSION: EXPERIMENT THREE (MIXED PROTEIN) 

 

Survival and Growth 

 Survival of juvenile was >90% for all treatments, with no significant differences 

throughout the experiment (Table 21).  Red sea bream Pagrus major (Kader et al., 

2012), cuneate drum Nibea miichthioides (Guo et al., 2007), and malabar grouper 

Epinephelus malabricus (Wang et al., 2008) showed similar results when fed diets using 

a combination of plant and animal protein sources to replace 25 – 100% FM protein. 

Growth in juvenile BSB fed diets with FM protein replaced by PBM and MBM 

protein independently or in combination with SM and KM showed no significant 

reduction compared to a fish fed a control FM diet (Table 21).  However, growth was 

significantly reduced when SM and KM were removed from a diet replacing 70% FM 

protein by both PBM and MBM protein (Table 21, Fig. 29, Fig. 30, Fig. 31) in equal 

proportions.  When combined with plant protein sources, SM and KM promote good 

growth in juvenile BSB that that cannot be sustained when increasing concentrations of 

MBM and PBM are substituted for FM.  It is possible that SM and KM at even small 

concentrations create a more balanced amino acid profile in the diets for juvenile BSB 

(Table 30) than when FM is substituted with high concentrations of PBM and MBM.  Krill 

and squid meals generally have a comparable amino acid profile to FM (Hertrampf and 

Piedad-Pascual, 2002).  It has been reported that high levels of FM protein can be 

replaced by a plant protein source, without any significant differences in growth, with the 

addition of SM or KM at a low inclusion level (Kader et al., 2010; Alam et al., 2012).  

High levels of FM protein have been successfully replaced by PBM and MBM protein  
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Table 30: Calculated essential amino acid composition of juvenile black sea bass whole body tissue and treatment diets 

(g/100g dry diet) with fish meal (FM) protein replaced by a combination of protein sources (soybean meal; poultry by-

product meal, PBM; meat and bone meal, MBM; squid meal, S; krill meal, K) at varying concentrations (Expt. 3).  Dietary 

calculations based on manufacturer specifications of protein sources. 

1from Alam et al. (2012) 
2Percent of FM protein replaced by PBM protein, MBM protein, or PBM and MBM proteins 

  
Diet2 

Amino acid 
Calculated value in 
45% of whole body 
protein1 

 
0 

PBM 
35 

PBM 
70 

MBM 
35 

MBM 
70 

PBM and 
MBM 70 

PBM and 
MBM 70 
No S/K 

PBM and 
MBM 100 

Methionine 1.46 0.95 0.92 0.89 0.90 0.85 0.87 0.74 0.84 

Lysine 3.20 3.20 3.13 3.05 3.15 3.10 3.08 2.89 3.02 

Threonine 1.80 1.82 1.80 1.78 1.71 1.61 1.69 1.51 1.64 

Isoleucine 1.46 2.02 2.01 2.01 1.94 1.85 1.93 1.75 1.89 

Leucine 2.82 3.50 3.21 2.92 3.33 3.15 3.04 2.46 2.84 

Valine 1.69 2.19 2.18 2.18 2.09 1.98 2.08 1.96 2.04 

Histidine 0.85 1.15 1.13 1.11 1.60 2.05 1.58 2.03 1.77 

Phenylalanine 1.51 2.12 1.96 1.80 2.02 1.93 1.87 1.55 1.76 

Arginine 2.73 3.15 3.18 3.21 3.18 3.21 3.21 3.15 3.24 

Tryptophan N/A 0.44 0.44 0.44 0.43 0.42 0.43 0.45 0.43 
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without SM or KM, but generally include blood meal or feather meal in the diet which 

have a higher protein concentration than PBM or MBM and are used to balance amino 

acids and increase palatability (Guo et al., 2007; Wang et al., 2008; Wang et al., 2010).  

Blood meal nutrient quality can vary, but generally is high in protein and low in fat and a 

rich source of leucine, but low in methionine and isoleucine (Hertrampf and Piedad-

Pascual, 2002).  Feather meal is also high in protein and low in fat, but its amino acid 

content can vary (Hertrampf and Piedad-Pascual, 2002).   

 

 

Feed Utilization 

Juvenile BSB fed diets containing SM and KM showed no significant differences 

in feed utilization (feed intake, FCR, and PER) compared to fish fed a control FM based 

diet (Table 21).  However, when SM and KM were removed from these diets, FCR 

values increased and PER values decreased (Table 21, Fig. 32, Fig. 33).  These results 

are directly related to the reduced growth found in juvenile BSB fed the 70% PBM and 

MBM protein replacement diet without SM and KM.  Palatability and attractability, 

however, were not a factor, since feed intake did not differ significantly among 

treatments (Table 21).  Wang et al. (2008) reported no significant differences in feed 

intake or FCR in malabar grouper fed diets replacing up to 50% FM protein by a 

combination of SBM, PBM, and MBM without SM or KM also indicating that palatability 

was not affected compared to a control FM diet.  Similar results were observed in 

cuneate drum fed a diet with up to 80% FM protein replaced by a combination of SBM, 

PBM, and MBM (Guo et al., 2007) with blood and feather meals.  
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Survival, growth, and feed utilization of juvenile BSB in this study suggest that 

FM protein can be completely replaced by 9% PBM and 12% MBM protein along with 

40% SBM, 7.5% SM, and 5% KM in the diets of juvenile BSB.  Results showed that the 

blend of terrestrial and marine animal protein sources with a basal level of SBM that 

was used in this study produced a nutritional balance that allowed full replacement of 

FM protein in the diets for juvenile BSB.  Similar findings were found in red sea bream 

fed a diet with 56% SBM, 5% SM, and 5% KM and with 10% fish solubles (Kader et al., 

2012).  Lee et al. (2002) reported no significant differences in survival, growth, and feed 

utilization in juvenile rainbow trout Oncorhynchus mykiss fed a diet containing 5% PBM, 

5% MBM, 15% SBM, 5% KM and 16% cottonseed meal to replace 100% of the FM 

protein.   

 

 

Diet and Fish Proximate Composition 

 Whole body moisture content showed no significant differences among 

treatments (Table 24).  These results are comparable to whole body moisture content in 

malabar grouper (Wang et al., 2008), cuneate drum (Guo et al., 2007; Wang et al., 

2010), and red sea bream (Kader et al., 2012) fed diets with mixture of plant and animal 

protein sources. 

 Reflecting dietary ash levels (Table 22), whole body ash content of diets 

substituting FM protein by MBM protein at 70% and by a combination of PBM and MBM 

protein plus SM and KM was significantly higher than the FM control diet, but lower than 

the diet without SM and KM (Table 24).  Besides a possible imbalance in methionine 
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(Table 30), reduced growth found in juvenile BSB fed the protein replacement diet 

without SM and KM may have also been caused by a lower protein digestibility related 

to high ash levels as previously reported in gilthead sea bream and red drum fed diets 

using MBM (Robaina et al., 1997; Kureshy et al., 2000).  

Protein content of the whole body was significantly lower in juvenile BSB fed a 

diet replacing FM protein by PBM and MBM protein without SM and KM (Table 24).  

The decreased protein content could explain the decreased growth in the same 

treatment but the cause of the decreased protein content is speculative.  Whole body 

protein content could have decreased in the FM protein replacement diet without SM or 

KM because of a lower protein digestibility related to the increased ash content found in 

the diet.  However, protein digestibility was not measured in this study and hence, 

cannot be confirmed.  The decreased whole body protein content could also have been 

caused by lower assimilation rates which could explain decreased growth as well.  In 

contrast, no significant differences in whole body protein content were found in malabar 

grouper (Wang et al., 2008), cuneate drum (Guo et al., 2007; Wang et al., 2010), and 

red sea bream (Kader et al., 2012) fed mixed (animal and plant) protein diets to replace 

FM protein. 

Whole body lipid level in juvenile BSB fed the 70% PBM and MBM protein 

replacement diet was slightly, albeit significantly higher than the level found in juvenile 

BSB fed the FM based control diet (Table 24).  The elevated lipid content does not 

appear to be indicative of any amino acid or fatty acid deficiency, since fish fed diets 

utilizing higher quantities of the same protein sources produced no difference in whole 

body lipid content.  Additionally, the fatty acid profile of the whole body showed no 
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excessive concentrations of a particular fatty acid.  Many studies have reported no 

significant difference in whole body lipid content in fish fed diets in which FM protein is 

partially or fully replaced by a combination of animal and plant protein sources (Wang et 

al., 2008; Guo et al., 2007; Wang et al., 2010; Kader et al., 2012). 

 

 

Fatty Acid Profile of the Diets and Whole Body 

 The whole body fatty acid profile of juvenile BSB fed diets replacing FM protein 

by a combination of protein sources (Table 25) reflected the fatty acid profile found in 

the diets Table 23).  Fish fed the 70% PBM protein replacement diet showed increased 

linoleic acid (18:2n-6) concentration while the 70% MBM protein replacement diet 

showed a decrease.  The same trend was observed in total n-6 PUFAs, except fish fed 

the FM protein replacement diet without SM or KM also showed decreased n-6 PUFA 

levels (Fig. 34).  The increase in both linoleic acid and n-6 PUFAs in whole bodies of 

BSB fed the diet replacing FM protein with PBM protein is consistent with what was 

reported for coho salmon fed a similar diet (Twibell et al., 2012).  In the present study, 

however, the decrease in linoleic acid and n-6 PUFAs in the diet replacing FM protein 

with MBM protein contrasts with what was reported for yellow perch (Ai et al., 2006).   

 Black sea bass fed the 70% MBM protein replacement diet and diets containing 

PBM and MBM protein produced lower EPA, DHA, and total n-3 PUFA concentrations 

in whole body tissues than fish fed the control FM diet (Table 25, Fig. 35, Fig. 36, Fig. 

37).  The decreased FM content in those FM replacement diets may have contributed to 

the loss of the n-3 fatty acids, since FM is generally a rich source of n-3 fatty acids 
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(Hertrampf and Piedad-Pascual, 2002) and fish oil content in the diets remained 

constant.  The DHA to EPA ratio was consistent for all FM protein replacement diets 

except the 70% PBM and MBM protein replacement diet which had a lower ratio 

compared to the FM based control diet.  The ratio of DHA to EPA in all treatment diets 

was 0.83 – 0.91 which was above the dietary requirement for yellowtail, but below the 

minimum for gilthead seabream (Sargent et al., 2002).  Wu et al. (2002) reported that 

growth of Epinephelus malabaricus, was enhanced when the DHA to EPA ratio in the 

diet was greater than 1.0.  No recommended value for EPA or DHA in the diet for BSB 

has been published.  However based on the requirements for other marine species and 

the results of this study, sufficient EPA and DHA were provided in all the diets. 

 

 

Muscle and Liver Tissue Proximate Composition 

 Muscle moisture levels were significantly higher in juvenile BSB fed the 70% 

MBM protein replacement diet and the 70% PBM and MBM protein replacement diet 

(Table 26).  Ash content of the muscle was significantly higher in the diet replacing 70% 

FM protein by MBM protein and in the diets replacing FM protein by a mixture of PBM 

and MBM protein (Table 26).  These results are consistent with the results found in the 

ash content of the whole body and are related to the high ash content of these animal 

protein sources.  Replacement of FM protein by PBM protein had no affect on the 

protein content in the muscle (Table 26).  Muscle lipid content was significantly lower in 

diets containing PBM or MBM protein compared to the FM based control diet 

suggesting either possible fatty acid deficiency or poor lipid digestibility in the PBM and 
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MBM combination.  Compared to fish fed the FM control diet, the decreased muscle 

lipid content in fish fed diets containing PBM or MBM protein could be due to lower lipid 

digestibility of PBM or MBM diets.  However, no digestibility analysis was done in this 

study.  Alternatively, the muscle tissue that was removed from the fish fed the PBM and 

MBM protein replacement diets could also have contained higher levels of abdominal 

lipid content.  Few studies have documented muscle tissue proximate composition in 

finfish fed diets combining animal and plant protein sources. 

  Liver moisture, protein, and lipid levels showed no significant differences among 

treatments (Table 27).  Guo et al. (2007) reported similar moisture and lipid content of 

the liver in cuneate drum fed a diet with up to 80% FM protein replaced by a 

combination of plant and animal protein sources. 

 

 

Conclusion 

 In summary, juvenile BSB can be fed a diet completely lacking FM protein while 

including 40% SBM, 7.5%SM, 5% KM, 9% PBM, and 12% MBM.  Removal of SM and 

KM in the diet for BSB resulted in poorer growth performance and feed utilization.  

However since no statistical significant difference was observed in fish performance 

between the 100% FM replacement diet and the diet replacing 70% FM protein by PBM 

and MBM protein without SM and KM, we recommend a level of 70% FM protein be 

replaced by PBM and MBM along with SM and KM in the diet.  At this substitution level, 

a diet with only 6% FM shows similar results to a diet with 20% FM in juvenile BSB.  

Guo et al. (2007) recommended animal and plant protein sources could replace 80% 
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FM protein in the diets of cuneate drum, which meant only 7% FM protein would be 

included in the diet.  However based on current commercial costs of the protein sources 

formulated in this study, the 70% PBM and MBM protein replacement diet would not be 

the most economical (Table 31).  For commercial production purposes, the diet 

replacing 70% FM protein by PBM and MBM without SM or KM would be the cheapest 

($539/mT).  Yet after costs are adjusted for FCR, the 100% PBM and MBM protein 

replacement diet becomes the most cost-effective ($740/mT).  This diet also produced 

similar fish performance compared to the control diet.  Overall, this study has shown 

that juvenile BSB can be cultured successfully on a diet with little to no FM protein using 

a combination of plant and terrestrial and marine animal protein sources. 
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Table 31: Calculated total and adjusted costs ($/mT) based on protein sources of diets with fish meal protein replaced by 

a combination of protein sources (soybean meal; poultry by-product meal, PBM; meat and bone meal, MBM; squid meal, 

SM; krill meal, KM) at varying concentrations (Expt. 3). 

 Diet1 

 

0 
(control) 

35 
PBM 

70 
PBM 

35 
MBM 

35 
MBM 

70 
PBM and 

MBM 

70 
PBM and 

MBM 
no S/K 

100 
PBM and 

MBM 

Total cost $845 $776 $708 $789 $733 $721 $539 $667 

Adjusted cost2 $938  $862  $786  $876  $814  $800  $830  $740  

1Percent of FM protein replaced by PBM protein, MBM protein, or PBM and MBM proteins 
2Adjusted with FCR  
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CONCLUSION 

 

Overall, both BSB and SF exhibited great potential in replacing high or complete 

levels of FM protein by PBM protein in their diets.  In Expt. 1, a diet replacing 90% FM 

protein by PBM protein was recommended for juvenile BSB while in Expt. 2, complete 

replacement of FM protein by PBM protein was possible in diets for juvenile SF.  

Additionally, juvenile BSB fed a diet replacing a high level of FM protein by a 

combination of protein sources (SBM, PBM, MBM, SM, and KM) produced similar 

results to juvenile BSB fed a FM based control diet.  In Expt. 3, replacing 70% FM 

protein by PBM and MBM protein with SM and KM was recommended in a practical diet 

for juvenile BSB.  This means a diet with only 6% FM produced results that were 

consistent with a diet containing 20% FM.  Yet when considering protein costs and 

FCR, the diet replacing 100% FM protein by PBM and MBM with SM and KM was the 

most cost-effective.  Before commercial production of these diets can be started, their 

effects on grow-out fish (juvenile to market stage) must be determined. 
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APPENDIX A 

 

Vitamin Premix: 

Product Name: Kadai Vitamin for Fish (University of Kagoshima) 

Addition Rate: 4.0 – 4.5% 

 

Ingredients Content/Kg Unit 

Excipient 

Β-carotene 

 

Vitamin D3 12,906,000.0 IU 

Vitamin E 12,832.0 mg 

Vitamin K3 1,528.0 mg 

Vitamin B1 (coated) 1,925.0 mg 

Vitamin B2 6,413.0 mg 

Vitamin B6 1,528.0 mg 

Vitamin B12 2.8 mg 

Niacin 25,658.0 mg 

Calcium D-pantothenate 8,983.0 mg 

Biotin 192.0 mg 

Folic acid 481.0 mg 

Para-amino benzoic acid 12,775.0 mg 

Inositol 128,304.0 mg 

Choline chloride (Silica) 262,310.0 mg 

Cellulose 128,679.0 mg 
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Mineral Premix: 

Product Name: Kadai Mineral for Fish (University of Kagoshima) 

Addition Rate: 4.0 per dry feed 

 

Ingredients Content/Kg Unit 

Excipient 

Sodium Chloride 

 

Magnesium sulfate 126,674 mg 

Sodium monohydrogen phosphate 80,635 mg 

Potassium monohydrogen phosphate 221,732 mg 

Calcium monohydrogen phosphate 125,566 mg 

Ferric citrate 27,460 mg 

Calcium lactate 302,367 mg 

Aluminum hydroxide 173 mg 

Zinc sulfate 3,301 mg 

Copper sulfate 92 mg 

Manganese sulfate 740 mg 

Calcium iodate 139 mg 

Cobaltous sulfate 923 mg 
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APPENDIX B 

 

Proximate composition (% dry basis, x̄ ± SEM, N = 3) of chromic oxide diets with 

increasing concentrations of fish meal (FM) protein replaced by poultry by-product meal 

(PBM) protein for juvenile black sea bass (Expt. 1).  Means with a common letter were 

not significantly different. 

Diet 
(% PBM)1 

Moisture 
(%) 

Protein 
(%) 

Lipid 
(%) 

Chromic Oxide 
(%) 

0 (control) 12.8 ± 0.15b 49.4 ± 0.78a 14.3 ± 0.10a 0.49 ± 0.03a 

40 12.1 ± 0.19cd 48.0 ± 1.05a 13.4 ± 0.07ab 0.42 ± 0.01a 

50 11.5 ± 0.19de 47.3 ± 0.67a 13.2 ± 0.29b 0.44 ± 0.02a 

60 11.1 ± 0.09ef 47.9 ± 0.82a 12.8 ± 0.05b 0.43 ± 0.02a 

70 10.8 ± 0.08f 47.0 ± 0.90a 13.7 ± 0.15ab 0.47 ± 0.02a 

80 10.1 ± 0.06g 46.3 ± 0.70a 13.7 ± 0.39ab 0.50 ± 0.01a 

90 12.7 ± 0.08bc 47.6 ± 1.04a 13.4 ± 0.22ab 0.45 ± 0.02a 

100 16.4 ± 0.12a 47.1 ± 1.63a 13.1 ± 0.11b 0.46 ± 0.01a 

1Percent of FM protein replaced by PBM protein 
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Proximate composition (% dry basis, x̄ ± SEM, N = 3) of fecal matter collected from 

juvenile black sea bass fed diets with increasing concentrations of fish meal (FM) 

protein replaced by poultry by-product meal (PBM) protein (Expt. 1).  Means with a 

common letter were not significantly different. 

Diet 
(% PBM)1 

Protein 
(%) 

Lipid 
(%) 

Chromic Oxide 
(%) 

0 (control) 15.4 ± 0.32c 2.7 ± 0.24a 1.2 ± 0.033a 

40 16.5 ± 0.13bc 2.6 ± 0.10a 0.9 ± 0.050b 

50 16.7 ± 0.03bc 3.3 ± 0.28a 0.9 ± 0.025b 

60 16.2 ± 0.07bc 3.4 ± 0.12a 1.0 ± 0.033ab 

70 18.8 ± 0.27a 3.2 ± 0.23a 1.0 ± 0.033ab 

80 16.7 ± 0.52bc 3.0 ± 0.14a 1.1 ± 0.026ab 

90 17.5 ± 0.58ab 2.8 ± 0.05a 1.0 ± 0.003ab 

100 18.6 ± 0.38a 3.0 ± 0.16a 1.1 ± 0.074ab 

              1Percent of FM protein replaced by PBM protein 
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Proximate composition (% dry basis, x̄ ± SEM, N = 3) of chromic oxide diets with 

increasing concentrations of fish meal (FM) protein replaced by poultry by-product meal 

(PBM) protein for juvenile southern flounder (Expt. 2).  Means with a common letter 

were not significantly different. 

Diet 
(% PBM)1 

Moisture 
(%) 

Protein 
(%) 

Lipid 
(%) 

Chromic Oxide 
(%) 

0 (control) 9.7 ± 0.16bc 52.9 ± 0.23a 14.1 ± 0.13a 0.40 ± 0.010a 

40 9.7 ± 0.11bc 51.7 ± 1.03abc 13.1 ± 0.09ab 0.40 ± 0.005a 

50 10.6 ± 0.19a 50.7 ± 0.80abc 13.0 ± 0.13b 0.39 ± 0.010a 

60 9.7 ± 0.13bc 49.7 ± 0.45bc 12.7 ± 0.22b 0.39 ± 0.021a 

70 10.2 ± 0.10ab 49.4 ± 0.20bc 12.3 ± 0.35bc 0.39 ± 0.016a 

80 8.6 ± 0.09e 48.6 ± 0.82c 12.3 ± 0.18bc 0.41 ± 0.042a 

90 9.3 ± 0.02cd 50.4 ± 0.66abc 11.4 ± 0.30cd 0.37 ± 0.028a 

100 8.8 ± 0.13de 52.4 ± 0.47ab 11.1 ± 0.04d 0.36 ± 0.016a 

1Percent of FM protein replaced by PBM protein 
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Proximate composition (% dry basis, x̄ ± SEM, N = 3) of fecal matter collected from 

juvenile southern flounder fed diets with increasing concentrations of fish meal (FM) 

protein replaced by poultry by-product meal (PBM) protein (Expt. 2).  Means with a 

common letter were not significantly different. 

Diet 
(% PBM)1 

Protein 
(%) 

Lipid 
(%) 

Chromic Oxide 
(%) 

0 (control) 21.8 ± 1.01a 9.3 ± 0.05b 1.5 ± 0.03a 

40 19.2 ± 0.65ab 11.0 ± 0.17a 1.4 ± 0.09ab 

50 18.7 ± 0.32b 10.8 ± 0.12a 1.3 ± 0.10bc 

60 19.3 ± 0.27ab 10.7 ± 0.51a 1.2 ± 0.00bcd 

70 19.7 ± 0.58ab 10.8 ± 0.32a 1.1 ± 0.03bcd 

80 18.1 ± 0.34b 9.5 ± 0.08b 1.0 ± 0.03de 

90 17.8 ± 0.41b 8.8 ± 0.13b 1.0 ± 0.03cde 

100 18.0 ± 0.73b 9.4 ± 0.26b 0.8 ± 0.04e 

              1Percent of FM protein replaced by PBM protein 
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