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Abstract
Coproducts from the production of fuel ethanol may have the potential to be used as protein sources for Rainbow

Trout Oncorhynchus mykiss if dietary supplementation strategies that can maintain fish performance can be identified.
A random sample of one such coproduct, grain distiller’s dried yeast (GDDY), contained detectable levels of ochratoxin
A, deoxynivalenol, zearalenone, fumonsin B1, and fumonsin B3. Therefore, the goal of this study was to test whether
growth performance of Rainbow Trout fed GDDY could be improved by dietary supplementation of a mycotoxin
deactivator (Mycofix Plus). The study was conducted as a 2 × 3 factorial design in which there were two levels of
mycotoxin deactivator (0.1% or 0%) and three levels of GDDY inclusion (0, 15, and 30%). All diets were formulated
to include 42% digestible protein and 20% crude lipid and were balanced for lysine, methionine, threonine, and
total phosphorus. Juvenile Rainbow Trout (average initial body weight, 26.4 ± 0.9 g [mean ± SD]) were stocked
at 15 fish per tank, three replicates per diet, and were fed twice daily for 12 weeks. Grain distiller’s dried yeast
inclusion at 15% and 30% of the diet reduced the growth of Rainbow Trout (P = 0.0010). In contrast, no significant
differences in feed intake and feed conversion ratio (FCR) were observed for Rainbow Trout fed diets having the 0%
and 15% GDDY inclusion levels. However, increased feed intake (P = 0.0002) and FCR (P = 0.0002) were observed
in Rainbow Trout fed the 30% GDDY diet. Only minor trends of increased fish growth (P = 0.0773) and protein (P =
0.0527) and energy (P = 0.0538) retention were observed when mycotoxin deactivator was supplemented regardless
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298 HAUPTMAN ET AL.

of yeast inclusion. These results suggest that there are minor benefits of myctoxin deactivator supplementation to
Rainbow Trout diets where mycotoxin contamination may be suspected but was independent of GDDY inclusion
level.

The production of ethanol in the United States increased
threefold between 2005 and 2010 (RFA 2011). Due to these
recent increases in biofuel production, fuel-based distillers co-
products derived from corn (maize) have become broadly avail-
able. Subsequently, the use of these coproducts as aquaculture
feed ingredients has been of increasing interest due to their
potential future volumes (Barrows et al. 2008a).

Grain distiller’s dried yeast (GDDY) is a protein source ob-
tained as a coproduct during the production of ethanol for fuel
and may have potential as an alternative protein source for fish
feeds. Gause and Trushenski (2011a, 2011b) explored the po-
tential of GDDY as a fish meal replacement in diets for hybrid
sunshine bass (White Bass Morone chrysops × Striped Bass
M. saxatilis) and found that GDDY could be included up to
13.5%, replacing up to 75% of the protein provided by fish
meal (30% fish meal basal diet) on a crude protein basis without
having a negative impact on growth rate and feed conversion
ratio (FCR). In Rainbow Trout Oncorhynchus mykiss Haupt-
man (2012) observed that the analyzed protein digestibility of
GDDY was higher than that of the average menhaden fish meals
and comparable to anchovy fish meal, soy protein concentrate,
and wheat gluten meal analyzed by Gaylord et al. (2008). Grain
distiller’s dried yeast amino acid apparent availability coeffi-
cients (AACs) were lower than those for the fish meals reported
by Gaylord et al. (2010). Growth results from the feeding trial
by Hauptman (2012) also demonstrated significantly reduced
growth and poorer feed conversion when GDDY replaced more
than 37.5% of dietary fish meal (11.2% GDDY inclusion).

Numerous dietary supplementation strategies have been
identified to improve the performance of fish fed alternative
proteins (Gatlin et al. 2007). These strategies include additional
nutrient supplementation by increasing essential and nonessen-
tial amino acids (Cheng et al. 2003; Aksnes et al. 2007; Gaylord
and Barrows 2009; Snyder et al. 2012), vitamins (Barrows et al.
2008b), and minerals (Barrows et al. 2010) as well as nonnutrient
supplementation with products such as antibodies, glucans, pre-
biotics, and probiotics (Sealey et al. 2009, 2010, 2013). Because
many promising alternatives are plant-based protein sources,
concerns have arisen regarding an increased risk for mycotoxin
contamination in alternative protein diets and whether dietary
strategies are necessary to mitigate against this possibility.

As a by-product of ethanol fuel production from corn, GDDY
is directly linked to the feed ingredient considered the pri-
mary source of mycotoxin contamination (Whitlow et al. 1998;
Whitlow 2004). Mycotoxins are among the most common con-
taminants in animal feed, causing great economic loss in both

the terrestrial livestock industry and fish culture (Jantrarotai
et al. 1990; Jantrarotai and Lovell 1990a, 1990b). Mycotoxins
are structurally diverse and potentially highly toxic secondary
metabolites produced by filamentous fungi that frequently con-
taminate agricultural commodities used as animal feedstuffs
(Hussein and Brasel 2001). It is estimated that worldwide about
25% of farmed crops are contaminated annually with myco-
toxins, and annual damage to the U.S. agricultural industry is
estimated at approximately US$1.4 billion (CAST 2003). My-
cotoxicosis in Rainbow Trout was first recorded in the early
1960s when hatcheries experienced losses of 70–80% of their
fish due to the presence of aflatoxin B1 in the cottonseed meal
in the prepared feed (Ashley and Halver 1963).

As part of the ongoing ingredient evaluation program, a ran-
dom mycotoxin screening of fish feed ingredients was conducted
and although no aflatoxin was detected, low but quantifiable
levels of ochratoxin A (0.9 ppb), deoxynivalenol (0.7 ppm),
zearalenone (133 ppb), fumonsin B1 (0.2 ppm), and fumonsin
B3 (0.1 ppm) were present in a GDDY sample. Although the
effects of ochratoxin A, deoxynivalenol, zearalenone, and fu-
monsins on growth and health of fish have not been thoroughly
investigated, a growing body of evidence suggests that perfor-
mance is negatively impacted in some species. Manning et al.
(2003) reported a reduction in body weight gain of Channel
Catfish Ictalurus punctatus fed diets with 2 ppm of ochratoxin
A for 2 weeks and 1 ppm for 8 weeks. Reduced FCR was also
observed in the same species at dietary contamination levels
of 4 and 8 ppm ochratoxin (Manning et al. 2003). Hooft et al.
(2010) reported that Rainbow Trout had decreased weight gain
and feed intake and poorer FCR, energy retention efficiency
(ERE), and protein retention efficiency (PRE) due to increased
dietary levels of deoxynivalenol starting at levels of 0.5 ppm.
Lumlertdacha et al. (1995) reported that weight gain of Chan-
nel Catfish was decreased at fumonsin B1 levels of 20 ppm.
Growth was similarly decreased in Nile Tilapia Oreochromis
niloticus at levels of 40 ppm or higher when fed fumonsin B1
(Tuan et al. 2003), whereas Common Carp Cyprinus carpio fed
either 0.5 or 5 ppm had reduced weight gain (Pepeljnjak et al.
2003). Only one preliminary study has investigated the effects
of zearalenone on growth performance of fish (S. Döll, Institute
of Animal Nutrition, Braunschweig, Germany, and colleagues,
research presented at the International Symposium on Nutrition
and Feeding in Fish, 2010, and the 33rd Mycotoxin Workshop,
2011). In that study, Döll and colleagues reported no adverse
effects of zearalenone on weight gain of Atlantic Salmon Salmo
salar at concentrations ranging from 60 to 770 ppm.
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MYCOTOXIN DEACTIVATOR TO IMPROVE RAINBOW TROUT GROWTH 299

Decreased growth performance similar to that reported in
fish fed the mycotoxins described above have often been re-
ported in the results of experiments that were unsuccessful in
replacing fish meal with alternative protein sources. Specifically
growth results from a previous feeding trial by Hauptman (2012)
demonstrated significantly reduced growth and poorer feed con-
version when GDDY was included at levels greater than 11.2%.
These results coupled with our mycotoxin detection led us to hy-
pothesize that the low-level mycotoxin contamination detected
could, in part, explain the reduced performance of Rainbow
Trout fed GDDY. Therefore, the objective of the present study
was to examine the ability of a mycotoxin deactivator (Mycofix
Plus) to improve growth performance of Rainbow Trout fed di-
ets containing three different levels of mycotoxin-contaminated
GDDY.

METHODS
Experimental design.—Grain distiller’s dried yeast was

screened for mycotoxins by a commercial laboratory (Romer
Laboratories, Union, Missouri) and found to contain low lev-
els of ochratoxin A (0.9 ppb), deoxynivalenol (0.7 ppm), zear-
alenone (133 ppb), fumonsin B1 (0.2 ppm), and fumonsin B3
(0.1 ppm). Screening of all other dietary ingredients showed that
mycotoxin levels were below detection. Therefore, a 12-week, 2
× 3 factorial experiment was conducted to determine whether
supplementation of a commercially available mycotoxin deac-
tivator at two levels (with or without) improved growth and
performance of Rainbow Trout fed practical-type diets with 0,
15 or 30% GDDY (Table 1). There were three replicate tanks
for each of the treatments. All fish were handled and treated
in accordance with guidelines approved by the U.S. Fish and
Wildlife Service.

Fish culture.—Rainbow Trout eggs from a single lot were
obtained from Troutlodge, Sumner, Washington, and cultured
at the Bozeman Fish Technology Center, Bozeman, Montana,
until the start of the experiment. Fish were stocked at 15 fish per
tank (average initial weight = 26.4 ± 0.9 g, mean ± SD). Water
temperature was maintained at 14◦C. Lighting was maintained
on a 13 h light : 11 h dark diurnal cycle. Fish were acclimated to
tanks for 1 week prior to the beginning the feeding trial. Diets
were randomly assigned to each of the 18 tanks. Fish were fed
twice a day to apparent satiation, 6 d/week.

Diet manufacturing.—All diets were formulated to meet or
exceed all reported nutrient requirements for Rainbow Trout
(NRC 1993, 2011). Diets were formulated to contain 42% di-
gestible protein and 20% crude lipid and were balanced for
available lysine (3.8%), methionine (1.3%), threonine (2.1%),
and total phosphorus (1.5%). Diets were manufactured by cook-
ing extrusion (DNDL-44, Buhler AG, Uzwil, Switzerland) with
an 18-s exposure to an average of 127◦C in the sixth extruder
barrel section. The die plate was water cooled to an average
temperature of 60◦C. Pressure at the die head was varied from
15 to 30 bar (1,500–3,000 kPa), depending on diet. Pellets of
4 mm were produced then dried in a pulse-bed drier (Buhler AG,

Uzwil, Switzerland) for 25 min at 102◦C with a 10-min cool-
ing period. The mycotoxin deactivator, Mycofix Plus (Biomin
USA, San Antonio, Texas), was mixed and applied after ex-
trusion in the oil portion at the manufacturer’s recommended
level of 0.1% of the diet using a vacuum-assisted top-coater
(A.J. Mixing, Oakville, Ontario). Analyzed dietary macronutri-
ent composition reflected formulation targets (Table 1).

Fish sampling.—Ten fish from the initial population were
sacrificed to determine initial whole-body proximate composi-
tion. Throughout the study, fish were weighed every 3 weeks
and feed intake, weight gain, and FCR were calculated. At the
conclusion of the study, three fish from each tank were taken
for whole-body composition and three additional fish were sam-
pled determine the hepatosomatic index (HSI), visceral somatic
index (VSI), and fillet ratio (FR).

Analytical methods.—Dry matter and ash analyses of ingre-
dients, diets, and whole-body samples were performed accord-
ing to standard methods (AOAC 1995). Crude protein (N ×
6.25) was determined in ingredients, diets, and feces by the
Dumas method (AOAC 1995) on a Leco TruSpec N nitrogen
determinator (LECO Corporation, St. Joseph, Michigan). Total
energy was determined by isoperibol bomb calorimetry (Parr
6300, Parr Instrument Company, Moline, Illinois). Lipid was de-
termined by petroleum ether extraction using an Ankom XT10
(Ankom Technologies, Macedon, New York).

Statistical analyses.—The software Proc GLM of SAS ver-
sion 9.1 (SAS Institute, Cary, North Carolina) was used for
factorial ANOVA, and Tukey’s means separations were used to
determine differences within main effects (J. W. Tukey, Prince-
ton University, unpublished data). Effects were considered sig-
nificant at P < 0.05.

RESULTS

Growth Performance
A significant effect of dietary GDDY was observed; growth

was reduced in fish fed the 15% and 30% GDDY diets com-
pared with fish fed the 0% GDDY diet (P = 0.0010; Table 2). In
contrast, feed intake (P = 0.0002), and subsequently FCR (P =
0.0002), were significantly increased in fish fed the 30% GDDY
diet compared with fish fed the 0% and 15% GDDY diets. No
statistically significant (P > 0.05) benefit of inclusion of the my-
cotoxin deactivator on growth, feed intake, or FCR was observed
(Table 2). No significant interactions between GDDY level and
mycotoxin deactivator supplementation on growth performance
of Rainbow Trout were observed (Table 2).

Body Condition Indices
There were differences in HSI, VSI, and FR due to GDDY

levels in the diets, but no effect of mycotoxin deactivator supple-
mentation was detected (Table 2). Visceral somatic index was
significantly increased (P = 0.0053) and FR was significantly
decreased (P = 0.0099) in fish fed the 30% GDDY diet com-
pared with fish fed the 0% and 15% GDDY diets. Fish fed the
0% and 15% GDDY diets had comparable VSI and FR values.
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300 HAUPTMAN ET AL.

TABLE 1. Composition of test diets containing 0, 15 or 30% grain distiller’s dried yeast (GDDY) with and without Mycofix Plus fed to juvenile Rainbow Trout
(initial weight ± SD, 26.4 ± 0.9 g) for 12 weeks. Diets are defined based on the percentage of fish meal replaced by grain distiller’s dried yeast on a digestible
protein basis.

Diets (with % GDDY)

0% with 15% with 30% with
Ingredients 0% Mycofix 15% Mycofix 30% Mycofix

Grain distiller’s dried yeasta 0.0 0.0 14.9 14.9 29.6 29.6
Menhaden fish meal, special selectb 25.0 25.0 12.5 12.5 0.0 0.0
Mycofix Plusc 0 0.1 0 0.1 0 0.1
Corn protein concentrated 5.0 5.0 5.0 5.0 5.0 5.0
Blood meale 3.0 3.0 3.0 3.0 3.0 3.0
Soy bean meal, solvent extracted

de-hulledb
15.0 15.0 15.0 15.0 15.0 15.0

Poultry by-product meal, pet food
gradeb

16.3 16.3 16.3 16.3 16.3 16.3

Wheat floure 14.5 14.5 8.3 8.3 3.1 3.1
Fish oil, menhadenb 14.6 14.6 15.0 15.0 15.9 15.9
Lecithin 1.0 1.0 1.0 1.0 1.0 1.0
Stay-C 35 0.2 0.2 0.2 0.2 0.2 0.2
Vitamin premixf 1.0 1.0 1.0 1.0 1.0 1.0
Trace mineral premixg 0.1 0.1 0.1 0.1 0.1 0.1
Sodium chloride 0.0 0.0 0.3 0.3 0.3 0.3
Magnesium oxide 0.0 0.0 0.1 0.1 0.1 0.1
Potassium chloride 0.0 0.0 0.6 0.6 0.6 0.6
Dicalcium phosphate 0.0 0.0 1.9 1.9 3.8 3.8
Choline Cl 1.0 1.0 1.0 1.0 1.0 1.0
DL-Methionine 0.4 0.4 0.5 0.5 0.6 0.6
Lysine HCl 1.9 1.9 2.2 2.2 2.6 2.6
Threonine 0.4 0.4 0.6 0.6 0.7 0.7
Taurine 0.5 0.5 0.5 0.5 0.5 0.5
Yttrium 0.1 0.1 0.1 0.1 0.1 0.1

Analyzed composition ( ± SD)h

Crude protein (%) 51.4 ± 0.5 50.5 ± 0.1 49.4 ± 0.0 48.8 ± 0.7 48.6.4 ± 0.0 48.7 ± 0.3
Lipid (%) 18.0 ± 0.3 19.9 ± 0.14 18.3 ± 0.4 18.1 ± 0.4 19.1 ± 0.02 19.7 ± 0.3
Gross energy (kcal/g) 5,527 ± 2 5,566 ± 1 5,683 ± 10 5,652 ± 14 5,826 ± 11 5,816 ± 4
Moisture (%) 4.0 ± 0.1 4.2 ± 0.1 4.4 ± 0.04 4.8 ± 0.4 4.9 ± 0.04 4.5 ± 0.3

aArcher Daniels Midland, Decatur, Illinois.
bNelson and Sons, Murray, Utah.
cMycofix Plus, Biomin USA, San Antonio, Texas.
dGavilon, Omaha, Nebraska.
eMGP Ingredients, Atchison, Kansas.
fContributed per kilogram of diet: vitamin A (as retinol palmitate), 30,000 IU; vitamin D3, 2,160 IU; vitamin E (as DL-(-tocopheryl-acetate), 1,590 IU; niacin, 990 mg; calcium

pantothenate, 480 mg; riboflavin, 240 mg; thiamin mononitrate, 150 mg; pyridoxine hydrochloride, 135 mg; menadione sodium bisulfate, 75 mg; folacin, 39 mg; biotin, 3 mg; vitamin
B12, 90 µg.

gContributed per kilogram of diet: zinc, 37 mg; manganese, 10 mg; iodine, 5 mg; copper, 3 mg; selenium, 0.4 mg.
hMeans of two replicate samples per diet on a dry matter basis.

Hepatosomatic index increased significantly (P = 0.0350) as
GDDY inclusion level increased.

Proximate Composition, PRE, and ERE
No significant differences were found in whole-body prox-

imate composition due to GDDY inclusion level, mycotoxin
deactivator supplementation, or their interactions (Table 3).

Whole-body protein, lipid, and energy ranged from 15.5% to
16.2%, from 11.4% to 13.8%, and from 8,667 to 8,935 kcal/g,
respectively.

Retention efficiencies were slightly more responsive to di-
etary modification (Table 3). No significant effects of GDDY
inclusion were observed for PRE or ERE. However, a signifi-
cant interactive effect of GDDY inclusion level and mycotoxin
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MYCOTOXIN DEACTIVATOR TO IMPROVE RAINBOW TROUT GROWTH 301

TABLE 2. Growth performance (means of three replicate tanks containing 15 fish/tank) and condition indices (mean determinations of three fish per tank from
N = three replicate tanks per diet) of Rainbow Trout fed diets containing 0, 15 or 30% grain distiller’s dried yeast (GDDY) with or without Mycofix Plus for 12
weeks.

Growth performance Condition indices

Diet (with % Weight gain FCR Feed intake Visceral somatic Fillet Hepatosomatic
GDDY) (% increase)a (g feed/g gain)b (% body weight/d)c index (%)d ratio (%)e index (%)f

0% 670 1.00 2.2 13.1 45.3 0.97
0% with Mycofix

Plus
734 0.94 2.3 14.0 47.4 0.97

15% 599 1.04 2.3 13.8 47.1 0.98
15% w/ Mycofix

Plus
672 1.01 2.3 13.0 46.3 1.01

30% 561 1.22 2.6 15.5 41.7 1.01
30% w/ Mycofix

Plus
572 1.19 2.7 15.1 43.9 1.1

Results of statistical analysis
Pooled SE 27 0.04 0.1 1.1 2.4 0.1
Pr > F 0.0037 0.0016 0.0014 0.0278 0.0401 0.0963
Protein P (Diet

comparison)
0.0010

(0 > 15 > 30)
0.0002

(0 = 15 < 30)
0.0002

(0 = 15 < 30)
0.0053

(0 = 15 < 30)
0.0099

(0 = 15 > 30)
0.0350

(0 < 15 < 30)
Mycofix Plus P 0.0773 0.2480 0.3136 0.9371 0.3199 0.5453
Protein × Mycofix

Plus P
0.2604 0.8825 0.7526 0.3460 0.4677 0.3093

aWeight gain (%) = (final weight – initial weight) × 100/initial weight.
bFCR = grams dry feed consumed/grams weight gained.
cFeed intake (%) = [(grams dry feed consumed/average fish biomass in grams)/culture days] × 100.
dVisceral somatic index (%) = viscera mass × 100/fish mass.
eFillet ratio (%) = fillet with rib mass × 100/fish mass.
fHepatosomatic index (%) = liver mass × 100/fish mass.

TABLE 3. Proximate composition (moisture, fat, protein, and energy) and nutrient retention efficiency (PRE and ERE) of Rainbow Trout fed diets containing 0,
15, or 30% grain distiller’s dried yeast (GDDY) with or without Mycofix Plus for 12 weeks. Values are mean determinations in three fish per tank from N = three
replicate tanks per diet.

Energy
Diet (with % GDDY) Moisture (%) Fat (%) Protein (%) (kJ/g) PRE (%)a ERE (%)b

0% 69.3 12.3 16.2 8683 31.4 21.5
0% with Mycofix Plus 69.3 12.5 16.1 8876 33.6 24.1
15% 70.2 11.4 16.1 8666 35.6 22.9
15% with Mycofix Plus 70.0 12.4 16.2 9583 34.3 23.0
30% 69.2 13.2 15.5 8872 27.0 15.8
30% with Mycofix Plus 68.0 13.8 15.7 8947 38.5* 27.6

Results of statistical analysis
Pooled SE 0.8 0.7 0.5 373 2.4 2.7
Pr > F 0.5429 0.2769 08292 0.6150 0.0710 0.1555
Protein P 0.2370 0.0968 0.4122 0.6935 0.5404 0.8878
Mycofix Plus P 0.5321 0.2929 0.8723 0.2385 0.0527 0.0538
Protein × Mycofix Plus Pc 0.7598 0.8544 0.9327 0.5270 0.0499 0.1214

aProtein retention efficiency (PRE) = [protein gain in fish (g)/protein intake (g)] × 100
bEnergy retention efficiency (ERE) = [energy gain in fish (g)/energy intake (g)] × 100
cAn asterisk (*) indicates a significant (P < 0.05) effect of Mycofix Plus within a given GDDY inclusion level.
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302 HAUPTMAN ET AL.

deactivator supplementation (P = 0.0499) was found where
PRE was increased by mycotoxin deactivator supplementation
in fish fed the 30% GDDY diet (Table 3). Additionally, near sig-
nificant effects of mycotoxin deactivator supplementation were
observed for both PRE (P = 0.0527) and ERE (P = 0.0538).

DISCUSSION
Although limited research has investigated the potential im-

portance or confounding effects of low-level mycotoxin con-
tamination in evaluations of alternative ingredients, the use of
mycotoxin deactivator products in contaminated fish feeds can
increase growth performance (Abdelaziz et al. 2010; Agouz
and Anwer 2011). Agouz and Anwer (2011) reported increases
in Common Carp growth rate and survivability when using a
probiotic (Biogen) or a binder (Myco-Ad) in the mycotoxin-
contaminated diets containing 22 ppb aflatoxin and 15 ppb
ochratoxin. Higher survivability, better growth, and feed effi-
ciency were also reported by Abdelaziz et al. (2010) when Nile
Tilapia were fed diets containing 22 ppb aflatoxin and 15 ppb
ochratoxin when clay was used as a mycotoxin binder compared
with the control diet without a binder. Results from the current
trial do not agree with Agouz and Anwer (2011) nor with Abde-
laziz et al. (2010) who both found substantial increases in fish
performance when mycotoxin binder products were included in
mycotoxin-contaminated feeds. Possible reasons for these dif-
fering results likely include the differences in types and levels of
mycotoxins examined and the different mycotoxin deactivator
products used.

The mycotoxins present in the GDDY sample used in the cur-
rent study were ochratoxin A, deoxynivalenol, zearalenone, fu-
monsin B1, and fumonsin B3; however, no aflatoxin was present.
Numerous studies have shown the negative effects of aflatoxin
on fish growth and survival with detrimental levels varying sub-
stantially depending on species. In contrast, fewer researchers
have examined the effects of ochratoxin on fish growth, and in
the study by Manning et al. (2003) levels of 2 ppm were nec-
essary to decrease growth of Channel Catfish. These levels are
approximately 100 times the levels reported in the studies by
Agouz and Anwer (2011) and Abdelaziz et al. (2010). Thus, it
is possible that the beneficial effects observed by Agouz and
Anwer (2011) and Abdelaziz et al. (2010) were primarily due to
the successful matching of an appropriate mycotoxin deactivator
mode of action with the mycotoxins present. In contrast, in the
current study the chosen product, Mycofix Plus, may not have
been effective due to synergistic effects of multiple mycotoxins
present in the contaminated feedstuff (Schazmayr 2004).

Additionally, even though in the current study multiple my-
cotoxins were present, all levels were lower than those pre-
viously reported to decrease fish growth (Lumlertdacha et al.
1995; Manning et al. 2003; Pepeljnjak et al. 2003; Hooft et al.
2010). Estimated mycotoxin levels based on the 30% inclusion
level of GDDY in the current study are 0.3 ppb, 0.2 ppm, 39
ppb, 0.06 ppm, and 0.03 ppm for ochratoxin A, deoxynivalenol,

zearalenone, and fumonsins 1 and 2, respectively. The low my-
cotoxin levels and short-term nature of the feeding trial may
have limited our ability to detect detrimental effects. Lending
support for this argument is that even though there was no sta-
tistical significance of including Mycofix Plus, we did observe a
significant benefit of Mycofix Plus on improving PRE in Rain-
bow Trout fed the 30% GDDY. Similarly, trends were found
that supported positive, though minor, effects of Mycofix Plus on
Rainbow Trout PRE, ERE, and weight gain. Given the increased
feed intake and similar whole-body proximate composition in
Rainbow Trout fed 30% GDDY, these trends may indicate slight
improvements in nutrient absorption and metabolism due to My-
cofix Plus inclusion. However, additional research is necessary
to substantiate this theory.

Alternatively, only deoxynivalenol at 0.2 ppm approached the
0.5-ppm level shown to be detrimental by Hooft et al. (2010).
Thus, only a trend in the benefit of mycotoxin deactivator inclu-
sion could also simply indicate that these levels and combina-
tions of myctoxins do not negatively impact growth performance
of Rainbow Trout and do not likely explain the decreased growth
performance of fish fed the 30% GDDY diet.

Results from this study regarding the upper limit of GDDY
as a dietary protein source for fish without affecting growth effi-
ciency are similar to those previously reported by our laboratory
(Hauptman 2012) and by Gause and Trushenski (2011a, 2011b).
These levels are slightly lower than those previously reported
for yeast inclusion in Rainbow Trout diets (Rumsey et al. 1991a;
Martin et al. 1993; Güroy et al. 2012). Rumsey et al. (1991a)
found that brewer’s dried yeast could be included at up to 25%
of the total diet without affecting weight gain and FCR. Goddard
et al. (1999) reported that inclusion of 35% yeast did not alter
growth performance. More recently, Güroy et al. (2012) reported
that dietary inclusion of the commercial yeast product NuPro
at up to 30% did not significantly decrease growth performance
of Rainbow Trout. Additional research is necessary to fully de-
termine the reasons for the varying results regarding defining
upper levels of yeast inclusion; however, basal diet composition
and specifically protein sources replaced by yeast inclusion are
confounding factors as has been previously reported by Rumsey
et al. (1991b).

A thorough screening of alternative ingredients for myco-
toxin is seldom undertaken prior to alternative protein studies
due to the costs associated with mycotoxin analyses; however,
inadequate characterization could compromise study results.
Results from the current study suggest there may be minor
benefits of mycotoxin deactivator supplementation to Rainbow
Trout diets where low-level mycotoxin contamination is known
or may be suspected. However, overall weight gain was reduced
when fish were fed higher levels of GDDY suggesting that there
are other factors limiting its use, as high inclusion levels and
low-level mycotoxin contamination do not explain these reduc-
tions. Additional research is needed to identify these factors
and further refine GDDY inclusion levels in diets for Rainbow
Trout.
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Abstract
More than 500 marine algal strains in Vietnam were screened for their ability to produce high lipids. Among these,

a Picochlorum species of Trebuxiophyceae emerged as the species that had the highest total lipid content with a value
of 48.6% dry weight (DW), including 27.84% docosahexaenoic acid (DHA). The remaining lipid was mostly C16 and
C18 fatty acids, which is appropriate for biofuel production. In addition, 20 different amino acids were identified and
included a high ratio of essential amino acids. Subsequently, the effect of environmental conditions for growth, such
as salinity, temperature, and media, on the oleogenic potential of this species was investigated. The alga grew better
(µ = 0.25 divisions per day) at a salinity of 0.5 M NaCl in enriched seawater medium (MD1) and at high temperature,
but the lipid production was higher at 2 M NaCl in artificial medium (MD2) and at low temperature. Consequently,
a two-phase culture system is recommended for obtaining high nutritional lipids and essential amino acids: MD1 can
be used for biomass maximization at a high temperature (25◦C), and cells can then be transferred into MD2 at a
lower temperature (15◦C) for oleogenesis.

Climate change, food shortage, and the decrease of fossil fuel
availability are global issues that call for alternative sources of
nutritional resources and fuel (Chisti 2008). Microalgal biomass
is often rich in products with high nutritional value and phar-
maceutical activities (Brown et al. 1993; Ördög et al. 2012);

*Corresponding author: tnduc@hcmiu.edu.vn
Received December 16, 2013; accepted March 31, 2014

it is also considered a good, carbon-neutral, renewable energy
source (Chisti 2008; Demirbas 2010; Ördög et al. 2012). Many
microalgae have the ability to produce substantial amounts of
triacylglycerols (TAGs) (e.g., 20–50% dry cell weight) as stor-
age lipids when exposed to photo-oxidative stress and other
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adverse environmental conditions (Hu et al. 2008). The lipid
profile and abundance, as well as those of proteins, amino acids,
and vitamins, vary greatly among algal species and strains, and
even within a single strain under different growth conditions
(Renaud et al. 1995; Liang et al. 2005; Krientz and Wirth 2006;
Ördög et al. 2012; Ruangsomboon et al. 2013). For decades
research efforts have been made to identify algae that could be
commercially viable sources of food and energy. However, the
enormous variety of algal strains that exist in nature has only
been investigated to a very minor extent; consequently the best
strain for food and oil production may have yet to be discovered
(Borowitzka 2013). The present work was intended to be a first
step in the quest for such organisms in the high algal biodiver-
sity of natural waters in Vietnam, which resulted in obtaining
a species of Picochlorum for aquaculture, food, and biofuel
exploitation.

METHODS
Algal sampling and isolation.—Algal samples were collected

in coastal salterns and marine habitats in Binh Dinh, Nha Trang,
Binh Thuan, Ben Tre, Vung Tau provinces, and Can Gio district
(Ho Chi Minh City) in central and southern Vietnam, incorpo-
rating more than 30 collection sites. The strains were cultured
on solid agar growth medium according to Chitlaru and Pick
(1989), at salinities equal to those determined at the collec-
tion sites. The growth medium contained 0.4M tris-HCl, 5 mM
KNO3, 5 mM MgSO4, 0.3 mM CaCl2, 0.2 mM KH2PO4, 1.5 µM
FeCl3 in 6 µM EDTA, 0.185 mM H3BO3, 7 µM MnCl2, 0.8 µM
ZnCl2, 0.2 nM CuCl2, 0.2 µM Na2MoO4, 20 nM CoCl2, and
50 mM NaHCO3; the pH of the medium was 7.5. After about
2 weeks, colonies of algae became visible; cells were then col-
lected using sterile toothpicks and plated on agar in petri dishes.
Plating was repeated until axenic strains were obtained. Axenic
algal strains were then transferred and maintained in a liquid
medium with the same composition as the agar growth medium
described above.

Screening of algal strains for lipid content.—The
cells were stained with Nile Red (9-diethylamino-5H-
benzo[α]phenoxazine-5-one; Sigma catalog number72485-
100MG) dissolved in 80% acetone (stock concentration:
0.005 g/100 mL). Specifically, 4 µL of Nile Red were added
to 200 µL of algal culture in a 96-well plate, which was then
placed in the dark for 20 min before reading. The optical den-
sity of fluorescence signal (ODEX480/ME595) was detected every
2–3 d using a Synergy HT plate reader (Biotek) controlled by
the Gen5 software (Bioteck) with a 480/20 excitation filter and
a 595/35 emission filter. Prior to the measurement, the optical
density (OD) of the culture was determined at 750 nm (OD750)
and, if necessary, the culture was diluted to obtain an OD of 0.3
(D. Tran and J. Polle, Brooklyn College, unpublished data). The
screening was done in batch cultures with three replicates and
was repeated at least twice. The OD of relative lipid fluorescence

signal was calculated as follow:

F = [((FCNR − FC) − (FMNR − FM))]/OD,

where F is the optical density of relative lipid fluorescence sig-
nal, FCNR is the optical density of fluorescence of cells stained
with Nile Red, FC is the optical density of autofluorescence of
cells not stained with Nile Red, FMNR is the optical density of
fluorescence of medium without cells stained with Nile Red,
FM is the optical density of autofluorescence of medium with-
out cells not stained with Nile Red, and OD is the optical density
of cell read at 750 nm. After screening, only the most oleogenic
strain was used for the following experiments, which were done
with three replicates and repeated at least twice.

Identification of the most oleogenic strain of algae.—The
most oleogenic algal strain was sent to Nam Khoa Biotek
Company, Ho Chi Minh City, Vietnam, (http://www.nk-
biotek.com.vn/Default.asp) for partial 18S rDNA sequencing.
Three replicates of the sample were sent out and each was se-
quenced with both forward and reverse direction, which resulted
in a total of six replicates. The 18S rDNA sequence that was
obtained after sequencing was deposited in the National Center
for Biotechnology Information (NCBI; accession number
KF305825). Homologous sequences were determined by the
search tool BLAST from NCBI (http://www.ncbi.nlm.nih.gov/)
and aligned with the hit sequences using the Bioedit program,
version 7.1.3.0 (Hall 1999). The 18S rDNA of Chlamydomonas
(NCBI accession number FR854389.1) was used as the out-
group. Phylogenetic trees were constructed using the Seqboot,
Neighbor, and Consense programs in the Phylip package,
version 3.66 (Felsenstein 1989). Bootstrap support values were
derived from 100 randomized, replicate data sets.

Culture conditions.—To determine the salinity that afforded
the highest growth rate, the alga selected from the previous
screening was grown at five salinities (0.5, 1.0, 1.5, 2, and
3 M NaCl) in the medium described above. At the salinity that
resulted in the highest growth rate, two separate experiments of
three different pH levels (6.5, 7.5, and 8.5) and two temperatures
(15◦C and 25◦C) were tested to determine the optimal pH and
temperature, respectively, for culture. The cells died at 3 M
NaCl and thus no data for this salinity are shown. All cultures
were maintained at 25◦C. In all cases, a photon flux density of
50 µmoles photons·m−2·s−1 was used.

Subsequently, three different growth media were tested us-
ing the salinity, pH, and temperature that resulted in the highest
growth described above. The nutrients (as listed in the above
algal sampling and isolation section) were added to natural sea-
water (MD1) or distilled water (MD2); a third medium (MD3)
was prepared according to Bold’s basal medium recipe (Stein
1973). The salinity of these three media was adjusted to the value
that gave the highest growth rate in the preliminary trials. Cell
growth was estimated from the changes of OD750. The cultures
were grown in 125-mL Erlenmeyer flasks containing 50 mL
of algal suspension. Only for the production of the biomass
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needed for the biochemical analysis, 2-L flasks containing 1 L
of algal culture were used. The OD of the fluorescence signal
(ODEX480/ME595) was detected every 2–3 d using a plate reader
as described previously.

Specific growth rates (µ = number of divisions per day)
based on cell OD were determined over 8 d using the equation

µ = ln(Nt/N0)/t

where µ is the specific growth rate, and Nt and N0 are the cell
densities at time t and time 0, respectively.

Biochemical analysis.—Fatty acids and amino acids of the
alga were determined in the middle of exponential phase in MD1
(enriched natural seawater medium giving optimal growth) and
at 5 d in MD2 (artificial medium caused transient stress) after
being transferred from MD1 as there was high lipid induction
on that day.

Total lipids were extracted according to Bligh and Dyer
(1959). Briefly, 50 mL of algal culture were centrifuged at
10,000 rpm for 5 min. The supernatant was removed and the
pellet was resuspended with 2 mL of a 2:1 (v/v) mixture of
chloroform : methanol. This slurry was sonicated and vortexed.
The sample was observed under the microscope to ascertain that
all cells had been broken. This homogenate was centrifuged at
10,000 rpm for 5 min. The supernatant was then transferred to
a new vial. A 2-mL aliquot of 0.9% NaCl was added to the
supernatant, which was then manually mixed several times and
left to sit for 30 min to allow the separation of the hydrophilic
and hydrophobic phases. The lower hydrophobic phase con-
taining the lipids was transferred to a new vial, dried at 55◦C
overnight, and then weighed. The amount of lipid was estimated
as the difference between the vial weight with the dehydrated
lipid extract and the weight of the same vial prior to the ad-
dition of the extract. The percentage of lipid was calculated
based on cell dry weight (DW). The dry weight was obtained
by drying the cells at 75◦C overnight or until the weight was
constant.

Fatty acids analysis included three steps (AOAC 2002a):
hydrolysis of the samples, methylation of fatty acids, and chro-
matographic analysis of the fatty acid methyl esters (FAMEs).
A 5-g sample was hydrolyzed in 10 mL of 8 N HCl and ex-
tracted with 45 mL of a mixture of ethyl ether and petroleum
ether (1:1, v/v). The FAMEs were produced from the reactions
of the ether extracts with 10 mL of 0.5 M NaOH in methanol
and then with 5 mL of 14% boron trifluoride (BF3) in methanol;
FAMEs were then separated with an Agilent 6890N GC-FID gas
chromatograph equipped with a HP-INNOWAX 19091 N-133
column (30 m × 0.25 mm inside diameter (ID), 0.25 µm). Nitro-
gen was used as carrier gas (1 mL/min); the column temperature
was initially set at 120◦C for 1 min, then raised to 250◦C with
a temperature increase rate of 10◦C/min, and kept at the final
temperature for 5 min.

Amino acid analysis was performed according to Nguyen
et al. (2012) and AOAC (2002b). The procedure comprised three

steps: protein hydrolysis, derivation of amino acids with dan-
syl (5-[dimethylamino] naphthalene-1-sulfonyl chloride), and
chromatographic separation followed by ultraviolet (UV) de-
tection of the dansyl derivatives. Depending on amino acids,
the hydrolysis was conducted differently for tryptophan deter-
mination (AOAC 2002c). The hydrolysis was performed with
LiOH as the catalyst; 0.1 g of sample was refluxed with 3 M
LiOH- ascorbate (0.1%) at 110–120◦C for 24 h. For cysteine
and methionine determination, 0.1 g of sample was oxidized
with 10 mL of performic acid (88%) for 16 h at 0◦C. After
residual performic acid was decomposed by sodium metabisul-
fite (0.85 g), the sample was hydrolyzed with 6 M HCl-phenol
(0.1%) at 110–120◦C for 24 h. For the rest of the amino acid
determinations, the hydrolysis was performed with HCl as the
catalyst. A sample of 0.1 g was hydrolyzed with 5 mL of 6 M
HCl-phenol (0.1%) at 110–120◦C for 24 h. For dansylation,
100 µL of hydrolyzed solution was added into a screw-cap tube
and dried under a gentle stream of N2 gas. The residue was dis-
solved in 0.5 mL of borate buffer (0.2 M, pH 9). Subsequently,
0.5 mL of dansyl chloride (0.5% in acetone) was added into the
tube. The tightly closed tube was heated for 30 min at 60◦C in
a bain-marie. The dansyl derivatives of amino acids were ana-
lyzed with an Agilent 1100 liquid chromatograph equipped with
a Zorbax Extend-C18 column (250 mm × 4.6 mm ID, 5 µm);
elution was conducted with gradient elution A (5% acetonitrile
[ACN], 5% isopropyl alcohol [IPA], and 90% trifluoroacetic
acid [TFA] 0.10% [v/v], adjusted with triethylamine [TEA] to
pH 2.8) and elution B (40% ACN, 40% IPA, and 20% aqueous
TFA 0.14% [v/v], adjusted with TEA to pH 2.0).

Statistical analysis.—All data were calculated to
include ± SE and tested by one-way ANOVA using SPSS 16.0
software. In all cases, the threshold for significance was set at
P < 0.05.

RESULTS

Strain Selection and Identification
Over 500 marine algal isolates were screened for lipid fluo-

rescence signal. Thirty-four strains had an OD of lipid fluores-
cence above 30,000 after 1 month and one strain had fluores-
cence above 100,000 (Figure 1). The lipid droplets of the strain
with the highest fluorescence can be easily recognized within
the cells under light and fluorescence microscopes (Figure 2).
The strain was identified as Picochlorum sp. as its 18S rDNA
was homologous and grouped together with those of other Pic-
ochlorum species, Nannochloris, and Nannochrorum (Figure 3).

Growth and Biochemical Analysis
The highest growth of Picochlorum sp. was at a salinity of

0.5 M (P = 0.024; Figure 4a). The specific growth rates
of Picochlorum sp. were 0.25, 0.19, 0.07, and 0.06 at salinities
of 0.5, 1.0, 1.5, and 2.0 M respectively; P < 0.001 (Figure 4c);
however, lipid accumulation was inversely higher at salinity of

D
ow

nl
oa

de
d 

by
 [

D
ep

ar
tm

en
t O

f 
Fi

sh
er

ie
s]

 a
t 1

7:
44

 1
7 

N
ov

em
be

r 
20

14
 



308 TRAN ET AL.

FIGURE 1. Optical density of lipid fluorescence signals of the 34 marine algal strains (out of over 500 strains screened) that gave readings over 30,000 equivalents.
Strain 1 (Picochlorum sp.) had the highest lipid signal.

FIGURE 2. Cells of Picochlorum sp. observed under a light microscope with a magnification of (a) 100 × and (b) 1,000 × , and (c) under a fluorescence
microscope at 1,000 × . The arrows show the lipid droplets within the cells.

FIGURE 3. Phylogenetic tree of “Nannochloris-like algae.” The phylogenetic
tree was built based on partial 18S rDNA sequences from the isolated alga
Picochlorum sp. (indicated within box; deposited in NCBI as accession number
KF305825) and 18S rDNA sequences of other algae obtained from NCBI (names
of algae are followed with their accession numbers). The 18S rDNA sequence
of Chlamydomonas was used as outgroup.

2 M (P = 0.001; Figure 4b). Lower temperature did not appear
to slow algal growth significantly (P = 0.178; Figure 5a), but
higher lipid accumulation was induced at lower temperature
of 15◦C compared with cells grown at 25◦C (P = 0.016;
Figure 5b)

Cellular OD of Picochlorum sp. (i.e., of the strain that showed
the highest oleogenesis) in MD1 was significantly higher than
in MD2 (P < 0.001; Figure 6a). Conversely, lipid accumulation
of the alga in MD2 was significantly higher than MD1 and MD3
(P < 0.001). The lipid fluorescence signal started to increase
exponentially after 20 d of culture and continued to exceed
the signal over 170,000 after another 2 weeks (Figure 6b). In
addition, growth of Picochlorum sp. was supported better at
pH = 7.5 (Figure 7).

With respect to the total dry mass of Picochlorum sp., 24.22%
was composed of lipids. Gas chromatography showed that the
fatty acids present in the lipid fractions were mostly C16 and
C18 in cells growing exponentially phase in MD1. When the
cells were transferred from MD1 to MD2 and incubated in that
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FIGURE 4. (a) Cell density (OD750) of Picochlorum sp., (b) its corresponding
lipid fluorescence signals, and (c) its growth rates in different salinities.

medium for 5 d, the proportion of cell dry weight composed of
lipids increased to 48.57%. Interestingly the qualitative com-
position of lipids was altered by this treatment, especially with
respect to docosahexaenoic acid (DHA; C22:6), the relative
abundance of which went from 0.95% to 27.84% (Table 1). The
amino acid content was 187.96 mg/g DW (18.80% DW) in MD1
and became 132.87 mg/g DW (13.29% DW) in cells subjected
to the change of medium and incubation for 5 d in MD2. In both
cases essential amino acids were almost 50% of the total amino
acids (Table 2).

DISCUSSION
The present study has identified Picochlorum sp. as a new

candidate for aquaculture, food, and biofuels production. The
strain identification was similar to previously identified strains

FIGURE 5. (a) Cell density (OD750) of Picochlorum sp. grown at 15◦C and
25◦C in MD1 and (b) its corresponding lipid fluorescence.

of Picochlorum, Nannochloris, and Nannochrorum, grouped as
“Nannochloris-like algae” (Henley et al. 2004). The particu-
lar species could not be determined, but further supplemental
molecular markers from the chloroplast and mitochondria may
be useful to delineate all of these Nannochloris-like algae.

Lipid droplets in live cells can be easily monitored with a reg-
ular light microscope, which is convenient for real-time mon-
itoring of lipid accumulation in live cells during cultivation,
or coupled with a fluorescence signal and a plate reader. Lipid
droplets covered almost half of the cell volume at a fluorescence
signal of 100,000, which was equivalent to a total lipid content
of 48.57% of the dry weight. Thus, total lipid content should
be higher (>48.57%) at a fluorescence of 160,000 equivalents
under conditions of limited nutrients and stress, a common char-
acteristic shown in previous reports (Chisti 2007; Ördög et al.
2012). Based on the oil content of most commercially available
and used microalgal species, our newly discovered species is by
far one of the best for lipid production (Scholz and Liebezeit
2013).

Though there was no significant difference in algal growth
between 15◦C and 25◦C (P = 0.178), lipid production was
highly induced at the lower temperature of 15◦C (P = 0.016),
which was not the optimum growth temperature for Picochlo-
rum sp. Therefore, this variable was noted as a stress factor
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FIGURE 6. (a) Cell density (OD750) of Picochlorum sp. grown at a salinity of
0.5 M NaCl in different media: MD1, MD2, and MD3, and (b) its corresponding
lipid fluorescence. The arrow shows the point at which transient stress occurred
as a result of being transferred from MD1 to MD2.

for lipid induction. This observation was also reported for other
strains of algae commonly studied for lipid production (Hu et al.
2008). For most studied strains of algae, including Picochlorum
sp., lipid production is tightly coupled to slow growth under lim-
iting conditions. However, this correlation is not linear. Usually
lipid accumulation occurs within a few days and then abruptly
drops. Therefore, an ideal candidate should display high biomass
coupled with stable lipid induction. This will require strain-
specific investigation of culturing conditions and genetics.

Growth conditions suggested that Picochlorum sp. performed
better at pH 7.5 and in 0.5 M NaCl in MD1 at a temperature of
25◦C. However, higher salinity and lower temperatures stunted

FIGURE 7. Cell density (OD750) of Picochlorum sp. grown in MD1 at differ-
ent pH levels (6.5, 7.5, and 8.5).

TABLE 1. Fatty acids (mean ± SE) of Picochlorum sp. determined in the
middle of exponential growth phase in MD1 (enriched natural seawater medium
giving optimal growth) and at 5 d in MD2 (note: transfer to artificial medium
caused transient stress; see Figure 6b) after being transferred from MD1. Values
in bold italics are significantly different; ND = not detectable.

MD1 MD2
Fatty acids (% total lipid) (% total lipid)

Tetradecanoic, C14 0.02 ± 0.002 ND
Hexadecanoic, C16 31.49 ± 2.35 26.32 ± 3.03
cis-7-Hexadecenoic, C16:1 0.88 ± 0.02 0.76 ± 0.04
Octadecanoic, C18 5.80 ± 0.97 5.04 ± 0.95
cis-9-Octadecenoic, C18:1 37.13 ± 2.09 30.72 ± 3.14
cis-9,12- Octadecandienoic,

C18:2
20.76 ± 1.93 9.32 ± 0.99

cis-9-11-13- Octadecatrienoic,
C18:3

1.67 ± 0.10 ND

Eicosanoic, C20 0.52 ± 0.05 ND
cis-11-Eicosenoic, C20:1 0.32 ± 0.01 ND
cis-5,8,11,14,17-

Eicosapentaenoic (EPA),
C20:5

0.43 ± 0.07 ND

Docosanoic, C22 0.03 ± 0.006 ND
cis-4,7,10,13,16,

19-Docosahexaenoic (DHA),
C22:6

0.95 ± 0.08 27.84 ± 2.18

algal growth, but this may be a meaningful way of inducing
high production of lipids, including a significant amount of the
essential fatty acid DHA, and amino acids (Renaud et al. 1995;
Lee et al. 1998; Takagi et al. 2006). Findings from this study in-
dicated that a two-phase culture system could be used, in which
Picochlorum sp. is grown in MD1 for biomass optimization and
then transferred into MD2 for a 5-d incubation for the induction
of oleogenesis, or could be batch-cultured in MD2 for 30 d for
high lipid accumulation in a single-step process.

With impending climate change and potential food shortages
the search for alternative, sustainable sources of food and en-
ergy are essential, and one of the best sources is algae (Chisti
2007; Ördög et al. 2012). A Picochlorum species with poten-
tially high lipid productivity has been screened and identified as
a candidate to be exploited for aquaculture, food, and biofuels.
Preliminary data on this newly identified Picochlorum warrant
further research and investigations into large-scale culture for
industrial application. For example, further thorough investiga-
tions of culturing Picochlorum sp. under various conditions of
light intensity, CO2, phosphorus, nitrogen, and salinities lower
than 0.5 M, as well as energetic effects of these conditions,
are recommended to obtain optimal biomass, specific types and
high amounts of fatty acids, amino acids, minerals, and carbohy-
drates. Moreover, genetic studies including engineering of lipids
and polyunsaturated fatty acid biosynthesis should help explain
some of the mechanisms underlying the biological activities of
this newly isolated Picochlorum species.
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TABLE 2. Amino acids (mean ± SE) of Picochlorum sp. determined in the
middle of exponential growth phase in MD1 (enriched natural seawater medium
giving optimal growth) and at 5 d in MD2 (note: transfer to artificial medium
caused transient stress; see Figure 6b) after being transferred from MD1. Values
in bold italics are significantly different. An asterisk (*) indicates essential amino
acid.

MD1 MD2
Amino acid (mg/g DW) (mg/g DW)

Arginine* 11.31 ± 1.10 7.62 ± 0.59
Serine 7.34 ± 0.79 5.70 ± 0.77
Aspartic acid 21.22 ± 2.11 15.46 ± 1.80
Glutamic acid 23.96 ± 1.58 16.44 ± 0.91
Hydroxylproline 1.95 ± 0.86 1.15 ± 0.04
Glycine 10.67 ± 1.13 7.12 ± 0.09
Threonine* 8.73 ± 0.99 7.31 ± 1.16
Alanine 15.60 ± 1.70 11.79 ± 1.00
Aminobutyric acid 0.16 ± 0.05 0.14 ± 0.07
Proline 10.65 ± 1.67 9.86 ± 1.01
Methionine* 2.55 ± 0.14 1.85 ± 0.79
Tryptophan* 1.16 ± 0.06 0.92 ± 0.08
Valine* 9.22 ± 0.90 6.17 ± 0.19
Phenylalanine* 8.78 ± 1.21 5.40 ± 0.87
Cysteine/cystine 1.60 ± 0.09 0.96 ± 0.10
Isoleucine* 13.05 ± 2.01 8.51 ± 0.14
Leucine* 15.74 ± 1.98 10.08 ± 1.32
Lysine* 15.05 ± 0.82 9.04 ± 0.75
Histidine* 3.78 ± 0.95 3.43 ± 0.09
Tyrosine 5.45 ± 0.86 3.92 ± 0.32
Total essential amino acids 89.37 ± 3.39 60.33 ± 1.80
Total amino acids 187.96 ± 7.00 132.87 ± 2.98
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Abstract
Soybean meal is commonly used as a protein source in aquafeeds, but its benefits can be limited by its digestibility

and the presence of antinutritional factors. Fermentation may address both of these issues, thereby improving
utilization of soybean meal by carnivorous fish. We compared the production performance of juvenile White Seabass
Atractoscion nobilis and Yellowtail Jack Seriola lalandi that were fed diets containing fish meal, or graded levels of
traditional soybean meal or fermented soybean meal. These diets were also compared to reduced or fish-meal-free
feeds based on soy protein concentrate, poultry byproduct meal, or algal meal (spirulina Spirulina spp.). Complete
fish meal replacement yielded poor performance in both species, regardless of the alternative protein source used.
White Seabass performed well on diets containing blends of fish meal and traditional or fermented soybean meals or
soy protein concentrate; similar results were observed in Yellowtail Jack, though performance was slightly reduced
among fish fed the feed containing fermented soybean meal. These results conflict somewhat with investigations of
fermented soybean meal in other fish taxa, as well as previous investigations of poultry byproduct meal and spirulina
algal meal in White Seabass and Yellowtail Jack. Each of these feedstuffs has potential as a protein source in aquafeeds
but presents limitations which must be addressed.

Fish meal has been one of the most-used feed ingredients
in aquaculture thanks to its favorable nutrient composition and
its price (Trushenski et al. 2006). However, rising demand and
static production volumes have caused the price of fish meal to
increase dramatically in recent years, topping US$1,900/metric
ton in late 2012 (FAO 2013). Aquaculture utilizes around two-
thirds of the global fish meal production (FAO 2012), com-
pounding the problem of overreliance on this feedstuff and
suggesting there may not be enough fish meal to satisfy the
industry’s demand in the future, regardless of price. Accord-
ingly, the Food and Agriculture Organization of the United Na-
tions has identified aquaculture’s dependence on fish meal as
a feedstuff as a primary constraint upon the industry’s growth
(FAO 2012), and considerable effort has been directed to the
identification and development of alternative protein sources,
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especially plant products (Gatlin et al. 2007). In general, plant-
origin feedstuffs appear to be readily accepted and well utilized
by herbivorous and omnivorous species, and can greatly reduce
or eliminate the need for fish meal in feeds for species, such
as Nile Tilapia Oreochromis niloticus and Channel Catfish Ic-
talurus punctatus (Robinson and Li 1994; El-Saidy and Gaber
2002; Hardy 2010). However, aggressive fish meal sparing with
plant products has had limited success in carnivorous species
because of issues related to the palatability, digestibility, and
biological value of plant proteins that may impair production
performance and physiological competence (Brown et al. 1997;
Chou et al. 2004; Laporte and Trushenski 2012; Trushenski et al.
2013).

Soybean meal is one of the most common fish meal al-
ternatives used in aquafeeds, primarily because of its high
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protein density, favorable amino acid profile, widespread avail-
ability, and low cost (Trushenski et al. 2006; Gatlin et al. 2007).
However, the digestibility, palatability and utilization of feeds
containing soybean meal as major protein source can be an
issue, particularly in carnivorous fish (Watanabe and Pongma-
neerat 1993; Davis et al. 1995; Brown et al. 1997; Refstie et al.
1998; Sitjà-Bobadilla et al. 2005; Zhou et al. 2005). These
performance-related problems are often linked to various antinu-
tritional factors (ANF) present in soybean meal, such as protease
inhibitors, phytate, saponins, lectins, oligosaccharides, and oth-
ers (Francis et al. 2001). Various processing strategies have been
used to reduce or eliminate ANF in soy-derived feedstuffs, rang-
ing from simple heat treatment to denature protease inhibitors
(common in the production of soybean meal) to extraction and
purification to reduce levels of phytate, lectins, saponins, and
oligosaccharides (as occurs in the production of soy protein con-
centrates and isolates). Concentrates and isolates contain more
protein and lower levels of ANF; however, production methods
are costly (Hancock et al. 1989; Blaufuss and Trushenski 2012)
and may only marginally improve the digestibility (Glencross
et al. 2004; Tibbetts et al. 2006; Glencross et al. 2010) and prac-
tical feeding value (Davis et al. 1995; Riche and Williams 2011;
Blaufuss and Trushenski 2012) of soy and other plant proteins
in feeds for carnivorous aquatic livestock.

Fermentation is an alternative approach that has been used
widely to preserve and increase the nutritional quality of foods
(Steinkraus 1997) and feeds (Driehuis and Elferink 2000;
Charmley 2001). With respect to soy, fermentation has been
used to increase digestibility and nutrient levels in products for
human consumption (Lee 1998; Hong et al. 2004), as well as
livestock feeding (Hong et al. 2004). Fermented soybean meals
have been successfully used as protein sources in feeds for ANF-
sensitive life stages of terrestrial livestock, primarily swine and
poultry (Feng et al. 2007a, 2007b; Jones et al. 2008, 2010; Min
et al. 2009; Kim et al. 2010). Fermented soybean meals have also
been investigated in fish feeds. Rombenso et al. (2013) reported
greater success in fish meal sparing with Aspergillus oryzae–
Bacillus subtilis-fermented soybean meal compared with tra-
ditional soybean meal in feeds for hybrid Striped Bass (White
Bass Morone chrysops × Striped Bass M. saxatilis). In ad-
dition, Buri Seriola quinqueradiata fed taurine-supplemented
diets based on Lactobacillus-fermented soybean meal yielded
growth performance equivalent with those fed the fish meal con-
trol diet (Nguyen et al., in press). Barnes et al. (2013) also re-
ported that A. oryzae–B. subtilis-fermented soybean meal could
be used to replace a moderate amount of dietary fish meal in
feeds for Rainbow Trout Oncorhynchus mykiss, albeit with re-
duced growth performance and elevated food conversion ratio
(FCR; Barnes et al. 2012, 2013). These studies suggest fermen-
tation may be equally or more effective than other, more costly
processing strategies attempting to improve the acceptance and
utilization of soy protein products in feeds for carnivorous fish.
However, it is clear that there is variation in the acceptance and
utilization of fermented feedstuffs by fishes.

White Seabass Atractoscion nobilis and Yellowtail Jack Se-
riola lalandi are important commercial and recreational species
in Southern California. Owing to their large size, high flesh
quality and market value, and favorable aquaculture character-
istics, there is a strong interest in promoting offshore commercial
culture of these species in California (Jirsa et al. 2010, 2013;
Hannesson and Herrick 2012). Like many other carnivorous
fish, White Seabass, Yellowtail Jack, and other species of Se-
riola exhibit limited acceptance and utilization of feeds with
reduced (<30–40% fish meal) or no fish meal (Takagi et al.
2006; Jirsa et al. 2010, 2011; Nguyen et al., in press). Based on
this information and previous research with fermented soybean
in ANF-sensitive livestock, we hypothesized that fermented soy-
bean meal may be particularly advantageous in White Seabass
and Yellowtail Jack feeds. Accordingly, we assessed the produc-
tion performance of juvenile White Seabass and Yellowtail Jack
fed feeds containing graded levels of traditional or fermented
soybean meal in comparison with those fed previously validated
diets based on fish meal or other high-value alternative proteins.

METHODS
Experiment 1: White Seabass.—Five ingredients were eval-

uated as primary protein sources: fish meal (64.2% protein,
Special Select, Omega Protein, Houston, Texas), traditional soy-
bean meal (heat treated and solvent extracted, 47.5% crude pro-
tein; Siemer Enterprises, Teutopolis, Illinois), fermented soy-
bean meal (PepSoyGen, 52.0% protein, Nutra-Flo Protein and
Biotech Products, North Sioux City, South Dakota), poultry
byproduct meal (66% protein, pet-food grade, Tyson, Robards,
Kentucky), and algal meal (spirulina Spirulina spp.; 58% pro-
tein, 100% Earthrise feed-grade spirulina, Earthrise Nutritionals
LLC, Calipatria, California). The process used to prepare the fer-
mented soybean meal product reduces levels of stachyose and
raffinose (oligosaccharides), as well as trypsin inhibitor activity
found in the original soybean meal product. Recent analysis of
soybean meal indicated stachyose ≈ 4.96%, raffinose ≈ 0.95%,
trypsin inhibition activity ≈ 4.90 mg/g (consistent with ranges
reported by Francis et al. 2001), whereas analysis of PepSoy-
Gen indicated nondetectable levels of both oligosaccharides and
trypsin inhibition activity of 0.32–0.54 mg/g (Jason Sewell, Kay
Flo/Nutraferma, personal communication). The product is also
free of harmful levels of mycotoxins, i.e., deoxynivalenol <

0.1 mg/kg, zearalenone < 50 µg/kg, ochratoxin A < 1 µg/kg,
mycotoxin T-2 < 0.1 mg/kg, fumosins < 0.10 mg/kg, and
aflatoxin B1 < 1 µg/kg. All diets were based on feeds previ-
ously verified to yield acceptable growth performance in White
Seabass (Trushenski et al. 2013) and were formulated to con-
tain approximately 450 g/kg digestible protein based on ingre-
dient digestibility coefficients established for Rainbow Trout
(Barrows et al. 2012). Diets contained fish meal (FM; 48% FM
CONTROL) or graded levels of traditional soybean meal (SBM)
with the balance as fish meal (24% FM SBM, 12% FM SBM
or 0% FM SBM) or fermented soybean meal (PSG) with the
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314 TRUSHENSKI ET AL.

balance as fish meal (24% FM PSG, 12% FM PSG and 0% FM
PSG).

Additional diets, based on a previously validated poultry
byproduct meal (PBM)–algal meal formulation, which yielded
equivalent or superior performance to fish meal-based White
Seabass feeds (D. Jirsa and M. Drawbridge, unpublished data),
were used for further comparative analysis (0% FM PBM +
Algae and 0% FM PBM + PSG). All diets were formulated to
contain 50 g/kg of menhaden fish oil; although the essential fatty
acid requirements of White Seabass are not known, this level has
proven adequate in previous research investigating fish oil spar-
ing in feeds for this species (Trushenski et al. 2013). At the Cen-
ter for Fisheries, Aquaculture and Aquatic Sciences (CFAAS;
Carbondale, Illinois), feedstuffs were mixed in a cutter-mixer
(model CM450, Hobart Corporation, Troy, Ohio), pelleted with
a commercial-grade food grinder (3-mm die, 1.5-hp electric
grinder, Cabela’s, Sidney, Nebraska), dried in a commercial-
grade food dehydrator (100◦C, Harvest Saver R-5A, Commer-
cial Dehydrator Systems, Eugene, Oregon), packaged and sealed
in plastic bags, and shipped to Hubbs-SeaWorld Research In-
stitute’s fish hatchery (HSWRI; Carlsbad, California), where
they were stored frozen throughout the duration of the study.
Triplicate samples of each diet were collected prior to shipping
to conduct proximate analysis (Table 1). These samples were
lyophilized (Freezone 6, Labconco Corporation, Kansas City,
Missouri) to determine moisture content. Then, after pulver-
ization, each sample was analyzed for protein (LECO FP-528,
LECO Corporation, St. Joseph, Michigan), ash (muffle furnace,
600◦C for 4 h), and lipid content (gravimetric measurement
following chloroform/methanol extraction adapted from Folch
et al. [1957]). Small differences in dietary lipid content were ob-
served (Table 1). These differences were most likely the result
of minor errors in ingredient weighing during feed preparation
or differences between reported and actual proximate compo-
sition of the feedstuffs. These differences did not appear to be
correlated with observed differences in fish performance (see
Results).

Juvenile White Seabass (mean = 11.7 g, SE = 0.1) were
stocked into a semiclosed water recirculating system at HSWRI
at a stocking density of 15 fish/tank. The system was com-
posed of 27 tanks (330-L), mechanical and biological filtration
units, and a supplemental aeration supply (blower supplying
air to individual, in-tank airstones), and was provided with a
supply of flow-through seawater (<8 L/min continuously added
to the system; ozonated to sterilize). Experimental feeds were
randomly assigned to triplicate tanks and fish were fed contin-
uously throughout the day using belt feeders set to offer feed in
slight excess of voluntary intake among the best-feeding tanks.
Daily feed consumption data were recorded, and the photope-
riod was kept at a 13:11 light : dark cycle. Temperature, dis-
solved oxygen, and salinity were measured daily using a YSI
optical ODO multi-probe meter (YSI, Yellow Springs, Ohio),
total ammonia, nitrite, and nitrate were measured weekly by
spectrophotometric analysis (HACH, Loveland, Colorado), and

pH was measured biweekly with the YSI meter throughout the
trials. All water quality variables were carefully monitored to
maintain conditions within suitable ranges for White Seabass
culture: temperature = 18.0◦C (SE, 0.5), dissolved oxygen =
7.9 mg/L (SE, 0.1), pH = 7.9 (SE, 0.1), total ammonia nitro-
gen = 0.0 mg/L (SE, 0.0), nitrite nitrogen = 0.0 mg/L (SE, 0.0),
nitrate nitrogen = 1.3 mg/L (SE, 0.6), and salinity = 33.4 g/L
(SE, 0.2).

After 34 d, White Seabass being fed the 0% FM SBM and
0% FM PSG diets exhibited very poor growth performance.
According to the animal welfare procedures of HSWRI, fish
in these treatments were euthanized via tricaine methanosulfate
(MS-222) overdose. Upon completion of the trial (68 d), three
fish per tank were euthanized via MS-222 overdose, frozen,
and shipped to CFAAS, where total carcass weight and liver
weight of each fish was acquired. Using these data, initial group
weights, and feed consumption data, the following estimates
were calculated as measures of production performance:

Weight Gain (%) = 100

× (average individual final weight − average individual initial weight)

average individual initial weight

Feed Conversion Ratio (FCR) = average individual dry matter feed intake

average individual weight gain

Specific Growth Rate (SGR, % body weight/day) = 100

× loge average individual final weight − loge average individual initial weight

days of feeding

Feed Intake (% bodyweight/day) = 100

× average individual dry matter feed intake

(average initial individual weight × average final individual weight)0.5/days of feeding

Hepatosomatic Index (HSI) = 100 × Liver Weight

Carcass Weight

For all statistical analysis, tanks were utilized as the exper-
imental units (N = 3) rather than individual fish. Due to the
elimination of two dietary treatments during the trial, data col-
lected after 34 and 68 d of culture were analyzed as separate data
sets. Production performance data were analyzed by ANOVA
(PROC GLIMMIX) using SAS 9.3 (SAS Institute, Cary, North
Carolina). Where appropriate, Tukey’s HSD tests were used for
pairwise comparison of means. In all cases, differences were
considered significant different at α = 0.05.

Experiment 2: Yellowtail Jack.—Six ingredients were evalu-
ated as primary protein sources including ingredients previously
mentioned, as well as soy protein concentrate (65% protein, So-
lae LLC, Saint Louis, Missouri). All diets were based on feeds
previously verified to yield acceptable growth performance in
juvenile Yellowtail Jack (Jirsa et al. 2011) and were formu-
lated to contain approximately 470 g/kg digestible protein based
on ingredient digestibility coefficients established for Rainbow
Trout (Barrows et al. 2012). Diets contained fish meal (40% FM
CONTROL) or graded levels of traditional soybean meal (20%
FM SBM and 0% FM SBM) or fermented soybean meal (20%
FM PSG and 0% FM PSG). Additional diets, based on previ-
ously validated poultry byproduct meal–algal meal and soy pro-
tein concentrate (SPC) formulations, which yielded equivalent
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WHITE SEABASS AND YELLOWTAIL FEEDS 315

TABLE 1. Dietary formulation and proximate composition of White Seabass diets containing fish meal (FM), traditional soybean meal (SBM), fermented
soybean meal (PSG), or poultry byproduct meal (PBM) with either spirulina (ALGAE) or PSG as the primary source of dietary protein.

Diet composition (g/kg, as fed)

Ingredient 0% FM 0% FM
or proximate 48% FM 24% FM 24% FM 12% FM 12% FM 0% FM 0% FM PBM and PBM and
composition CONTROL SBM PSG SBM PSG SBM PSG ALGAE PSG

Ingredient
Menhaden fish meala 480.0 240.0 240.0 120.0 120.0 0.0 0.0 0.0 0.0
Soybean mealb 100.0 150.0 0.0 250.0 0.0 411.2 0.0 0.0 0.0
PepSoyGenc 0.0 0.0 150.0 0.0 250.0 0.0 477.2 0.0 450.0
Spirulina algal meald 0.0 0.0 0.0 0.0 0.0 0.0 0.0 200.0 0.0
Corn protein concentratee 36.7 119.9 117.9 156.4 154.6 157.7 172.1 200.0 20.2
Soy protein concentratef 80.0 186.0 175.0 200.0 180.0 215.0 120.0 0.0 40.0
Wheat flour 184.6 137.8 149.3 81.5 100.7 0.0 9.2 130.4 32.8
Poultry byproduct mealg 0.0 0.0 0.0 0.0 0.0 0.0 0.0 330.0 300.0
Menhaden fish oila 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0
Soybean oil 21.4 39.3 39.6 48.3 48.8 58.4 58.6 9.2 31.3
Dicalcium phosphate 0.0 22.2 22.4 35.9 36.2 48.0 48.7 20.2 18.8
Taurine 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0
Methionine 0.6 2.2 2.4 3.0 3.3 4.1 5.0 1.1 4.3
Lysine 2.5 8.5 9.4 10.8 12.3 11.4 15.0 14.9 8.4
Choline chloride 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0
Vitamin premixh 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2
Mineral premixi 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Stay-Cj 1.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Carboxymethyl cellulose 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0

Proximate composition: least-square means ± SEM of triplicate samples (g/kg, dry matter basis, except for Dry Matter)
Dry Matter 934 ± 2 936 ± 1 940 ± 0 939 ± 0 949 ± 0 935 ± 1 956 ± 1 922 ± 1 945 ± 0
Proteink 511 ± 0 508 ± 2 506 ± 2 508 ± 1 502 ± 1 507 ± 2 486 ± 2 563 ± 3 519 ± 2
Lipid 177 ± 12 155 ± 10 155 ± 7 141 ± 11 140 ± 2 161 ± 3 166 ± 17 174 ± 3 137 ± 3
Ash 127 ± 2 102 ± 2 101 ± 2 81 ± 2 86 ± 1 89 ± 1 78 ± 2 75 ± 2 90 ± 1

aOmega Protein, Houston, Texas.
bSiemer Enterprises, Teutopolis, Illinois.
cNutra-Flo Protein and Biotech Products, Sioux City, Iowa.
dEarthrise Nutritionals, Calipatria, California.
eCargill, Elk River, Minnesota.
fSolae, St. Louis, Missouri.
gTyson, Robards, Kentucky.
hFormulated to contain 25.000% L-ascorbyl-2-polyphosphate, 14.000% RRR-alpha tocopheryl acetate, 13.160% vitamin K, 12.500% inositol, 12.500% nicotinic acid, 7.500%

riboflavin, 6.250% calcium pantothenate, 2.500% pyridoxine hydrochloride, 1.250% thiamine mononitrate, 1.000% vitamin A palmitate, 0.500% cyanocobalamin, 0.450% folic acid,
0.125% biotin, and 0.010% cholecalciferol in a cellulose base.

iFormulated to contain 24.897% zinc oxide, 14.933% ferrous sulfate, 3.470% manganese oxide, 0.967% cupric carbonate, 0.262% potassium iodide, 0.060% sodium selenate, and
0.030% cobalt carbonate in a cellulose base.

jArgent Laboratories, Redmond, Washington.
kAlthough crude protein levels vary, all feeds were formulated to contain 450 g/kg digestible protein.

or superior performance to fish meal-based Yellowtail Jack feeds
(Jirsa and Drawbridge, unpublished data), were used for further
comparative analysis (20% FM SPC, 0% FM PBM + Algae,
and 0% FM PBM + PSG). All diets were formulated to con-
tain 50 g/kg of menhaden fish oil; although the essential fatty
acid requirements of Yellowtail Jack are not well characterized,
this level has proven adequate in previous research investigat-
ing fish oil sparing in feeds for this species (J. T. Trushenski,

D. Jirsa, and M. Drawbridge, unpublished data). The experi-
mental feeds were manufactured, shipped to HSWRI, stored,
and analyzed for proximate analysis as previously described
(Table 2).

Juvenile Yellowtail Jack (6.8 g, SE = 0.1 g) were stocked
and reared according to in-house protocols described previously
for White Seabass. Water quality was carefully monitored fol-
lowing the same protocols as described for experiment 1 to
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316 TRUSHENSKI ET AL.

TABLE 2. Dietary formulation and proximate composition of Yellowtail Jack diets containing fish meal, traditional or fermented soybean meal, or other
ingredient blends (see Table 1 for abbreviations) as the primary source of dietary protein.

Diet composition (g/kg, as fed)

Ingredient 0% FM 0% FM
or proximate 40% FM 20% FM 20% FM 20% FM 0% FM 0% FM PBM & PBM &
composition CONTROL SPC SBM PSG SBM PSG ALGAE PSG

Ingredient
Menhaden fish meala 400.0 200.0 200.0 200.0 0.0 0.0 0.0 0.0
Soybean mealb 180.0 0.0 350.0 0.0 422.7 0.0 0.0 0.0
PepSoyGenc 0.0 0.0 0.0 462.5 0.0 521.0 0.0 500.0
Spirulina algal meald 0.0 0.0 0.0 0.0 0.0 0.0 196.3 0.0
Corn protein concentratee 0.0 75.0 104.1 50.0 164.7 115.0 199.6 30.0
Soy protein concentratef 0.0 361.5 120.0 70.0 200.0 148.7 0.0 50.0
Wheat flour 166.3 190.6 57.8 47.7 0.0 0.0 130.0 17.9
Poultry byproduct mealg 63.2 0.0 0.0 0.0 0.0 0.0 333.0 234.5
Menhaden fish oila 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0
Soybean oil 22.4 44.5 42.9 45.3 58.1 60.5 9.2 38.0
Blood meal 70.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Dicalcium phosphate 0.0 26.4 24.6 22.9 48.1 46.7 25.1 24.4
Taurine 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0
Methionine 2.0 3.2 2.6 3.5 4.1 5.0 1.2 5.0
Lysine 2.0 4.7 3.8 3.9 8.2 9.0 11.5 6.0
Choline 6.0 6.0 6.0 6.0 6.0 6.0 36.0 6.0
Vitamin premixh 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2
Mineral premixi 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Stay Cj 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Carboxymethyl cellulose 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0

Proximate composition: least-square means ± SEM of triplicate samples (g/kg, dry matter basis, except for Dry Matter)
Dry Matter 943 ± 0 936 ± 0 938 ± 0 960 ± 0 955 ± 0 964 ± 0 946 ± 0 957 ± 0
Proteink 509 ± 4 488 ± 1 502 ± 3 493 ± 0 494 ± 2 498 ± 3 575 ± 2 523 ± 3
Lipid 145 ± 4 139 ± 1 139 ± 3 136 ± 2 133 ± 1 134 ± 2 152 ± 3 143 ± 1
Ash 109 ± 6 100 ± 5 103 ± 2 102 ± 2 91 ± 4 99 ± 4 85 ± 3 96 ± 4

aOmega Protein, Houston, Texas.
bSiemer Enterprises, Teutopolis, Illinois.
cNutra-Flo Protein and Biotech Products, Sioux City, Iowa.
dEarthrise Nutritionals, Calipatria, California.
eCargill, Elk River, Minnesota.
fSolae, Saint Louis, Missouri.
gTyson, Robards, Kentucky.
hFormulated to contain 25.000% L-ascorbyl-2-polyphosphate, 14.000% RRR-alpha tocopheryl acetate, 13.160% vitamin K, 12.500% inositol, 12.500% nicotinic acid, 7.500%

riboflavin, 6.250% calcium pantothenate, 2.500% pyridoxine hydrochloride, 1.250% thiamine mononitrate, 1.000% vitamin A palmitate, 0.500% cyanocobalamin, 0.450% folic acid,
0.125% biotin, and 0.010% cholecalciferol in a cellulose base.

iFormulated to contain 24.897% zinc oxide, 14.933% ferrous sulfate, 3.470% manganese oxide, 0.967% cupric carbonate, 0.262% potassium iodide, 0.060% sodium selenate, and
0.030% cobalt carbonate in a cellulose base.

jArgent Laboratories, Redmond, Washington.
kAlthough crude protein levels vary, all feeds were formulated to contain 470 g/kg digestible protein.

maintain conditions within suitable ranges for Yellowtail Jack
culture: temperature = 19.4◦C (SE, 0.1), dissolved oxygen =
7.4 mg/L (SE, 0.2), pH = 7.6 (SE, 0.4), total ammonia nitro-
gen = 0.0 mg/L (SE, 0.0), nitrite nitrogen = 0.0 mg/L (SE, 0.0),
nitrate nitrogen = 2.9 mg/L (SE, 0.9), and salinity = 33.3 g/L
(0.2).

Upon completion of the feeding trial (65 d), production per-
formance metrics were calculated as previously described, ex-

cept that viscerosomatic index (VSI) was calculated in lieu of
HSI:

Viscerosomatic Index (VSI) = 100 × Viscera Weight (g)

Carcass Weight (g)

Statistical analysis of data from experiment 2 followed that
described for experiment 1.
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WHITE SEABASS AND YELLOWTAIL FEEDS 317

TABLE 3. Production performance of White Seabass fed diets containing fish meal or alternative protein sources after 34 and 68 days. Means with a letter
in common were not significantly different (P > 0.05). Abbreviations: NA = not available, FCR = food conversion ratio, SGR = specific growth rate, HSI =
hepatosomatic index; for others see Table 1.

One-way
Least-square means ANOVA

0% FM 0% FM
48% FM 24% FM 24% FM 12% FM 12% FM 0% FM 0% FM PBM & PBM & Pooled

Variable CONTROL SBM PSG SBM PSG SBM PSG ALGAE PSG SE P-value

At start of experiment
Initial weight (g) 11.9 11.7 11.7 11.8 11.7 11.6 11.6 11.7 11.7 0.1 0.209

After 34 d of diet consumption
Survival (%) 100 100 100 98 100 100 100 100 100 1 0.469
Final weight (g) 32.7 x 31.9 yx 32.4 x 31.5 yx 28.1 y 12.2 z 15.4 z 29.1 yx 30.6 yx 1.2 <0.001
Weight gain (%) 176 x 173 yx 176 x 167 yx 140 y 5 z 33 z 148 yx 161 yx 10 <0.001
FCR 0.91 0.93 0.90 0.91 1.05 1.20a 6.30b 1.01 1.00 4.81 0.967
SGR (% body weight/day) 2.98 x 2.96 x 2.99 x 2.88 x 2.57 x 0.14 z 0.80 y 2.67 x 2.82 x 0.18 <0.001
Feed intake (% body

weight/day)
1.54 1.56 1.54 1.50 1.55 1.63 1.57 1.53 1.56 0.03 0.057

HSI NA NA NA NA NA 2.5 1.7 NA NA NA NA

After 68 d of diet consumption
Survival (%) 100 100 100 98 93 NA NA 100 100 2 0.099
Initial weight (g) 11.9 11.7 11.7 11.8 11.7 NA NA 11.7 11.7 0.1 0.517
Final weight (g) 62.4 yxw 63.4 xw 64.0 w 60.2 wxyz 56.0 zyx NA NA 53.1 z 55.3 zy 2.3 0.001
Weight gain (%) 427 yx 442 yx 446 x 410 zyx 379 zyx NA NA 352 z 373 zy 20 0.002
FCR 1.00 1.00 1.00 1.03 1.07 NA NA 1.10 1.10 0.05 0.202
SGR (% body weight/d) 2.68 yx 2.73 x 2.74 x 2.62 zyx 2.53 zyx NA NA 2.43 z 2.50 zy 0.06 0.002
Feed intake (% body

weight/d)
3.00 2.97 3.03 3.00 3.00 NA NA 2.97 3.10 0.1 0.837

HSI 2.0 1.9 2.0 1.6 2.2 NA NA 2.1 2.2 0.4 0.672

aAverage value of −17.5, 7.5, and 13.5.
bAverage value of 13.8, 2.3, and 2.7.

RESULTS

Experiment 1: White Seabass
After 34 d, weight gain and SGR were markedly reduced

among White Seabass fed the 0% FM SBM and 0% FM PSG
feeds (weight gain = 5–33% versus 140–176%; SGR = 0.14–
0.8% body weight/d versus 2.57–2.99% body weight/d) and
these treatments were terminated (Table 3). Weight gain was
also significantly reduced among fish fed the 12% FM PSG
feed after 35 d, but the treatment was continued as the degree of
impairment relative to the 48% FM CONTROL group was con-
sidered minor. After 68 d, fish fed the 0% FM PBM & ALGAE
feed exhibited significantly reduced weight gain (352%) and
SGR (2.43% body weight/d), but the performance of fish fed
the remaining experimental diets was equivalent to that of fish
fed the 48% FM CONTROL feed (weight gain = 373–446%;
SGR = 2.50–2.74% body weight/d; Table 3).

Experiment 2: Yellowtail Jack
After 65 d, weight gain (1,048–1,193%), SGR (4.43–4.65%

body weight/d), and FCR (1.17–1.22) were equivalent among
Yellowtail Jack fed the 40% FM CONTROL, 20% FM SPC,
and 20% FM SBM feeds (Table 4). All other diets resulted

in significantly inferior weight gain (667–997%), SGR (3.70–
4.35% body weight/d), and FCR (1.30–1.60) compared with the
40% FM CONTROL feed. Minor differences were observed in
feed intake, but survival (93–100%) and VSI (5.5–7.4) did not
vary among treatments.

DISCUSSION
Although we were able to decrease fish meal inclusion to

some extent, reducing fish meal levels below 12% and 20%
reduced performance of White Seabass and Yellowtail Jack, re-
spectively. Aggressive fish meal replacement with plant-based
protein products has been shown to decrease the performance of
many marine species including Cobia Rachycentron canadum,
Black Porgy Acanthopagrus schlegelii, European Bass Dicen-
trarchus labrax, Silver Perch Bidyanus bidyanus, Gilthead
Bream Sparus aurata, and Olive Flounder Paralichthys oli-
vaceus (Allan et al. 2000; Kaushik et al. 2004; Deng et al.
2006; Lunger et al. 2006; De Francesco et al. 2007; Zhou et al.
2011). Regarding soy proteins in particular, growth impairment
has been observed in Cobia, Red Drum Sciaenops ocellatus, and
Florida Pompano Trachinotus carolinus fed increasing amounts
of soybean meal, soy protein concentrate, and (or) soy protein

D
ow

nl
oa

de
d 

by
 [

D
ep

ar
tm

en
t O

f 
Fi

sh
er

ie
s]

 a
t 1

7:
44

 1
7 

N
ov

em
be

r 
20

14
 



318 TRUSHENSKI ET AL.

TABLE 4. Production performance of Yellowtail Jack fed diets containing fish meal or alternative protein sources after 65 d of diet consumption. Means with a
letter in common were not significantly different (P > 0.05). See Tables 1 and 3 for abbreviations.

Least-square means One-way ANOVA

0% FM 0% FM
40% FM 20% FM 20% FM 20% FM 0% FM 0% FM PBM & PBM & Pooled

Variable CONTROL SPC SBM PSG SBM PSG ALGAE PSG SE P-value

Survival (%) 100 100 100 100 93 100 98 98 4 0.586
Initial weight (g) 6.8 6.8 6.8 6.8 6.7 6.7 6.8 6.8 0 0.683
Final weight (g) 87.8 x 81.9 yx 77.8 yx 74.6 y 57.2 z 51.8 z 62.0 z 55.2 z 3 <0.001
Weight gain (%) 1,193 x 1,109 yx 1,048 yx 997 y 752 z 667 z 815 z 712 z 44 <0.001
FCR 1.17 z 1.21 zy 1.22 zy 1.30 y 1.48 xw 1.60 w 1.42 x 1.53 xw 0.04 <0.001
SGR (% body weight/d) 4.65 w 4.53 xw 4.43 xw 4.35 x 3.89 zy 3.70 z 4.02 y 3.81 zy 0.08 <0.001
Feed intake (% body

weight/d)
7.07 zy 7.01 zy 6.86 z 7.09 y 6.91 zy 7.01 zy 6.96 zy 6.92 zy 0.06 0.034

HSI 6.2 5.8 6.4 5.5 6.2 7.4 6.8 7.1 0.5 0.05

isolate (Davis et al. 1995; Riche and Williams 2011; Trushenski
et al. 2011). Jirsa et al. (2010) reported reduced performance in
White Seabass fed soybean meal–soy protein concentrate feeds
containing less than 40% fish meal and similar results in Yel-
lowtail Jack fed diets containing less than 30% fish meal (2011).
Attempts to spare fish meal with soy proteins in feeds for Buri
and Greater Amberjack Seriola dumerili have yielded similar re-
sults (Watanabe and Pongmaneerat 1993; Shimeno et al. 1997;
Watanabe et al. 2001; Tomás et al. 2005; Takagi et al. 2008;
Bowyer et al. 2013a, 2013b). Collectively, these data indicate
some degree of fish meal substitution with soy protein is possi-
ble, but aggressive sparing or complete fish meal replacement is
likely to result in reduced feed intake, weight gain, and growth
efficiency of White Seabass, Yellowtail Jack, and other Seriola
species.

In some of these cases, soy-protein-based feeds may have
underperformed because of failures to characterize and account
for differences in nutrient levels or digestibilities between ingre-
dients (Gatlin et al. 2007; Glencross et al. 2007). For example,
essential amino acids such as methionine, lysine, threonine, and
taurine (essential or conditionally essential, depending on the
species) are commonly limiting in soy proteins, either as a result
of lower absolute concentrations or reduced protein digestibility
(Gatlin et al. 2007). If these limitations are overcome, fish per-
formance can often be improved. For example, Jirsa et al. (2013)
reported greater fish meal sparing in White Seabass feeds using
soy protein concentrate supplemented with methionine and tau-
rine. However, performance was still reduced when fish were
fed diets containing less than 18% fish meal (Jirsa et al. 2013).
These authors suggested that reduced palatability and feed in-
take, also commonly associated with feeding soy proteins to
carnivorous fishes (Gatlin et al. 2007; Glencross et al. 2007),
were to blame for the performance impairments observed. All
of our feeds were formulated to contain equivalent levels of di-
gestible protein (based on apparent digestibility coefficients es-
tablished in Rainbow Trout) and were supplemented to meet the

known essential amino acid requirements of White Seabass and
Yellowtail Jack. Though it is possible that the ingredients were
used are not as well digested by White Seabass and Yellowtail
Jack as they are by Rainbow Trout, given our attempts to ad-
dress nutrient requirements and availabilities, it seems unlikely
that these were the principal causes of reduced performance.
In our White Seabass trial, feed palatability appeared to be a
factor among fish fed the fish-meal-free feeds. Excluding the
fish-meal-free White Seabass feeds, consumption of the diets
appeared otherwise equivalent (in the case of White Seabass)
or nearly equivalent (in the case of Yellowtail Jack). However,
it should be noted that in both cases the fish were fed to slight
excess using automatic feeders, and the tanks were siphoned
daily. Uneaten feed was not accounted for, thus it is impossible
to say whether feed intake was truly equivalent among the treat-
ments or whether palatability of the reduced fish meal feeds was
a significant limiting factor in either of our experiments.

Whether our reduced or fish-meal-free formulations were
limited by the level or availability of essential nutrients, feed
palatability, or other negative effects of soy-derived ANF, it
is somewhat surprising that fermented soybean meal offered
no advantage over traditional soybean meal in feeds for White
Seabass or Yellowtail Jack. Fermentation of plant products has
been shown to reduce levels of ANF commonly associated with
reduced palatability and utilization of these feedstuffs (Mital
and Garg 1990; Reddy and Pierson 1994). In the case of soy-
bean meal fermentation, oligosaccharides are almost completely
eliminated (Jones et al. 2008; Min et al. 2009), and protein con-
tent and quality are improved (Mital and Garg 1990; Hong et al.
2004; Min et al. 2009). Relative to traditional soybean meal,
fermented products have yielded small improvements in growth
performance in hybrid Striped Bass (Rombenso et al. 2013)
and prevented soybean-meal-induced shifts in organosomatic
indices and aberrations in gut histology in Rainbow Trout (Ya-
mamoto et al. 2012). However, compared with Rainbow Trout
fed fish-meal-based feeds, these authors and Barnes et al. (2013)
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reported growth performance was nonetheless reduced among
fish fed high levels of fermented soybean meal. As is the case
with many other plant proteins, inclusion of fermented soybean
meal has proven more successful at lower levels of fish meal-
sparing (Kader et al. 2011; Zhou et al. 2011; Barnes et al. 2012;
Rombenso et al. 2013).

Based on estimates of protein quality and ANF levels, one
would expect fermented soybean-meal-based feeds to outper-
form those based on traditional soybean meal, particularly in
taxa that are known to be sensitive to soy-derived ANF. How-
ever, the evidence to support this hypothesis in fish is relatively
meager. In most cases, fermented soybean meal appears to per-
form in a manner broadly consistent with traditional soybean
meal and many other fish meal alternatives. One could argue
that White Seabass and Yellowtail Jack are simply more toler-
ant of ANF and therefore less responsive to reductions in dietary
ANF than other fishes, but this seems unlikely given previously
demonstrated limitations to their utilization of fish meal alter-
natives. Further, the sensitivity of Rainbow Trout to soy-based
ANF is well documented (Bureau et al. 1998; reviewed by Fran-
cis et al. 2001), yet fermentation does not appear to dramatically
improve utilization of soybean meal by this species, improve-
ments in gastrointestinal microstructure notwithstanding (Ya-
mamoto et al. 2012; Barnes et al. 2013). It is possible that the
microbial cultures used for fermentation may affect the quality
and subsequent utilization of the resultant product. Nguyen et al.
(in press) suggested that fermentation of soybean meal by Lac-
tobacillus spp., but not Bacillus spp., may attenuate some of the
performance problems associated with feeding soybean meal to
Buri; however, it should be noted that both fermented products
yielded statistically equivalent growth. Shimeno et al. suggested
that fermentation with A. usamii (1994) or a combination of A.
oryzae and Eurotium repens (1993) improved utilization of soy-
bean by Buri, and fish fed the combined fermented product grew
as well as those fed fish meal as the primary protein source. In
these cases and in our findings here, the microbial cultures used
may have influenced the outcome.

The focus of our work presented here was to evaluate fermen-
tation as a means of addressing dietary ANF content; however,
we also recognize the potential for microbial material in the
diet to affect the immune system of fish. Numerous prebiotics
(indigestible dietary constituents that encourage growth of ben-
eficial microflora) and probiotics (intact microbes) have been
investigated as a means of improving the health and disease
resistance of cultured fish (Irianto and Austin 2002; Merrifield
et al. 2010) and crustaceans (Farzanfar 2006). Several of the mi-
crobes mentioned above in the context of fermentation have also
received some attention as probiotics or sources of prebiotics
in aquafeeds. For example, Kim et al. (2009) investigated both
low-level inclusion of fermented soybean meal and direct sup-
plementation with A. orzyae as means of improving performance
of Barred Knifejaw Oplegnathus fasciatus. The reported effects
of prebiotic or probiotic supplementation are mixed, probably
due to wide variation in the types of microbes or microbial

fractions used, inclusion rates, duration of feeding, interspecies
differences in the response to prebiotics and probiotics, etc. Re-
gardless, it is generally understood that while some level of
supplementation may be beneficial, feeding too much microbial
material or feeding it for too long may result in overstimulation
of the immune system and growth suppression (Merrifield et al.
2010). It is possible that, when used as a primary protein source,
fermented soybean meal may provide more microbial content
than is beneficial for certain species or lifestages, overriding
any benefits of fermentation on dietary ANF content, protein
utilization, etc. Dose-response experiments may provide some
insight along these lines.

It is puzzling that the previously validated feeds based on
poultry byproduct meal and spirulina algal meal did not per-
form as well as the fish meal-based controls in either exper-
iment. These formulations were selected specifically because
they previously yielded growth performance equivalent to fish-
meal-based control feeds in White Seabass and Yellowtail Jack
(Jirsa and Drawbridge, unpublished data). The White Seabass
and Yellowtail Jack used in each of our experiments were pro-
duced according to HSWRI hatchery protocols. Although all
of the fish appeared normal and no substantial problems were
noted during the hatchery phase of any production year, it is
possible that some unknown factor(s) may have contributed to
differential performance between cohorts of fish. Both White
Seabass and Yellowtail Jack have been cultured by HSWRI
for many years, but the hatchery program still relies on brood-
stock of unknown pedigree and progeny quality may vary from
year to year as a result. The growth performance achieved in
the present studies (maximum weight gain of about 450% in
White Seabass and 1,200% in Yellowtail Jack) is somewhat
less than that observed in previous feeding trials using similar
feeds and the same rearing systems (maximum weight gain of
about 600% in White Seabass and 2,350% in Yellowtail Jack;
Jirsa and Drawbridge, unpublished data), though performance
appears quite variable among cohorts. As is the case for many
cultured fishes, strategic breeding programs are needed to iden-
tify and select for traits, including growth performance, survival,
disease resistance, (Gjedrem and Baranski 2009), as well as per-
formance on alternative ingredient-based feeds (Quinton et al.
2007; Overturf et al. 2013). Greater consistency among cohorts
of White Seabass and Yellowtail Jack will probably lead to
greater consistency among trials and confidence in evaluations
of feed formulations for both species.

Although fermented SBM does not appear to be especially
advantageous in juvenile White Seabass and Yellowtail Jack
feeds, it does not appear to be particularly problematic either.
Using both traditional and fermented soybean meals, we were
able to decrease dietary fish meal levels to some extent before
growth performance was affected. More research is needed to
identify potential limiting factor(s) associated with fish meal
sparing in feeds for marine fish, including prebiotic and probi-
otic effects of fermented feedstuffs and genetic contributions to
diet utilization.

D
ow

nl
oa

de
d 

by
 [

D
ep

ar
tm

en
t O

f 
Fi

sh
er

ie
s]

 a
t 1

7:
44

 1
7 

N
ov

em
be

r 
20

14
 



320 TRUSHENSKI ET AL.

ACKNOWLEDGMENTS
We thank Andrea Marino, Jose Velazquez, and the staff at the

HSWRI marine fish hatchery for their assistance with the feed-
ing trials, and we thank Alexis Bergman, Andrew Ciuris, Kelli
Barry, John Bowzer, and Jonah May of the CFAAS for their
assistance with data collection and analysis. We thank Jason
Sewell and Terry Waugh for their technical support and guid-
ance regarding Nutraferma’s products, including PepSoyGen.
We also thank Nutraferma and Tyson for their donations of Pep-
SoyGen and poultry byproduct meal, respectively. Finally, we
thank the United Soybean Board for their financial support of the
work described herein under grant 1340-512-5261. Additional
support was provided by the California Department of Fish
and Wildlife’s Ocean Resources Enhancement and Hatchery
Program. A. Rombenso is a research fellow of CNPq–Science
without Borders (238105/2012-1).

REFERENCES
Allan, G. L., S. Parkinson, M. A. Booth, D. A. J. Stone, S. J. Rowland, J. Frances,

and R. Warner-Smith. 2000. Replacement of fish meal in diets for Australian
Silver Perch, Bidyanus bidyanus: I. Digestibility of alternative ingredients.
Aquaculture 186:293–310.

Barnes, M. E., M. L. Brown, K. A. Rosentrater, and J. R. Sewell. 2012. An initial
investigation replacing fish meal with a commercial fermented soybean meal
product in the diets of juvenile Rainbow Trout. Open Journal of Animal
Sciences 2:234–243.

Barnes, M. E., M. Brown, K. A. Rosentrater, and J. R. Sewell. 2013. Preliminary
evaluation of Rainbow Trout diets containing PepSoyGen, a fermented soy-
bean meal product, and additional amino acids. Open Fish Science Journal
6:19–27.

Barrows, F. T., T. F. Gaylord, W. Sealey, and S. D. Rawles. 2012. Database
of nutrient digestibilities of 355 traditional and novel feed ingredients
for trout and hybrid striped bass. Available: http://www.ars.usda.gov/
Main/docs.htm?docid=21905. (June 2014).

Blaufuss, P., and J. Trushenski. 2012. Exploring soy-derived alternatives to fish
meal: using soy protein concentrate and soy protein isolate in hybrid Striped
Bass feeds. North American Journal of Aquaculture 74:8–19.

Bowyer, J. N., J. G. Qin, R. P. Smullen, L. R. Adams, M. J. S. Thomson, and D.
A. J. Stone. 2013a. The use of a soy product in juvenile Yellowtail Kingfish
(Seriola lalandi) feeds at different water temperatures: 1. Solvent extracted
soybean meal. Aquaculture 384/387:35–45.

Bowyer, J. N., J. G. Qin, R. P. Smullen, L. R. Adams, M. J. S. Thomson,
and D. A. J. Stone. 2013b. The use of a soy product in juvenile Yellowtail
Kingfish (Seriola lalandi) feeds at different water temperatures: 2. Soy protein
concentrate. Aquaculture 410/411:1–10.

Brown, P. B., R. Twibell, Y. Jonker, and K. A. Wilson. 1997. Evaluation of three
soybean products in diets fed to juvenile hybrid Striped Bass Morone saxatilis
× M. chrysops. Journal of the World Aquaculture Society 28:215–223.

Bureau, D. P., A. M. Harris, and C. Y. Cho. 1998. The effects of purified alcohol
extracts from soy products on feed intake and growth of Chinook Salmon (On-
corhynchus tshawytscha) and Rainbow Trout (Oncorhynchus mykiss) Aqua-
culture 161:27–43.

Charmley, E. 2001. Towards improved silage quality—a review. Canadian Jour-
nal of Animal Science 81:157–168.

Chou, R. L., B. Y. Her, M. S. Su, G. Hwang, Y. H. Wu, and H. Y. Chen.
2004. Substituting fish meal with soybean meal in diets of juvenile Cobia
Rachycentron canadum. Aquaculture 229:325–333.

Davis, D. A., D. Jirsa, and C. R. Arnold. 1995. Evaluation of soybean proteins
and replacements for menhaden fish meal in practical diets for the Red Drum
Sciaenops ocellatus. Journal of the World Aquaculture Society 26:48–58.

De Francesco, M., G. Parisi, J. Pérez-Sánchez, P. Gómez-Réqueni, F. Médale,
S. J. Kaushik, M. Mecatti, M. and B. M. Poli. 2007. Effect of high-level fish
meal replacement by plant proteins in Gilthead Sea Bream (Sparus aurata)
on growth and body/fillet quality traits. Aquaculture Nutrition 13:361–372.

Deng, J. M., K. S. Mai, Q. H. Ai, W. B. Zhang, X. J. Wang, W. Xu, and Z. G.
Liufu. 2006. Effects of replacing fish meal with soy protein concentrate on
feed intake and growth of juvenile Japanese Flounder, Paralichthys olivaceus.
Aquaculture 258:503–513.

Driehuis, F., and S. J. W. H. O. Elferink. 2000. The impact of the quality of silage
on animal health and food safety: a review. Veterinary Quarterly 22:212–216.

El-Saidy, D. M. S. D., and M. M. A. Gaber. 2002. Complete replacement of fish
meal by soybean meal with dietary L lysine supplementation for Nile Talapia
Oreochromis niloticus (L.) fingerlings. Journal of the World Aquaculture
Society 33:297–306.

FAO (Food and Agriculture Organization of the United Nations). 2012. The state
of world fisheries and aquaculture (SOFIA). FAO, Fisheries and Aquaculture
Department, Rome.

FAO (Food and Agriculture Organization of the United Nations). 2013.
Commodity price index. FAO, Rom. Available at: http://www.fao.org/
economic/est/prices. (November 2013).

Farzanfar, A. 2006. The use of probiotics in shrimp aquaculture. FEMS Im-
munology and Medical Microbiology 48:149–158.

Feng, J. X. Liu, Z. R. Xu, Y. P. Lu, and Y. Y. Liu. 2007a. The effect of Aspergillus
oryzae fermented soybean meal on growth performance, digestibility of di-
etary components, and activities of intestinal enzymes in weaned piglets.
Animal Feed Science and Technology 134:295–303.

Feng, J., X. Liu, Z. R. Xu, Y. Y. Liu, and Y. P. Lu. 2007b. Effects of Aspergillus
oryzae 3.042 fermented soybean meal on growth performance and plasma
biochemical parameters in broilers. Animal Science Feed and Technology
134:235–242.

Folch, J., M. Lees, and G. H. Sloane-Stanley. 1957. A simple method for the
isolation and purification of total lipides from animal tissues. Journal of
Biological Chemistry 226:497–509.

Francis, G., H. P. S. Makkar, K. Becker. 2001. Antinutritional factors present
in plant-derived alternate fish feed ingredients and their effects in fish. Aqua-
culture 199:197–227.

Gatlin, D. M. III., F. T. Barrows, P. Brown, K. Dabrowski, T. G. Gaylord, R.
W. Hardy, E. Herman, G. Hu, Å. Krogdahl, R. Nelson, K. Overturf, M. Rust,
W. Sealy, D. Skonberg, E. J. Souza, D. Stone, R. Wilson, and E. Wurtele.
2007. Expanding the utilization of sustainable plant products in aquafeeds: a
review. Aquaculture Research 28:551–579.

Gjedrem, T., and M. Baranski. 2009. Selective breeding in aquaculture: an intro-
duction. In Reviews: methods and technologies in fish biology and fisheries.
Springer, Dordrecht, The Netherlands.

Glencross, B., M. Sweetingham, and W. Hawkins. 2010. A digestibility assess-
ment of pearl lupin (Lupinus mutabilis) meals and protein concentrates when
fed to Rainbow Trout (Oncorhynchus mykiss). Aquaculture 303:59–64.

Glencross, B. D., M. Booth, and G. L. Allan. 2007. A feed is only as good as
its ingredients–a review of ingredient evaluation strategies for aquaculture
feeds. Aquaculture Nutrition 13:17–34.

Glencross, B. D., C. G. Carter, N. Duijster, D. R. Evans, K. Dods, P. Mc-
Cafferty, W. E. Hawkins, R. Maas, and S. Sipsas. 2004. A comparison of
the digestibility of a range of lupin and soybean protein products when fed
to either Atlantic Salmon (Salmo salar) or Rainbow Trout (Oncorhynchus
mykiss). Aquaculture 237:333–346.

Hancock J. D., A. J. Lewis, and E. R. Peo Jr. 1989. Effects of ethanol extrac-
tion on the utilization of soybean protein by growing rats. Nutrition Reports
International 39:813–821.

Hannesson, R., and S. F. Herrick Jr. 2012. Local feed fish supplies and possible
offshore aquaculture in California. Aquaculture Research 44:1–7.

Hardy, R. W. 2010. Utilization of plant protein in fish diets: effects of global
demand and supplies of fishmeal. Aquaculture Research 41:770–776.

Hong, K. J., C. H. Lee, and S. W. Kim. 2004. Aspergillus oryzae gb-107 fer-
mentation improves nutritional quality of food soybeans and feed soybean
meals. Journal of Medicinal Food 7:430–435.

D
ow

nl
oa

de
d 

by
 [

D
ep

ar
tm

en
t O

f 
Fi

sh
er

ie
s]

 a
t 1

7:
44

 1
7 

N
ov

em
be

r 
20

14
 



WHITE SEABASS AND YELLOWTAIL FEEDS 321

Irianto, A., and B. Austin. 2002. Probiotics in aquaculture. Journal of Fish
Diseases 25:633–642.

Jirsa, D., D. A. Davis, and M. Drawbridge. 2010. Development of a practical
soy-based diet for White Seabass. North American Journal of Aquaculture
72:332–337.

Jirsa, D., A. Davis, K. Stuart, and M. Drawbridge. 2011. Development of a prac-
tical soy-based diet for Yellowtail Jack Seriola lalandi. Aquaculture Nutrition
17:e869–e874.

Jirsa, D., G. P. Salze, F. T. Barrows, D. A. Davis, and M. Drawbridge. 2013. First-
limiting amino acids in soybean-based diets for White Seabass Atractoscion
nobilis. Aquaculture 414/415:167–172.

Jones, C. K., J. M., DeRouchey, J. L. Nelssen, M. D. Tokach, S. S. Dritz, and
R. D. Goodband. 2008. Effects of pepsoygen and dried porcine solubles 50
in nursery pig diets. Pages 52–61 in B. Goodband, M. Tokach, S. Dritz,
and J. DeRouchey, editors. Kansas swine day 2008 proceedings. Kansas
State University, Agricultural Experiment Station and Cooperative Extension
Service, 2009-10-06, Manhattan.

Jones, C. K., J. M. DeRouchey, J. L. Nelssen, M. D. Tokach, S. S. Dritz, and
R. D. Goodband. 2010. Effects of fermented soybean meal and specialty an-
imal protein sources on nursery pig performance. Journal of Animal Science
88:1725–1732.

Kader, M. A., S. Koshio, M. Ishikawa, S. Yokoyama, M. Bulbul, Y. Honda, R.
E. Maamauag, and A. Laining. 2011. Growth, nutrient utilization, oxidative
condition, and element composition of juvenile Red Sea Bream Pagrus major
fed with fermented soybean meal and scallop by-product blend as fishmeal
replacement. Fisheries Science 77:119–128.

Kaushik, S. J., D. Coves, G. Dutto, and D. Blanc. 2004. Almost total replacement
of fish meal by plant protein sources in the diet of a marine teleost the
European Seabass, Dicentrarchus labrax. Aquaculture 230:391–404.

Kim, S. W., G. B. Galaz, M. A. Pham, J.-W. Jang, D.-H. Oh, I.-K. Yeo, and K.-J.
Lee. 2009. Effects of dietary supplementation of a meju, fermented soybean
meal, and Aspergillus oryzae for juvenile Parrot Fish (Oplegnathus fasciatus).
Asian–Australasian Journal of Animal Sciences 22:849–856.

Kim, S. W., E. van Heugten, F. Ji, C. H. Lee, and R. D. Mateo. 2010. Fermented
soybean meal as a vegetable protein source for nursery pigs: I. Effects on
growth performance of nursery pigs. Journal of Animal Science 88:214–224.

Laporte, J., and J. Trushenski. 2012. Production performance, stress tolerance
and intestinal integrity of sunshine bass fed increasing levels of soybean meal.
Journal of Animal Physiology and Animal Nutrition 96: 513–526.

Lee, H. J. 1998. Health functional peptides from soybean foods. Korea Soybean
Digest 15:16–22.

Lunger, A. N., S. R. Craig, and E. McLean, 2006. Replacement of fish meal in
Cobia (Rachycentron canadum) diets using an organically certified protein.
Aquaculture 257: 393–399.

Merrifield, D. L., A. Dimitroglou, A. Foey, S. J. Davies, R. T. M. Baker, J.
Bøgwald, M. Castex, and E. Ringø. 2010. The current status and future
focus of probiotic and prebiotic applications for salmonids. Aquaculture 302:
1–18.

Min, B. J., J. H Cho, Y. J. Chen, H. J. Kim, J. S. Yoo, Q. Wang, I. H. Kim,
W. T. Cho, and S. S. Lee. 2009. Effects of replacing soy protein concen-
trate with fermented soy protein in starter diet on growth performance and
ileal amino acid digestibility in weaned pigs. Asian–Australasian Journal of
Animal Science 22:99–106.

Mital, B. K., and S. K. Garg. 1990. Tempeh-technology and food value. Food
Reviews International 6:213–224.

Nguyen, H. P., P. Khaoian, H. Fukada, N. Suzuki, and T. Masumoto. In press.
Feeding fermented soybean meal diet supplemented with taurine to Yellow-
tail Seriola quinqueradiata affects growth performance and lipid digestion.
Aquaculture Research. DOI: 10.1111/are.12267.

Overturf, K., F. T. Barrows, and R. W. Hardy. 2013. Effect and interaction of
Rainbow Trout strain (Oncorhynchus mykiss) and diet type on growth and
nutrient retention. Aquaculture Research 44:604–611.

Quinton, C. D., A. Kause, J. Koskela, and O. Ritola. 2007. Breeding salmonids
for feed efficiency in current fishmeal and future plant-based diet environ-
ments. Genetic Selection and Evolution 39:431–446.

Reddy, N. R., and M. D. Pierson. 1994. Reduction in antinutritional and toxic
components in plant foods by fermentation. Food Research International
27:281–290.

Refstie, S., T. Storebakken, and A. J. Roem. 1998. Feed consumption and con-
version in Atlantic Salmon (Salmo salar) fed diets with fish meal, extracted
soybean meal or soybean meal with reduced content of oligosaccharides,
trypsin inhibitors, lectins and soya antigens. Aquaculture 162:301–312.

Riche, M., and T. N. Williams. 2011. Fish meal replacement with solvent-
extracted soybean meal or soy protein isolate in a practical diet formulation
for Florida Pompano (Trachinotus carolinus L.) reared in low salinity. Aqua-
culture Nutrition 17:368–379.

Robinson, E. H., and M. H. Li. 1994. Use of plant proteins in catfish feeds:
replacement of soybean meal with cottonseed meal and replacement of fish
meal with soybean meal and cottonseed meal. Journal of the World Aquacul-
ture Society 25:271–276.

Rombenso, A., C. Crouse, and J. Trushenski. 2013. Comparison of traditional
and fermented soybean meal as alternatives to fish meal in hybrid Striped
Bass feeds. North American Journal of Aquaculture 75:197–204.

Shimeno, S., A. Hashimoto, Y. Ando, and K. Hayakawa. 1994. Improving
the nutritive value of defatted soybean meal diet through purification and
fermentation for fingerling Yellowtail. Nippon Suisan Gakkaishi 42:247–252.
(In Japanese with English abstract and tables.)

Shimeno, S., H. Hosokawa, M. Kumon, T. Matsumoto, and M. Ukawa. 1993.
The growth performance and body composition of young Yellowtail fed with
diets containing defatted soybean meal for a long period. Nippon Suisan
Gakkaishi 59:821–825. (In Japanese with English abstract and tables.)

Shimeno, S., T. Ruchimat, M. Mastumoto, and M. Ukawa. 1997. Inclusion
of full-fat soybean meal in diet for fingerling Yellowtail. Nippon Suisan
Gakkaishi 63:70–76. (In Japanese with English abstract and tables.)
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Abstract
Juvenile winter steelhead Oncorhynchus mykiss at Eagle Creek National Fish Hatchery in Estacada, Oregon, were

reared for three brood years (2004–2006) at raceway densities of 7,500 (214 fish/m3), 15,000 (429 fish/m3), and 22,500
fish (643 fish/m3) to determine the effects of rearing density on growth, fin erosion, survival, adult yield, and migration
behavior. Coded wire tags were used to evaluate adult survival, and fish were radio-tagged to monitor migration
times from the hatchery to the mouth of Eagle Creek following volitional release from the hatchery. We found rearing
density had a significant effect (P < 0.05) on steelhead growth, fin erosion, and adult survival. Winter steelhead reared
in low-density raceways (13.6 kg/m3 at release) were significantly larger at release, larger at return, had significantly
better dorsal fin condition, and had significantly greater smolt-to-adult survival rates than did those reared in medium
(23.4 kg/m3) and high (35.2 kg/m3) density raceways. No significant relationship between smolt size at release and
migration timing was detected; however, the effect of rearing density on fish migration was noticeable in brood year
2004. In that year (2004), smolts from the medium- and high-density groups took from 6 to15 d longer to out-migrate
than those from the low-density group.

Traditional hatchery programs typically rear and release large
numbers of juvenile fish into natural waters to maximize the
number of returning adults (Aprahamian et al. 2003). Recent
studies have found that hatchery fish reared at high densities
often have a greater percentage of postrelease mortality than
those reared at lower densities (Olla et al. 1998; Brown and
Laland 2001; Tatara et al. 2009). Barnes et al. (2013) found
that adult returns of landlocked Chinook Salmon Oncorhynchus
tshawytscha reared at densities of 10 kg/m3 were six times
greater than those reared at densities of 20 kg/m3. Rearing den-
sity also plays an important role in growth and migration behav-
ior of hatchery smolts, particularly those of steelhead O. mykiss.
Fish reared at high densities often experience reduced growth,
are smaller at release (Ward and Slaney 1988; Ward et al. 1989),
and may be less likely to emigrate (Bjornn 1971; Tipping 1997).
General fish health and welfare can also be lower when fish are
reared at high densities, and this often results in high fin ero-

*Corresponding author: maureen kavanagh@fws.gov
Received January 2, 2014; accepted April 3, 2014

sion, especially for steelhead and other trout (Bosakowski and
Wagner 1994; Winfree et al. 1998). Additionally, many state
and federal hatchery programs are operating under limited or
reduced budgets, and the cost of salmon production can be as
high as US$229 per fish (Radtke and Carter 2009). Maximiz-
ing adult yields from releases of fish provides a cost benefit to
hatchery programs.

Although the effects of rearing density on length, condition,
and survival of salmonids has been documented in numerous
studies (Tipping and Blankenship 1993; Tipping et al. 1995; Tip-
ping 1997; Olson and Paiya 2013), Banks (1992) noted that site-
specific factors must be taken into consideration before applying
the results from density studies at one hatchery to other produc-
tion facilities. Ewing and Ewing (1995) concluded that the re-
lationship between rearing density and adult survival is unique
to each facility. They recommended conducting density exper-
iments at each facility to determine what level of production
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324 KAVANAGH AND OLSON

is needed to get the desired adult yield. In this study we aimed
to expand on previous density studies of winter steelhead by
not only looking at survival and growth benefits, but also de-
termining whether density influences the migration behavior of
the hatchery population after release.

Eagle Creek National Fish Hatchery raises juvenile winter
steelhead for on-station release into Eagle Creek. The hatch-
ery operates a segregated broodstock program (USFWS 2007),
and the primary purpose of the winter steelhead program is to
provide an early run winter steelhead fishery in the Clackamas
River basin, Oregon (Figure 1). Eagle Creek also supports a U.S.
Endangered Species Act (ESA) listed population of Threatened
Lower Columbia River steelhead (Federal Register Notice 71
FR 834), which have a later return and spawn time than the
hatchery population (Kavanagh et al. 2009). Hatchery produc-
tion goals in the Pacific Northwest have historically focused on
fulfilling mitigation and harvest needs. Increasingly, concern for
wild fish conservation has caused fisheries managers to incor-
porate management practices that minimize impacts of hatchery
fish on wild populations (Paquet et al. 2011). The purpose of this
study was to evaluate the effects of rearing density on growth, fin
erosion, migration behavior, and ultimately survival of hatchery
winter steelhead in Eagle Creek. If survival benefits are great
enough from reduced densities, hatchery production could be
reduced. Reduced production levels would provide cost sav-
ings to hatchery production and potentially reduce ecological
interactions between hatchery and wild fish.

METHODS
Study site.—This study was conducted at Eagle Creek

National Fish Hatchery in Estacada, Oregon. The hatchery is
located 20 river kilometers (rkm) upstream from the confluence
of the Clackamas River and Eagle Creek. The Clackamas River
is a tributary to the Willamette River, which enters the Columbia
River at rkm 40.

Fish rearing and release.—Adult winter steelhead were
spawned from mid-January to mid-March in brood years 2004–
2006. The original study design included taking a representative
sample of eggs during January, February, and March of each
year. However, in brood years 2005 and 2006 there was a short-
age of eggs in March. To account for the shortage, eggs from the
February spawn were used. After spawning, fertilized eggs were
placed in vertical stack incubation trays until swim-up and then
moved to fiberglass rearing troughs (0.9 × 4.8 × 0.9 m) in the
hatchery building. In July, juvenile steelhead were transferred
from the hatchery building and inventoried into outside con-
crete raceways (2.4 × 24.3 × 0.6 m) at a size of 1.5–2.6 g/fish.
At transfer, the fish were fin-clipped (adipose and right ventral
[ADRV]), and coded wire tags unique to each raceway group
were manually inserted into the snouts of each fish following
procedures described by Schurman and Thompson (1990). In
the raceways, the fish were divided into low (7,500 fish/raceway
[214 fish/m3]), medium (15,000 fish/raceway [429 fish/m3]), and

high (22,500 fish/raceway [643 fish/m3]) density groups. Den-
sity groups were replicated with three raceways per density (n =
9) for three consecutive brood years. Rearing-density biomass
at release was reported as kg fish/m3. Density and flow indices
at release were calculated for each raceway using the following
equations developed by Piper et al. (1982) and reported using
Standard English measurements for ease of calculation and in-
terpretation.

DI =
(

W/
(L × V )

)
,

where DI is the density index, W is the weight of the fish in
pounds, L is the length of the fish in inches, and V is the volume
of the raceway in cubic feet.

FI = W/
(L × I ),

where FI is the flow index, W is the weight of the fish in pounds,
L is the length of the fish in inches, and I is the gallons per
minute water inflow.

Fish in the raceways were fed by hand through the sum-
mer months. The total amount of feed was increased weekly
based on the projected growth from monthly sample counts from
each raceway. In early fall, the feeding practice was switched
to demand feeders. Once the fish were acclimated to demand
feeders, the feeders were generally kept full except during in-
clement weather, growth was monitored monthly, and feeding
was largely self-regulated through release.

Monthly mortalities were recorded for each raceway and all
fish culture activities (e.g., raceway cleaning, sample counting)
were carried out equally for all three density groups. Fish were
reared in gravity-fed Eagle Creek water (1,938 L/min per race-
way) at the three densities for 9 months before being volitionally
released in April as yearling smolts. Release timing was similar
for all groups. Any fish remaining in the raceways at the end of
May were forced from the raceways into Eagle Creek.

Fish sampling.—Fish sampling varied by brood year. At the
time of marking in 2004, 100 fish from each raceway were
measured for FL (mm) and weighed (g), and condition factor
(K) for each fish was calculated using the following equation:

K = (
W × 105

)
/L3,

where W is the weight of the fish in grams and L is the FL of
the fish in millimeters.

In 2005, 100 fish from each raceway were measured at the
time of marking, but individual weights from the fish were
not taken. Instead, a mass weight was taken and the number
of fish per gram and mean weight were calculated. We did
not sample fish at the time of marking in 2006. In November
of each year, 500 fish from each raceway were sampled for
tag retention. Fish were crowded to the head of the raceway,
randomly selected and removed with a dipnet, and anesthetized
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REARING DENSITY EFFECTS ON HATCHERY WINTER STEELHEAD 325

FIGURE 1. Eagle Creek study area near Estacada, Oregon. Stationary telemetry receivers were located at the mouth (rkm 1) of the creek and at the hatchery
(rkm 20).

with tricaine methanesulfonate (MS-222; 25 mg/L solution).
Juvenile steelhead were visually inspected for marks (ADRV)
and passed through coded wire tag detectors to determine tag
retention rates. Prior to release in April, a sample count of fish
was taken from each raceway. Fish were sampled on April 1,
2005, for brood year 2004 (N = 150), on March 29, 2006, for
brood year 2005 (N = 230), and March 20, 2007, for brood
year 2006 (N = 300). Fish were collected from the raceways
using a large sampling net, placed into preweighed buckets of
water, and reweighed. The fish were counted, individual FLs
were recorded, and the number of fish per kilogram and mean
fish weight were calculated. Condition factor at release was
calculated using the mean length and mean weight of the fish.
Prior to release, approximately 100 fish from each of the nine
raceways were also sampled to measure maximum dorsal fin
height (mm) in brood years 2005 and 2006. An index of dorsal
fin condition (Kindschi 1987) was calculated by multiplying the

maximum dorsal fin height × 100 divided by the FL from each
fish. All test groups were handled equally.

All steelhead that returned to the hatchery as adults in 2007
through 2010 were passed through a coded wire tag (CWT)
detector, measured for FL and maximum dorsal fin height,
and sexed. If a tag was detected, the snout was removed, and
the coded wire tag was extracted and decoded under a low-
power microscope to determine rearing-density group and brood
year, following procedures described by Johnson (1990). The
observed number of adult recoveries for each density group
and brood year was used to calculate smolt-to-adult survival for
treatment groups.

Radiotelemetry.—For each brood year, a subset of hatch-
ery smolts in the density treatment groups were surgically im-
planted with Lotek Wireless, model NTC-4-2 L, coded radio
transmitters (N = 75 in 2005, N = 45 in 2006 and 2007) and
returned back to their respective raceways where they were held
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326 KAVANAGH AND OLSON

for 3 to 10 d prior to the start of the volitional release. The fish
were randomly selected, anesthetized with MS-222 (25 mg/L
solution), and measured for FL, weight, and condition factor. Ra-
dio tags were implanted using techniques described by Adams
et al. (1998) and stratified as equally as possible throughout the
three density groups. The transmitters had an estimated battery
life of 87 d and were 18.3 mm in length, 8.3 mm in diameter, and
weighed 2.1 g. The ratio of tag weight to body weight (tag bur-
den) for smolts ranged from 2% to 3.9%, and fell within the 5%
guideline established by Liedtke et al. (2012). Each transmitter
emitted a unique signal that allowed individual fish to be identi-
fied. Transmitters were tuned to distinct frequencies within the
161–164 MHz frequency range and had a burst rate of 5 s. After
surgery, fish were placed in a bucket of freshwater and allowed
to recover from the anesthetic before being returned to their re-
spective raceways. Mortalities were checked for the presence of
a radio tag, and the raceways were swept and checked for shed
tags following the volitional release.

Two fixed telemetry stations were set up to monitor fish
movement on Eagle Creek (Figure 1). Each fixed station con-
sisted of a four-element Yagi antenna and a Lotek SRX-400
continuous data-logging receiver powered by a 12-V deep-cycle
battery. Antennas were angled toward the stream and attached
to 3-m-long metal conduit pipes secured to fence posts that were
driven into the ground. Receivers were downloaded weekly with
a rugged laptop computer, and batteries were changed biweekly
at each station. Fish were mobile-tracked 2 to 3 d per week using
a foldable three-element Yagi antenna and a Lotek SRX-400
receiver (W5 Firmware). Sections of the stream, ranging be-
tween 1 and 5 km in distance, were surveyed each tracking day.
The fixed stations were removed from Eagle Creek at the end
of May, and mobile tracking efforts continued through the end
of June. A smolt was considered a migrant if it traveled 20 rkm
downstream and was detected at the receiver at the stream’s
mouth (mouth receiver). A fish was classified as a nonmigrant
if it was not detected at the mouth receiver. Nonmigrants may
include residual fish, tags shed by fish after release, and nonde-
tected tags or mortalities.

Data analysis.—To examine for differences in rearing den-
sity and brood year on fish length at marking and at release,
mixed-effect ANOVA models were completed with raceway
considered a random effect nested within density. Fish were
randomly assigned to density treatment groups; thus, differ-
ences in length at marking were not expected. If there were no
differences in length at marking, differences in length at release
would indicate effects of density and brood year on fish growth.
Since fish were not sampled at marking in 2006, year effects at
marking were only examined for 2004 and 2005. Length data
at marking and release were examined by Shapiro–Wilk tests
and were log10 transformed to improve normality and equality
of variance. Mixed-effect nested ANOVA by density and brood
year was completed for dorsal fin condition indices at release,
similar to that described for FL data.

Two-way ANOVA, in which raceways (coded wire tag
groups) were used as replicates, were performed to compare

juvenile fish survival, adult recovery, and age composition data
by brood year and rearing density. Survival, return rate, and age-
at-return proportions were arcsine-transformed prior to analysis
to better fit the model assumptions.

Fork length and dorsal fin condition at return were analyzed
by mixed-effect ANOVA models. Brood year, rearing density,
age, and sex were set as fixed effects, and raceway (coded wire
tag group) was considered a random effect nested within density.

The relationship between smolt size at release and migration
time from the hatchery to the mouth of Eagle Creek was analyzed
using a linear regression. An ANOVA was used to compare
length, weight, and condition factor of radio-tagged smolts from
different density groups.

If statistically significant differences were found between
any treatment groups, Tukey’s post hoc multiple comparison
tests were used to identify the statistically significant differences
between groups within each treatment. Statistical significance
was tested at α = 0.05 level (Zar 1999).

RESULTS

Fish Rearing, Release, and Adult Recovery
Across all brood years, mean density indices (DIs) and flow

indices (FIs) at release were 0.12 DI (SD, 0.01) and 0.30 FI
(SD, 0.02) for the low-density group, 0.22 DI (SD, 0.02) and
0.55 FI (SD, 0.05) for the medium-density group, and 0.33 DI
(SD, 0.03) and 0.82 FI (SD, 0.06) for the high-density group
(Table 1). Mean biomass for the low-density group was
13.64 kg/m3 (SD, 1.26), for the medium-density group was
23.43 kg/m3 (SD, 2.56), and for the high-density group was
35.21 kg/m3 (SD, 3.52). Average end-of-month water tempera-
ture varied seasonally at the hatchery and ranged from 3◦C to
4◦C in winter, 7◦C to 10◦C in spring, 12◦C to 15◦C in summer,
and 6◦C to 10◦C in fall.

No significant differences in juvenile fish FLs among den-
sity or year at marking were detected. Both density (F = 9.19,
df = 2, P = 0.002) and brood year (F = 4.03, df = 2, P =
0.02) had significant effects on fish length at release, but no
significant interaction between density and brood year was de-
tected (Table 1). Fish reared in the low-density group were
larger at release (185–189 mm) than those in the medium-
(170–184 mm) and high-density (175–180 mm) groups (both
P < 0.002), and fish in the 2004 release group were larger than
those in 2005 (P = 0.005) and 2006 groups, although differences
between 2004 and 2006 were insignificant.

The least-squares means (SE density, 0.3) for dorsal fin con-
dition at release were 6.4, 4.8, and 5.1 for the low-, medium-,
and high-density groups, respectively. These differences were
significant (ANOVA: F = 7.31, df = 2, P = 0.008). Differences
were found between the low- and medium- (P = 0.009) and
between the low- and high-density groups (P = 0.03). There
were no significant differences between brood years and there
was no significant interaction between brood year and density.
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REARING DENSITY EFFECTS ON HATCHERY WINTER STEELHEAD 327

TABLE 1. Mean FL (SE), weight, condition factor (K), density index (DI), flow index (FI), and percent mortality (SE) from marking to release of winter
steelhead from Eagle Creek National Fish Hatchery in the density treatment groups (low, 13.64 kg/m3; medium, 23.43 kg/m3; high, 35.21 kg/m3) for brood years
2004–2006. ND = no data available.

Size at marking Size at release

Density FL mm (SE) Weight (g) K FL mm (SE) Weight (g) K DI FI Mortality% (SE)

Brood year 2004

Low 64 (0.37) 2.8 1.08 189 (1.00) 68 0.99 0.12 0.30 1.0 (0.07)
Medium 65 (0.35) 2.9 1.07 184 (0.99) 66 1.05 0.25 0.60 0.5 (0.14)
High 64 (0.37) 2.8 1.05 180 (0.91) 61 1.04 0.35 0.85 0.8 (0.35)

Brood year 2005

Low 66 (0.26) ND ND 185 (0.64) ND ND 0.12 0.30 0.6 (0.08)
Medium 67 (0.27) ND ND 170 (0.75) ND ND 0.21 0.51 0.3 (0.07)
High 66 (0.26) ND ND 176 (0.65) ND ND 0.32 0.80 0.3 (0.05)

Brood year 2006

Low ND ND ND 187 (0.64) ND ND 0.13 0.31 0.4 (0.02)
Medium ND ND ND 176 (0.53) ND ND 0.22 0.54 0.3 (0.03)
High ND ND ND 175 (0.56) ND ND 0.34 0.82 0.2 (0.03)

Mean mortality of fish at the hatchery, from time of mark-
ing in July to release in April, was 0.6, 0.4, and 0.5% for the
low-, medium-, and high-density groups, respectively. Differ-
ences among densities were significant in one brood year (2004),
where mortality of fish at the hatchery was significant (P = 0.04)
between the low (1.0%) and medium (0.5%) densities (Table 1).
There was no significant interaction between density and brood
year.

After accounting for estimated tag retention, 397,137 coded-
wire-tagged juvenile fish were released from the hatchery and
1,724 adults were recovered. For 2004, 2005, and 2006, the
least-squares means (SE year × density, 0.09) for smolt-to-
adult survival were 0.90, 0.78, and 0.30% from the low-density
group, 0.67, 0.45, and 0.21% from the medium-density group,
and 0.39, 0.44, and 0.22% from the high-density group, respec-
tively (Figure 2). There was a significant effect of brood year
(P < 0.0001) and density (P = 0.0020) on adult survival, but
no interaction effect of brood year and density was detected.
Adult survival from brood year 2006 was significantly less than
in 2004 and 2005 (both P < 0.0009), and steelhead reared in
the low-density groups had a significantly higher smolt-to-adult
survival than those in the medium- and high-density groups in
all three brood years (both P < 0.04). There was no difference
in adult survival between the medium- or high-density groups in
any of the years. The least-squares mean numbers of adult fish
recovered per raceway were 49.1, 65.6, and 76.9 for the low-,
medium-, and high-density groups (SE density, 8.1), respec-
tively. These differences were not significant after controlling
for significant differences among brood years (ANOVA: F =
10.46, df = 2, P < 0.001).

We found that 84% of the fish returned to the hatchery at
age 3 and 16% returned at age 4. A very small proportion
(<1%) also returned at age 2. There were no significant dif-

ferences among densities for the percentage of fish returning
at age 3 after controlling for significant differences among
brood years (F = 25.61, df = 2, P < 0.001), with no sig-
nificant interaction between density and brood year. For the

Rearing Density by Brood Year
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FIGURE 2. Adult survival of winter steelhead reared at three different den-
sities (low, 13.64 kg/m3; medium, 23.43 kg/m3; high, 35.21 kg/m3). Data are
expressed as mean ( + SE) adult recovery (%) at the hatchery for density group
and brood year. Results of Tukey’s significant difference pairwise comparison
tests are indicated by lowercase letters. Bars with different letters represent a
significant difference (P < 0.05) in density; bars with an asterisk represent a
significant difference (P < 0.05) in brood year.
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328 KAVANAGH AND OLSON

TABLE 2. Least-squares mean FL (mm) and dorsal fin condition of adult
winter steelhead returning to Eagle Creek National Fish Hatchery from the
rearing density treatment groups (low, 13.6 kg/m3; medium, 23.4 kg/m3; high,
35.2 kg/m3) for brood years 2004–2006, and for age (years) and sex. Different
letters within each effect represent significant differences (P < 0.05) from
mixed-effects ANOVA.

Effect Level FL mm (SD)
Dorsal fin

condition (SD)

Density Low 720 (2.7) z 7.4 (0.11) z
Density Medium 713 (2.5) 6.7 (0.09) y
Density High 711 (2.5) y 6.8 (0.08) y

Year 2004 714 (2.4) z 7.3 (0.09) z
Year 2005 724 (2.6) y 6.7 (0.10) y
Year 2006 706 (2.8) z 7.0 (0.09) y

Age 3 648 (1.5) z 7.0 (0.06)
Age 4 781 (2.5) y 7.0 (0.11)

Sex Male 723 (1.9) z 7.2 (0.09) z
Sex Female 706 (1.7) y 6.8 (0.07) y

percentage of fish returning at age 4, there were also no signifi-
cant differences among densities after controlling for significant
differences among brood years (F = 26.63, df = 2, P < 0.001),
and there was no significant interaction between density and
brood year.

The least-squares mean FLs of fish returning to the hatchery
were 720, 713, and 711 mm for the low-, medium-, and high-
density groups, respectively (Table 2). There was a significant
difference detected between the low- and high-density groups
(F = 3.68, df = 22, P = 0.04) after controlling for significant
differences among brood years (F = 12.48, df = 1,681, P <

0.0001), age at return (F = 2,905.2, df = 1,681, P < 0.0001),
and sex (F = 95.0, df = 1,681, P < 0.0001).

The least-squares mean dorsal fin condition indices of fish
returning to the hatchery were 7.4, 6.7, and 6.8 for the low-,
medium-, and high-density groups, respectively (Table 2). These
differences were significant between the low- and medium-
density groups as well as between the low- and high-density
groups (F = 16.42, df = 22, P < 0.0001) after controlling for
significant differences among brood years (F = 10.91, df = 473,
P < 0.001) and sex (F = 11.21, df = 473, P = 0.0009). There
was no significant difference of dorsal fin condition for age at
return.

Radiotelemetry
The condition factor of smolts radio-tagged from the high-

density group in brood year 2004 was significantly different
than that from the low- and medium-density groups (ANOVA:
F = 32.3, df = 2, P = 0.001). In brood year 2005, mean length
(F = 7.5, df = 2, P = 0.001) and weight (F = 6.02, df =
2, P = 0.01) of radio-tagged fish from the low-density group

TABLE 3. Mean FL, weight, and condition factor (K) of radio-tagged winter
steelhead from low- (13.64 kg/m3), medium- (23.43 kg/m3), and high-density
(35.21 kg/m3) groups at Eagle Creek National Fish Hatchery. Values in the
same column with different letters represent significant difference (P < 0.05).
Steelhead smolts that shed their tags in the hatchery raceways were excluded.
Fish from brood year 2004 were sampled on March 28–29, 2005. Fish from
brood year 2005 were sampled on March 21, 2006. Fish from brood year 2006
were sampled on March 22, 2007. ND = no data available.

Density N
FL mm

( ± 95% CI)
Weight

(g) K ( ± 95% CI)

Brood year 2004

Low 20 196 ( ± 5.51) 80 1.05 ( ± 0.04) y
Medium 21 199 ( ± 4.15) 79 0.99 ( ± 0.03) y
High 22 192 ( ± 5.45) 54 0.75 ( ± 0.08) z

Brood year 2005

Low 15 192 ( ± 5.26) z 74 z 1.04 ( ± 0.02)
Medium 15 175 ( ± 5.39) y 57 y 1.04 ( ± 0.04)
High 15 177 ( ± 8.97) y 61 y 1.07( ± 0.02)

Brood year 2006

Low 15 194 ( ± 7.58) ND ND
Medium 11 187 ( ± 6.38) ND ND
High 13 184 ( ± 4.66) ND ND

was significantly different from the medium- and high-density
groups (Table 3). Due to equipment failure, weights of individual
fish were not recorded in brood year 2006; therefore, we were
unable to calculate condition factors.

Of the 165 radio-tagged hatchery steelhead smolts, 45 were
detected at the fixed telemetry station located near the mouth of
Eagle Creek and determined to be migrant fish. Due to equip-
ment malfunctions with the data-logging receiver at the hatchery
during the brood year 2006 release, 12 of these migrant smolts
were not recorded as having passed the hatchery receiver. There-
fore, these fish were included in the total count of smolts de-
tected at the mouth receiver (rkm 1) but were excluded from
migration-timing analyses. Eighteen fish shed their tags in the
hatchery raceways and were excluded from all analyses. Addi-
tionally, 16 smolts were not detected at fixed-station receivers
or through mobile tracking and were also excluded from data
analyses. Eighty-six radio-tagged smolts were determined to be
nonmigrant fish. These nonmigrant fish were detected between
the hatchery (rkm 20) and at the lower fish ladder (rkm 10).
The mean length and travel time of migrant fish from each den-
sity group was 198 mm and 4 d (low density), 186 mm and
7 d (medium density), and 189 mm and 8 d (high density),
respectively. The effect of density on fish migration was most
noticeable in brood year 2004. Smolts in the medium- and high-
density groups took between 6 to15 d longer to out-migrate than
those in the low-density group. Migration times for smolts in
all three density groups in brood year 2006 were faster than
in brood years 2004 and 2005. On average, fish from brood
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FIGURE 3. Migration time (in days) from Eagle Creek National Fish Hatchery to the mouth of Eagle Creek for winter steelhead smolts from the three density
treatment groups. A linear regression showed no significant relationship between FL and migration time for any of the years evaluated. The correlation coefficient
(r2) and P-value are given for each year.

year 2006 out-migrated in 2–3 d. Despite variations in length
of migrating smolts, a linear regression analysis suggested there
was no relationship between smolt size at time of release and
migration time from the hatchery to the mouth of Eagle Creek
for all study years (Figure 3).

DISCUSSION
Rearing density had a significant effect on growth and adult

survival of winter steelhead reared and released from Eagle
Creek National Fish Hatchery. Adult return rates of steelhead
reared in low-density raceways (13.64 kg/m3) were greater than
those reared in medium- and high-density raceways (23.43 and
35.21 kg/m3). These results are not surprising given that previous
studies have found that rearing density can have a negative effect
on adult survival, but these results are not always consistent
across species or hatcheries (Ewing and Ewing 1995; Banks and
LaMotte 2002). Interestingly, Tipping et al. (2004) found density
did not affect adult return rates for summer steelhead reared in
raceways. However, the density groups used to compare survival
in that study were not as low (16.9 kg/m3) or as high (29.2 kg/m3)
as those in our study, which may have contributed to the lack of
survival differences.

Smolt size at release may have contributed to the high sur-
vival rates of fish reared in the low-density raceways. Studies
conducted at Cowlitz Trout Hatchery, a Washington Department
of Fish and Wildlife facility, found adult returns from steelhead
were positively correlated with fish size at release, whereby
1.3% of smolts > 190 mm returned to the hatchery while only
0.3% of smolts < 190 mm were recovered (Tipping 1997).
However, other studies have found higher survival with FLs <

170 mm (Kelley 2008). In our study, fish growth was largely

self-regulated by the use of demand feeders. The mean lengths
of smolts released from the low-density group were between 185
and 189 mm, while the mean lengths of those in the high-density
group were between 175 and 180 mm. Larger winter steelhead
smolts also have higher ocean survival (Ward and Slaney 1988;
Ward et al. l989), which could contribute to higher adult sur-
vival. At adult return, fish from the low-density group had longer
FLs, which could potentially translate to higher fecundity for
females (S. Pastor, U.S. Fish and Wildlife Service [USFWS],
unpublished data on fecundity by fish length, in which a 10-mm
difference in FL resulted in approximately 129 eggs/female,
r2 = 0.81).

Dorsal fin condition was significantly better (less erosion)
for the low-density groups at release and at adult return. Fin
condition is an accepted standard for fish welfare (Wagner et al.
1997; Berejikian and Tezak 2005; Good et al. 2011), and our re-
sults were generally consistent with other studies with steelhead,
where fish reared at lower densities had higher dorsal fin con-
ditions. Winfree et al. (1998) found hatchery juvenile steelhead
reared at density indices of 0.1 and 0.2 had dorsal fin conditions
of 4.9 and 3.9, respectively. Wild adult winter steelhead in Eagle
Creek sampled in 2006 and 2007 had a dorsal fin condition of
8.9 (D. E. Olson, unpublished data). In our study, juvenile fish
reared at density indices of 0.12 and 0.25 resulted in dorsal fin
conditions of 6.4 and 4.8. At those same density indices, the
dorsal fin conditions for adult fish from our study were 7.4 and
6.7, respectively. The results observed in our study for dorsal fin
condition were consistent with our results observed for growth
(FL) and smolt-to-adult survival. Dorsal fin condition was high-
est for fish reared at the lowest density and those fish also had
higher growth and survival to adult.
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330 KAVANAGH AND OLSON

Both DI and FI are well-established metrics for guiding fish
hatchery management and are useful for determining the opti-
mal length and weight of fish to be raised in a specific volume
and flow of water (Piper et al. 1982). The USFWS recommended
that the maximum DI and FI during the final 6 months of rearing
steelhead should not exceed 0.20 and 1.0, respectively (USFWS
2013). The USFWS (2013) also recommended a DI of 0.20
for fall Chinook Salmon and Coho Salmon O. kisutch but rec-
ommended a preferred DI between 0.10 and 0.15 for spring
Chinook Salmon. In our study of Eagle Creek hatchery win-
ter steelhead, the lowest density evaluated was DI = 0.12 at
13.6 kg/m3 at release, which provided the highest smolt-to-adult
survival, growth, and fin condition. A potential confounding fac-
tor in our study was that flow was held constant at 1,938 L/min
per raceway; therefore, FI increased as DI increased. At our
highest density of 0.35 DI and 0.85 FI, the FI remained within
the USFWS (2013) guidelines. Future evaluations would ben-
efit from examining the effect of flow on growth and survival
(Banks 1992, 1994).

It is apparent from the literature that rearing density has vari-
able effects on fish growth and postrelease survival, and exper-
imental design plays an important role in quantifying whether
a relationship between density and survival exists (Ewing and
Ewing 1995). While we made every effort for consistency in
sampling of the treatment groups throughout all brood years,
there were still discrepancies that may have influenced our
results. For example, a representative take of eggs was not
achieved in brood years 2005 and 2006 due to a shortage of
eggs during spawning. Although we used more eggs from the
February but not March spawns for those brood years, it did not
have a significant effect on fish growth. However, it may have
had unintentional effects on feeding and fish behavior that were
not analyzed in the scope of this study. Additionally, individual
weights of fish were not recorded at marking or release for brood
years 2005 and 2006, making comparisons of condition factors
between density groups impossible.

We did not identify an association between rearing density
and migration behavior of radio-tagged steelhead in our study.
Fish reared in the medium- and high-density groups had similar
migration rates as fish in the low-density group with the excep-
tion of brood year 2004. On average, fish from the medium-
and high-density groups took 11 d longer to reach the mouth of
Eagle Creek in 2004 than fish from the low-density group. In
comparison, migration times for all density groups in 2005 and
2006 averaged about 4 d. The longer migration times in 2004
may have been a result of their condition factor. The condition
factors of radio-tagged smolts in the 2004 high-density group
averaged 0.75 and were significantly less than those in the low-
and medium-density groups. Previous studies have found mixed
results regarding the influence of condition factor on migration
rate and survival. Viola and Schuck (1995) found that hatchery
steelhead with condition factors greater than 0.96 had signifi-
cantly higher rates of residualism compared with those that had

prerelease condition factors of 0.79. Our results were more sim-
ilar to those of Folmar and Dickhoff (1981) and Tipping (1997)
who found that fish with condition factors less than 0.9 have
lower rates of migration and survival.

An obvious limitation in the migration component of our
study was the low numbers of radio-tagged migrant fish, which
made the identification of statistical associations difficult. The
low sample size and size differences in the radio-tagged groups
(Table 3) compared with the population at large (Table 1) may
have caused unforeseen bias in the migration component of
our study. Sample size, equipment malfunctions, and detection
efficiency of radio-tagged fish should be a consideration in future
evaluation of the effects of density on fish migration.

While it is unclear whether rearing density affects migration
rate, the rate of emigration of hatchery-released fish is important
for a number of reasons. Increased mortality and residualism can
occur if fish do not migrate in the year they are released (Tip-
ping et al. 1995). Additionally, ecological interactions between
hatchery and wild steelhead are amplified when hatchery fish
do not readily emigrate to the ocean. Although a large number
of radio-tagged smolts did not migrate during the study period,
we do not believe all of these fish residualized in Eagle Creek.
In a stream survey during the summer of 2007 Brignon et al.
(2012) found that approximately 1% of the hatchery-released
fish in brood year 2006 residualized in Eagle Creek. Tipping
et al. (1995) summarized losses of hatchery steelhead smolts
during downstream migration ranging from 20% over 4.7 km of
stream to 98% over 241 km of stream. Ward and Slaney (1990)
report loses of 42% over 10 km of stream for hatchery steelhead
smolts prior to ocean entry. This indicates that the nonmigrants
in our study may be mortalities or have migrated downstream
when the radio transmitters were no longer operational. Fish
may have also migrated past the receiver at the mouth of Eagle
Creek but were not detected.

Along with consideration for hatchery impacts on wild fish
populations, hatchery efficiencies need to be taken into account.
As stated by Banks (1992) each facility is unique in produc-
tion and rearing conditions; therefore, at the minimum, work
should be done to determine a particular facility’s needs. Lower
density may yield a greater percent in adult survival but may
not produce the actual number of fish needed for broodstock. In
our study, low rearing densities resulted in significantly higher
survival after release, but the strength of this effect was not suffi-
cient to increase adult yield. Current production at Eagle Creek
National Fish Hatchery warrant rearing steelhead at higher den-
sities despite differences in survival. However, the low numbers
of migratory fish throughout all density groups and their poten-
tial impacts on ESA-listed fish in the basin as well as budget
concerns warrant consideration of lower production and rearing
densities. More information is needed on how hatchery rearing
densities affect migration behavior so that impacts on ESA-
listed wild fish are minimized and hatchery survival and harvest
are maximized.
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Abstract
The incorporation of PepSoyGen (PSG), a commercially produced fermented soybean meal product, was evaluated

in a 205-d feeding trial. Three isonitrogenous and isocaloric experimental diets containing 0, 35, or 50% PSG and 40,
15, and 0% fish meal, respectively, were fed to Rainbow Trout Oncorhynchus mykiss. The diets containing either 0%
or 35% PSG produced similar total tank weight gains, percent gains, and feed conversion ratios and were significantly
different from the diets containing 50% PSG at the end of the trial. Mean individual fish lengths and weights were
significantly greater in the fish receiving 35% PSG than either of the other two diets. Specific growth rate (SGR)
was significantly lower in the 50% PSG treatment, but there was no significant difference in SGR between the
other two diets. Viscerosomatic index was significantly lower in the fish fed 35% PSG. Hepatosomatic index was not
significantly different among the diets, but fish receiving 50% PSG had a significantly poorer liver condition scores. No
other significant differences were observed in health assessments of fat, fin condition, gills, pseudobranchs, opercles,
eyes, guts, kidneys, or spleens. Significant differences were observed in distal intestine morphology among the diets at
day 94, but no differences were observed at the end of the trial on day 205. Splenosomatic index, macrophage activity,
and respiratory burst activity were not significantly different among the dietary treatments. Based on these results,
PSG can safely constitute 35% of Rainbow Trout diets without any decrease in rearing performance compared with
a reference blend containing fish meal.

Fish meal has traditionally been the primary protein source
in hatchery feeds for Rainbow Trout Oncorhynchus mykiss and
many other fish species (Satia 1974; Kim et al. 1991; Cheng
and Hardy 2004). However, fish meal supplies are limited and
cannot increase to meet the demand resulting from the growth
of worldwide aquaculture (Tacon and Metian 2008; FAO 2009;

*Corresponding author: mike.barnes@state.sd.us
Received January 2, 2014; accepted April 7, 2014

Hardy 2010). Sustainable, lower-cost protein sources are needed
to replace fish meal in salmonid diets (Hardy 2010). In an at-
tempt to meet this need, investigations using a variety of plant
proteins in salmonid diets have occurred, and considerable at-
tention has focused on soybean Glycine max meal (Nordrum
et al. 2000; Storebakken et al. 2000) because of its favorable
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334 BARNES ET AL.

amino acid profile, palatability, and digestibility (Sugiura et al.
1998; Refstie et al. 2000; Watanabe 2002).

Soybean meal contains numerous antinutritional factors, lim-
iting its use in salmonid diets (Krogdahl et al. 1994; Arndt et al.
1999; Francis et al. 2001; Iwashita et al. 2008). High amounts of
soybean meal fed to Rainbow Trout may induce morphological
changes and possible inflammation in the distal intestine (Rum-
sey et al. 1995; Romarheim et al. 2008b; Burrells et al. 1999;
Sealey et al. 2009, 2013). Intestinal microbial communities are
also affected (Heikkinen et al. 2006; Barrows et al. 2008a; Mer-
rifield et al. 2009), and hepatic morphology may be altered
(Iwashita et al. 2008). Feed intake may also be reduced with di-
etary soy (Pongmaneerat and Watanabe 1993; Romarheim et al.
2008a).

Further processing of soybean meal can reduce or eliminate
many of these negative effects (Francis et al. 2001). Applying
heat reduces the amount of thermolabile antinutritional factors
such as trypsin inhibitors, agglutinating lectins, and phytic acid
(Gomes et al. 1995; Maenz et al. 1999; Barrows et al. 2007).
Trypsin inhibitors, antigenic proteins, and nondigestible car-
bohydrates in soybean meal can also be reduced by fermen-
tation (Francis et al. 2001; Refstie et al. 2005; Teng et al.
2012).

Investigations concerning the use of fermented soybean meal
in fish diets have only recently occurred, including studies with
parrot fish (i.e., Barred Knifejaw) Oplegnathus fasciatus (Kim
et al. 2009), hybrid tilapia (Nile Tilapia Oreochromis niloticus
× Blue Tilapia O. aureus) (Hou et al. 2009), Japanese Floun-
der Paralichthys olivaceus (Kim et al. 2010; Kader et al. 2012),
Nile Tilapia (Lim and Lee 2011), Red Sea Bream Pagrus major
(Kader et al. 2011), Black Sea Bream Acanthopagrus schlegelii
(Zhou et al. 2011; Azarm and Lee 2014), Yellowtail Seri-
ola quinqueradiata (Nguyen et al., in press), Orange-Spotted
Grouper Epinephelus coioides (Shiu et al., in press), Pompano
Trachinotus ovatus (Lin et al. 2013), and hybrid Striped Bass
(White Bass Morone chrysops × Striped Bass M. saxatilis)
(Rombenso et al. 2013). Yamamoto et al. (2010) was the first to
examine fermented soybean meal in Rainbow Trout diets during
a 10-week trial. Based on the results, they suggested that fer-
mented soybean meal could become the primary protein source
for cultured Rainbow Trout.

PepSoyGen (PSG; Nutraferma, North Sioux City, South
Dakota) is a soybean meal fermentation feed product manu-
factured via a proprietary process using Aspergillus spp. and
Bacillus spp. It is relatively high in protein (51%) and low in
dietary fiber (<3%). In addition, the microbial species in PSG
remain alive in the final fermentation product, thereby possibly
providing probiotic effects (Gatesoupe 1999; Burr et al. 2005),
which may influence the digestibility of plant proteins in Rain-
bow Trout (Sealey et al. 2009). Preliminary studies indicated
that PSG could replace at least 60% of the fish meal compo-
nent of Rainbow Trout diets with no decrease in rearing per-
formance (Barnes et al. 2012, 2013). However, more controlled
and longer duration experiments feeding PSG in isonitrogenous

and isocaloric diets to Rainbow Trout are needed to verify these
results.

Long-term feeding trials evaluating possible fish meal re-
placements in Rainbow Trout diets are rarely conducted.
Although specific feeding trial durations are not universally
specified, they generally need to persist long enough to allow for
any potential significant performance differences that may re-
sult from treatment diet composition (Weatherup and McCraken
1999). A duration of 56–84 d was suggested by NRC (2011), but
Cowey (1992) cautioned against assigning an arbitrary duration
for dietary experiments. In a study by de Francesco et al. (2004),
differences in trout rearing performance between fish meal and
plant-based diets did not become apparent until after 84 d. The
time frame of studies examining salmonid diets containing other
soy products, even if the soy products were not being directly
evaluated, has ranged from 21 (Nordrum et al. 2000) to 275 d
(Johnsen et al. 2011), and only four other studies have lasted
for more than 100 d (Vielma et al. 2000; Heikkinen et al. 2006;
Barrows et al. 2008b; Merrifield et al. 2009).

Longer duration trials are needed to ascertain the long-term
ramifications of substituting fish meal with soybean products.
This is especially important in light of the possibly negative
intestinal morphological changes associated with soy incorpo-
ration in Rainbow Trout diets (Rumsey et al. 1995; Bureau et al.
1998), which likely occur very rapidly, and then may continue
to deteriorate or stabilize depending on the amount of soybean
meal in the diet (Baeverfjord and Krogdahl 1996; Urán et al.
2009). In a 70-d trial, Yamamoto et al. (2010) noted that selected
fermentation processes can eliminate the intestinal inflammation
induced by dietary soy. It is unknown if dietary PSG induces
intestinal morphological changes or inflammation. It is also un-
known whether such effects would occur over a long term, and
if so, how would rearing performance in trout be affected.

The objective of the current study was to evaluate the effects
of high levels of dietary PSG fed to Rainbow Trout for a long
duration on rearing performance, intestinal morphology, and
immune function.

METHODS
This experiment was conducted at McNenny State Fish

Hatchery, Spearfish, South Dakota, using degassed and aerated
well water at a constant temperature of 11◦C (total hardness as
CaCO3, 360 mg/L; alkalinity as CaCO3, 210 mg/L; pH, 7.6; total
dissolved solids, 390 mg/L). Flow rates were adjusted through-
out the trial to maintain dissolved oxygen levels above 7.0 mg/L.

Forty Shasta strain Rainbow Trout (initial length, 125 ±
4 mm [mean ± SE]; initial weight, 23.4 ± 1.0 g) from a
common pool were placed into each of twelve 1.8-m-diameter
fiberglass circular tanks on August 3, 2012. Feeding commenced
the following day and continued for 205 d until the end of the
trial. The fish were fed by hand to satiation once per day, with
daily feeding amounts recorded to the nearest gram.
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FEEDING OF FERMENTED SOYBEAN MEAL IN RAINBOW TROUT 335

TABLE 1. Percent composition and chemical analysis of the diets fed to
Rainbow Trout in the trial.

Fermented soybean meal (%)

Ingredient 0 35 50

Menhaden meala 40.0 15.0 0.0
PepSoyGenb 0.0 35.0 50.0
Whole wheatc 15.0 5.0 7.0
Yellow corn glutend 20.0 18.0 20.0
Menhaden oile 13.7 14.9 15.5
CMCf 6.7 6.8 2.2
Vitamin premixg 1.5 1.5 1.5
Mineral premixh 1.5 1.5 1.5
Vitamin C (Stay-C)i 0.5 0.5 0.5
Yeastj 0.1 0.1 0.1
L-Methioninek 0.0 0.2 0.2
Sodium chloride 0.5 0.5 0.5
Potassium chloride 0.5 0.5 0.5
Calcium phosphate 0.0 0.5 0.5

Chemical analysis
(% dry basis)l

Crude protein 45.39 45.95 46.96
Crude lipid 15.61 14.57 13.59
Crude fiber 0.68 1.71 1.75
Ash 15.24 11.67 8.29
Gross energy (kJ/g) 17.45 17.83 18.20

a IPC 740, Scoular, Minneapolis, Minnesota.
b Nutra-flo Protein and Biotech Products, Sioux City, Iowa.
c Bob’s Red Mill Natural Foods, Milwaukie, Oregon.
d Consumers Supply Distributing, Sioux City, Iowa.
e Omega Protein, Houston, Texas.
f Carboxymethyl cellulose, USB Corporation, Cleveland, Ohio.
g ARS 702, Barrows et al. (2008), Nelson and Sons, Murray, Utah.
h ARS 640, Barrows et al. (2008), Nelson and Sons, Murray, Utah.
I DSM Nutritional Products France SAS, Village-Neuf, France.
j Diamond V, Cedar Rapids, Iowa.
k PureBulk, Roseburg, Oregon.
l Analysis conducted on postmanufactured pellets.

One of three diets was assigned to each of the 12 tanks,
with four replicate tanks receiving the same diet. The diets
were formulated to meet all of the nutritional needs of Rainbow
Trout (NRC 2011) as well as be isonitrogenous and isocaloric,
with PSG inclusion rates of 0, 35, or 50% (Table 1). Individual
ingredients were ground with a Fitzpatrick Comminutor (Fitz-
patrick Company, Elmhurst, Illinois) by using a screen that had
0.51-mm-diameter round holes. Dry diet blends were mixed for
20 min using a V-10 mixer with an intensifier bar (Vanguard
Pharmaceutical Machinery, Spring, Texas). Dry blended diets
were then transferred to a Hobart HL200 mixer (Hobart Corpo-
ration, Troy, Ohio) where oils and extruding water were incor-
porated and mixed until homogenous for 5 min. Feeds were then
screw-pressed by using a Hobart 4146 grinder with 3.5-mm die
openings. A variable speed metering screw was used to control
feed rate and a cutting head to control pellet length. Pellets were

TABLE 2. Amino acid composition (%, dry weight) of the diets fed to Rain-
bow Trout in the trial.

Fermented soybean meal (%)

Amino acid 0 35 50

Essential amino acids

Arginine 2.07 2.38 2.63
Histidine 0.86 0.95 1.04
Isoleucine 1.77 1.88 2.07
Leucine 4.47 4.42 4.83
Lysine 2.27 2.24 2.16
Methionine 1.03 1.02 0.93
Phenylalanine 2.08 2.26 2.55
Threonine 1.56 1.60 1.72
Tryptophan 0.45 0.54 0.59
Valine 2.18 2.13 2.32

Nonessential amino acids

Alanine 3.01 2.64 2.61
Aspartic acid 3.28 3.94 4.50
Cysteinea 0.44 0.59 0.70
Glutamic acid 6.71 7.16 8.01
Glycine 2.47 2.05 1.80
Hydroxyproline 0.62 0.24 0.01
Proline 3.34 3.04 3.28
Serine 1.65 1.85 2.15
Taurineb 0.27 0.17 0.10
Tyrosine 1.62 1.71 1.87

a Conditionally essential (NRC 2011).
b Sulfonic acid.

then dried under cool, forced-air conditions. After drying, feeds
were placed in frozen storage at −20◦C until used to feed fish.

Feeds were analyzed according to the AOAC (2009) method
2001.11 for protein, AOAC (2009) method 2003.5 (modified by
substituting petroleum ether for diethyl ether) for crude lipid,
and AACC (2000) method 08–03 for ash content. Isoperibol
bomb calorimetry was used to obtain total gross energy of each
diet. Dietary amino acid analysis was conducted according to
AOAC (2009) method 982.30, and analysis for crude fiber was
conducted according to AOAC (2009) method 978.10. Amino
acid composition of each of the diets is listed in Table 2.

At the beginning, near the middle (day 94), and at end
of the feeding trial, total tank weights of fish were measured
to the nearest gram, whereby weight gain was calculated by
subtracting the initial weight from the final weight of fish for
each tank. Percent weight gain was calculated by dividing the
gain by the initial weight and multiplying the result by 100.
Feed conversion ratio for each tank was calculated on an as-fed
basis by dividing the total amount of feed fed by the total weight
gain. In addition to total tank measurements, five fish were ran-
domly selected from each tank and individually weighed to
the nearest gram and measured (TL) to the nearest millimeter.
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TABLE 3. Criteria and numeric ratings used at the end of the study for fish
health observations on Rainbow Trout fed fermented soybean meal diets (based
on Goede and Barton 1990, Adams et al. 1993, and Barton et al. 2002).

Structure or tissue Rating criteria Numeric rating

Eyes Normal 0
Abnormal 1

Fat None 0
<50% of gut covered 1
>50% of gut covered 2
100% of gut covered 3

Fins No erosion 0
Light erosion 1

Moderate erosion 2
Severe erosion 3

Gills Normal 0
Clubbed, frayed, or discolored 1

Gut Normal 0
Slight inflammation 1

Moderate inflammation 2
Severe inflammation 3

Kidney Normal 0
Abnormal 1

Liver Normal 0
Abnormal 1

Pseudobranchs Normal 0
Abnormal 1

Opercles Normal 0
Short 1

Spleen Normal 0
Cysts or enlarged 1

Condition factor (K) was calculated using the formula: K = 105

× (individual fish weight) / (individual fish length3). Specific
growth rate (SGR) was calculated using the formula: SGR =
100 × [(ln final weight − ln initial weight) / rearing days]. Fish
health profiles, based on a modification of Goede and Barton
(1990), Adams et al. (1993), and Barton et al. (2002), were com-
pleted using the score sheet described in Table 3. Liver weights
were recorded to the nearest milligram and the hepatosomatic
index (HSI) was determined using the formula: HSI (%) = 100
× (liver weight / whole fish weight) (Strange 1996). Viscera
weights (minus digestive contents) were also recorded to the
nearest milligram and the viscerosomatic index (VSI) was de-
termined using the formula: VSI (%) = 100 × (viscera weight
/ whole fish weight).

To assess any possible soy-induced changes in distal intestine
morphology (van den Ingh et al. 1991; Burrells et al. 1999;
Nordrum et al. 2000; Buttle et al. 2001; Sealey et al. 2013),
distal intestine samples for histology were collected from five
fish per tank on rearing day 94 and at the end of the trial. An
approximately 2-mm-wide section of the distal intestine was

TABLE 4. Histological scoring system used on Rainbow Trout fed fermented
soybean meal diets (modified from Knudsen et al. 2007; Colburn et al. 2012).

Score Appearance

Lamina propria of simple folds

1 Thin and delicate core of connective tissue in all
simple folds.

2 Lamina propria slightly more distinct and robust in
some of the folds.

3 Clear increase in lamina propria in most of the simple
folds.

4 Thick lamina propria in many folds.
5 Very thick lamina propria in many folds.

Connective tissue between base of folds and stratum
compactum

1 Very thin layer of connective tissue between base of
folds and stratum compactum.

2 Slightly increased amount of connective tissue
beneath some of the mucosal folds.

3 Clear increase of connective tissue beneath most of
the mucosal folds.

4 Thick layer of connective tissue beneath many folds.
5 Extremely thick layer of connective tissue beneath

some of the folds.

Vacuoles

1 Large vacuoles absent.
2 Very few large vacuoles present.
3 Increased number of large vacuoles.
4 Large vacuoles are numerous.
5 Large vacuoles are abundant in present in most

epithelial cells.

removed from each fish, fixed in 10% buffered formalin, and
stained with hematoxylin and eosin using standard histological
techniques (Bureau et al. 1998; Burrells et al. 1999). Intestinal
morphology was assessed using an ordinal scoring system on
lamina propria thickness and cellularity, submucosal connective
tissue width, and the number of large vacuoles (Knudsen et al.
2007; Colburn et al. 2012). The ranking criteria are described
in Table 4.

Fish were sampled for immunological metrics at the end
of the experiment on day 205. Five fish per tank were eu-
thanized using a lethal overdose of tricaine methanesulfonate
(Neiffer and Stamper 2009). Measurements of length, weight,
and spleen were taken at the time of necropsy and head
kidney macrophages were extracted using methods adapted
from Mustafa et al. (2000) and Secombes (1990). Spleen
weights were recorded to the nearest milligram and splenoso-
matic index (SSI) was calculated using the following formula:
SSI = 100 × (spleen weight / total body weight). Head kid-
ney samples were aseptically removed and stored on ice in
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FEEDING OF FERMENTED SOYBEAN MEAL IN RAINBOW TROUT 337

2 mL of Leibovitz-15 (L-15) medium containing 2% fetal calf
serum (FCS) (Sigma-Aldrich, St. Louis, Michigan), 100 IU
penicillin–streptomycin/mL (Sigma-Aldrich), and 10 U hep-
arin/mL (Fisher Scientific, Waltham, Massachusetts). Samples
were processed within 12 h of extraction and the tissues were
passed through 100-µm mesh in 2 mL of the modified L-15
medium. The samples were then centrifuged at 1,000 × g for
10 min, and the pellet was resuspended in fresh L-15 with 2%
FCS. The cells were washed a second time and the cells resus-
pended in 0.1% FCS for increased adherence.

Phagocytosis and respiratory burst assays were performed
using the methodologies of Mustafa and Dhawale (2008) and
Matthews et al. (1990), respectively. Exact 100-µL aliquots of
the samples were placed for cellular adherence on double-etched
slides (Fisher Scientific) and incubated at 18◦C for 120 min.
For the phagocytosis assay, previously prepared formalin-killed
Escherichia coli was placed on the slides and allowed to in-
cubate for an additional 90 min at 18◦C. After incubation, the
slides were washed with phosphate-buffered saline (PBS), fixed
using methanol, and stained using Wright–Giemsa stain (Sigma-
Aldrich). The proportion of macrophages containing E. coli was
determined using the 100 × oil immersion objective lens on a
light microscope.

The respiratory burst assay was performed using nitrob-
lue tetrazolium (NBT) reduction via intracellular O2

−. Phorbyl
12-myristate 13-acetate was added to 5 mL of L-15 medium
at a concentration of 1 µg/mL. Nitroblue tetrazolium was in-
cluded and dissolved at 1 mg/mL, and the reagent solution was
mixed, according to the preparation of Secombes (1990). The
slides were rinsed with PBS and 100 µL of the NBT medium
was allowed to incubate at 18◦C for 30 min. The cells were

then examined under the light microscope using the 100 × lens
to determine respiratory burst activity. Active cells were de-
fined by the presence of blue formazan that resulted from the
reduction of colorless NBT, which indicated cellular oxygen
uptake.

All data were analyzed using the SPSS (9.0) statistical anal-
ysis program (SPSS, Chicago, Illinois). Rearing and immuno-
logical data were analyzed using one-way ANOVA, and if the
dietary treatments were significantly different, mean compar-
isons were performed using the Tukey honestly significantly
different test (Kuehl 2000). Health assessment and histological
data were analyzed using a Kruskal–Wallis test. Phagocytosis
assay data were analyzed using a Wilcoxon signed-rank test.
Two-way ANOVA was used to determine the possible sam-
pling day effects for data collected at both days 94 and 205.
All percentage data were arcsine-transformed prior to analy-
sis to stabilize the variances (Kuehl 2000). Significance for all
analyses was predetermined at P < 0.05.

RESULTS
The fish fed diets containing either 0% or 35% PSG produced

similar total tank ending weights, weight gain, and percent gain
at the end of trial on day 205, which were significantly different
than tank ending weights, gain, and percent gain observed from
fish fed the diets containing 50% PSG and no fish meal (Table 5).
Similar results were observed on day 94, with the exception of
total tank ending weight, which was only significantly different
between fish fed the 35% and 50% PSG diets. Feed conversion
ratios at both days 94 and 205 were significantly poorer in fish
fed the 50% fermented soybean meal diet than in fish fed the

TABLE 5. Rearing data (mean ± SE), including feed conversion ratio (FCR), for tanks containing 40 Rainbow Trout fed one of three different diets. Mean
values in a row with different letters are significantly different (N = 4, P < 0.05).

Fermented Soybean Meal (%)

Rearing parameter 0 35 50

Start of trial

Start weight (g) 795 ± 67 819 ± 53 867 ± 56

Day 94

End weight (g) 3,400 ± 216 zy 3,870 ± 204 z 2,772 ± 158 y
Gain (g) 2,605 ± 149 z 3,051 ± 169 z 1,905 ± 103 y
Gain (%) 333 ± 9 z 375 ± 22 z 220 ± 4 y
Food fed (g) 3,608 ± 189 3,941 ± 104 3,853 ± 97
FCR 1.39 ± 0.06 z 1.30 ± 0.05 z 2.03 ± 0.06 y

Day 205 (end of trial)

End weight (g) 11,822 ± 639 z 13,638 ± 683 z 8,606 ± 652 y
Gain (g) 11,027 ± 573 z 12,819 ± 646 z 7,739 ± 617 y
Gain (%) 1,387 ± 44 z 1,488 ± 80 z 892 ± 61 y
Food fed (g) 12,063 ± 368 12,751 ± 625 12,062 ± 174
FCR 1.10 ± 0.06 z 1.00 ± 0.01 z 1.58 ± 0.10 y
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338 BARNES ET AL.

TABLE 6. Individual fish data (mean ± SE), including length, weight, condition factors (K), specific growth rates (SGR), hepatosomatic index (HSI),
viscerosomatic index (VSI), and fish health assessment index values for Rainbow Trout fed diets containing 0, 35, or 50% fermented soybean meal. Mean values
with different letters across a row are significantly different (N = 4, P < 0.05).

Fermented soybean meal (%)

Metric and time measured 0 35 50

Length (mm TL)
Day 94 192 ± 4 203 ± 5 191 ± 4
Day 205 (end of trial) 268 ± 3 y 298 ± 7 z 252 ± 8 y

Weight (g)
Day 94 79 ± 5 94 ± 8 69 ± 5
Day 205 214 ± 13 y 310 ± 27 z 163 ± 19 y

Ka

Day 94 1.08 ± 0.02 1.07 ± 0.03 1.02 ± 0.03
Day 205 1.11 ± 0.08 1.16 ± 0.03 1.01 ± 0.04

SGRb

Day 94 0.56 ± 0.03 0.64 ± 0.04 0.50 ± 0.03
Day 205 0.48 ± 0.01 zy 0.54 ± 0.02 z 0.41 ± 0.02 y

VSIc

Day 94 12.21 ± 1.15 12.77 ± 0.44 12.73 ± 0.35
Day 205 13.78 ± 0.60 y 11.49 ± 0.36 z 13.39 ± 0.43 y

HSId

Day 94 2.80 ± 0.23 2.31 ± 0.17 3.14 ± 0.22
Day 205 1.64 ± 0.36 0.75 ± 0.06 1.31 ± 0.15

Fate

Day 94 1.6 ± 0.1 1.7 ± 0.2 1.4 ± 0.1
Day 205 1.6 ± 0.1 1.8 ± 0.1 1.4 ± 0.2

Finse

Day 94 0.5 ± 0.2 0.5 ± 0.1 0.3 ± 0.2
Day 205 0.8 ± 0.2 1.4 ± 0.2 0.8 ± 0.1

Gillse

Day 94 0.4 ± 0.2 0.4 ± 0.2 0.3 ± 0.1
Day 205 0.4 ± 0.2 0.2 ± 0.1 0.2 ± 0.1

Livere

Day 94 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.1
Day 205 0.0 ± 0.0 y 0.0 ± 0.0 y 0.3 ± 0.1 z

Pseudobranchse

Day 94 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
Day 205 0.1 ± 0.1 0.2 ± 0.1 0.2 ± 0.1

Operclese

Day 94 0.1 ± 0.1 0.0 ± 0.0 0.1 ± 0.1
Day 205 0.1 ± 0.1 0.2 ± 0.1 0.1 ± 0.1

Eyes (both days 94 and 205)e 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
Gut (both days 94 and 205)e 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
Kidney (both days 94 and 205)e 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
Spleen (both days 94 and 205)e 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

a Condition factor (K) = 105 × (weight) / (length3).
b Specific growth rate (SGR,%) = 100 × [(ln final weight − ln initial weight) / number of days].
c Hepatosomatic index (HSI) = 100 × (liver weight / body weight).
d Viscerosomatic index (VSI) = 100 × (viscera weight / body weight).
e Fish health assessment rating system described in Table 3.
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TABLE 7. Mean ± SE distal intestine morphological scores from Rainbow Trout fed diets containing 0, 35, or 50% fermented soybean meal (N = 4).

Fermented soybean meal (%)

Histological feature 0 35 50

Day 94

Lamina propria of simple folds 1.62 ± 0.22 z 1.50 ± 0.10 z 2.62 ± 0.12 y
Connective tissue at base of folds 1.88 ± 0.12 z 1.82 ± 0.24 z 2.62 ± 0.16 y
Large vacuoles 3.06 ± 0.16 3.12 ± 0.26 2.62 ± 0.22

Day 205 (end of trial)

Lamina propria of simple folds 1.58 ± 0.28 1.58 ± 0.25 2.17 ± 0.33
Connective tissue at base of folds 2.42 ± 0.37 3.08 ± 0.25 3.33 ± 0.13
Large vacuoles 2.50 ± 0.17 2.92 ± 0.16 3.25 ± 0.34

0% and 35% diets. However, there was a significant effect of
sampling day (94 versus 205) on feed conversion ratio, and
mean ratios were approximately 25% lower at day 205 than at
day 94. No mortality occurred during the experiment.

Individual fish lengths and weights were not significantly
different among fish fed the dietary treatments at day 94, but
were significantly different on day 205 (Table 6). The fish re-
ceiving the 35% PSG diet were significantly longer and heavier
than fish receiving either of the other two diets. Condition fac-
tor was not significantly different among fish fed the diets on
either sampling day. Specific growth rate was not significantly
different for fish on day 94, but was significantly higher for fish
fed the 35% PSG treatment than for fish fed the 50% treatment.
Specific growth rate was also significantly different between the
sampling days. No significant differences in VSI were observed
among the treatments at day 94. However, at the end of the trial,
the fish fed the 35% PSG diet had a significantly lower VSI than
those fed either of the other two diets. There were no significant
differences in HSI among the diets, but there was a significant
effect of sampling day. Rankings of fin condition significantly
decreased over time, but were not significantly different among
the diets. Liver condition scores were significantly poorer in
fish fed the 50% diets than in fish fed the other two diets at
the end of the trial. No significant differences were observed in
the fish health assessments among the diets for gills, pseudo-
branchs, opercles, eyes, guts, kidneys, or spleens. Pseudobranch
condition, as determined by the health assessment, significantly
deteriorated from sampling day 94 to day 205 in fish fed all of
the dietary treatments.

On day 94, morphology scores for lamina propria thickness
and the amount of connective tissue were significantly greater
in the intestines from fish fed 50% PSG than from fish fed the
other two diets (Table 7; Figure 1). On day 205, there were no
significant differences in these scores among the diets. There
were no significant differences in the scores for the number of
large vacuoles on either sampling day. Neither lamina propria
scores nor the number of large vacuoles were significantly dif-

ferent from either day 94 or 205, but connective tissue ranks
were significantly greater on day 205 for fish fed all the di-
ets. Splenosomatic index, macrophage activity, and respiratory
burst activity were not significantly different among the dietary
treatments (Table 8).

DISCUSSION
The similar growth performance metrics observed in fish fed

either the control or 35% fermented soybean meal diets are con-
sistent with those reported by Barnes et al. (2012, 2013), who
reported a decline in Rainbow Trout rearing performance when
fed diets containing 40% or more PSG. The study by Barnes
et al. (2012) lasted 70 d, did not use isonitrogenous or isocaloric
diets, and used a predetermined feeding rate, and some of the
diets were likely deficient in at least one essential amino acid.
Barnes et al. (2013) did use isocaloric and isonitrogenous diets
and a predetermined feeding rate, but that study only lasted 36
d. Despite design differences between the studies, the similar-
ity in the results strongly suggests there is an upper limit of
PSG inclusion somewhere between 35% and 40%. In contrast,
Yamamoto et al. (2010) was able to produce similar results
between a diet containing 47.6% fermented soybean meal sup-
plemented with seven amino acids and a control diet based

TABLE 8. Mean ± SE splenosomatic index (SSI), macrophage activity (%),
and respiratory burst (%) from Rainbow Trout fed diets containing 0, 35, or
50% fermented soybean meal (N = 4).

Immunological
feature

Fermented soybean meal (%)

0 35 50

SSI 8.5 ± 0.5 7.8 ± 0.6 7.5 ± 0.5
Macrophage

activity (%)
83.0 ± 0.6 83.0 ± 0.9 81.8 ± 1.2

Respiratory
burst (%)

68.6 ± 1.6 66.7 ± 1.2 66.5 ± 1.5
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340 BARNES ET AL.

FIGURE 1. Histomicrographs of distal intestines from Rainbow Trout after 94 d of being fed on (A) a fish-meal-based diet with no fermented soybean meal or
(B) a fish-meal-free diet containing 50% fermented soybean meal diet. Note the difference in the thickness of the lamina propria and connective tissue at the base
of the folds.

on fish meal, depending on the fermentation process that was
used.

Dietary formulations would obviously need to be changed
for PSG to completely replace fish meal as the primary protein

source in Rainbow Trout diets. In this study, the 35% PSG di-
ets still contained 15% fish meal, while suitable PSG diets in
Barnes et al. (2012) contained at least 20% fish meal. It is diffi-
cult to compare these results to the Yamamoto et al. (2010) study,
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which did successfully eliminate fish meal in a fermented soy-
bean meal diet fed to Rainbow Trout, because the diet used by
Yamamoto et al. (2010) also contained substantial amino acid
supplementation, and the fermentation techniques used were
likely substantially different. Possible genetic differences be-
tween the Rainbow Trout strain used by Yamamoto et al. (2010)
and this study may also impede direct comparisons (Pierce et al.
2008).

At 205 d, this study should have met the Weatherup and
McCraken (1999) criteria of being long enough to determine any
differences in fish performance among the diets. NRC (2011)
recommended a time frame of 56–84 d, or when a 1,000%
weight gain is achieved for small fish or a 200–300% weight
gain for larger fish. If the juvenile fish used at the start of this
study are considered “small” then the approximately 300% gain
at day 94 would indicate that 94 d was not long enough. By day
205, the trout were obviously “large” and the approximately
1,000% gain would indicate that the trial went unnecessarily
long according to NRC (2011) recommendations. The length
of this trial was needed, however, not just to evaluate rear-
ing performance, but also to determine any potential negative
health effects resulting from possible intestinal morphological
changes caused by dietary soy (Rumsey et al. 1995; Bureau
et al. 1998; Krogdahl et al. 2003; Barrows et al. 2008a). These
changes have been referred to as “noninfectious sub-acute en-
teritis” in Atlantic Salmon Salmo salar (Baeverfjord and Krog-
dahl 1996) or just generally as “inflammation,” characterized
in certain salmonids by a shortening of the microvilli, increase
in the number of goblet cells, widening of the central stroma,
shortening of the mucosal folds, and changes in the amount of
vacuolization (van den Ingh et al. 1991; Rumsey et al. 1995;
Ostaszewska et al. 2005; Bakke-McKellep et al. 2007; Sealey
et al. 2009; Sissener et al. 2009). Baeverfjord and Krogdahl
(1996) and Urán et al. (2009) indicated that such intestinal
changes likely occur very rapidly and then either continue to
deteriorate or stabilize depending on the amount of soybean
meal in the diet. The results from the current study indicated
that dietary PSG does have some morphological effects at day
94, but such effects are no longer observable by day 205. It is
possible that it takes more than 94 d for Rainbow Trout intestines
to fully adapt to high concentrations of fermented soybean meal,
which would explain why shorter-duration dietary trials would
only document inflammation.

The morphological changes on day 94 appeared to have min-
imal impacts on growth, and support Bureau et al. (1998) who
also observed no negative growth effects, despite soy-induced
intestinal damage during 56- and 84-d feeding trials. In the only
other study evaluating intestinal inflammation during the feed-
ing of fermented soybean meal to Rainbow Trout, Yamamoto
et al. (2010) noted that fermentation conditions determine the
ability of fermented soybean meal to change distal intestine
morphology. Different fermentation techniques may differ in
their ability to breakdown soybean antinutritional factors such

as saponins, which have been linked to enteritis in salmonids
(Knudsen et al. 2007, 2008). Yamamoto et al. (2010) used soy-
bean meal fermented by Bacillus spp., whereas PSG is produced
through fermentation by both Bacillus and Aspergillus spp. In
addition to breaking down long-chain proteins and reducing
oligosaccharides, the PSG fermentation process reduces antin-
utritional factors such as trypsin inhibitors. Both B. subtilis and
A. oryzae are also known to remove soybean antigenic proteins
(Hong et al. 2004; Teng et al. 2012). Fermented soybean meal
has produced enteritis in at least one other fish species (Nguyen
et al., in press), although this may be due to fermentation tech-
nique differences or species-specific effects. The results from
the current study confirm the statement from Yamamoto et al.
(2010) that fermentation can eliminate those substances found in
soybean meal that are responsible for intestinal morphological
changes in Rainbow Trout.

The differences in intestinal histology from day 94 to day 205
were not the only metrics affected by study duration. Significant
differences in individual fish length, weight, SGR, VSI, and fillet
composition would not have been detected if the trial ended
after 94 d. In addition, the significant effect of sampling time
on fin condition, HSI, and psuedobranch condition indicates
that longer-term trials may provide different information than
that produced from typical feeding trials. This validates the
caution of Cowey (1992) against assigning arbitrary durations
for dietary experiments.

The immunology results support those of Sagstad et al.
(2008) and likely indicate a lack of adverse health effects from
the inclusion of fermented soybean meal in Rainbow Trout diets.
Although PSG contains possible probiotic microbes (Gatesoupe
1999), the innate immune response in the fish fed PSG showed
no major responses. Increased macrophage activity is indicative
of increased bacterial clearance competency within the teleost
innate immune system and may increase adaptive immunity
through antigen presentation (Magnadottir 2006). A noncom-
promised respiratory burst response indicates normal bacterial
clearance ability and phagocytosis through the use of superoxide
production (Garcia and Villarroel 2009). Further testing may be
needed to identify possible immunomodulatory effects of fer-
mented soybean meal (Sachindra and Bhaskar 2008; Kim et al.
2009, 2010) and may include examining complement-activation
ability, immunoglobulin M level fluctuations, plasma lysozyme
competency, and other innate and adaptive immune attributes
(Krogdahl et al. 2000; Pionnier et al. 2013).

On day 94, the feed conversion ratios observed in this study
improved over those reported in other Rainbow Trout feeding
trials evaluating fermented soybean meal (Barnes et al. 2012,
2013). This may have been due to feeding the fish to satiation,
compared with using maximum projected growth rates to deter-
mine feeding levels in the Barnes et al. (2012, 2013) studies. In
contrast, Rasmussen and Ostenfeld (2000) found no difference
in feed conversion ratio in Rainbow Trout fed either a high or
low ration. By day 205, however, feed conversion ratios had
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lowered to levels typically observed when maximum projected
growth rates are used to determine feeding levels of commercial
feeds during actual hatchery production (Barnes et al. 2011).
Compared with fish-meal-based diets fed to Rainbow Trout in
other studies, the feed conversion ratios at the end of the present
study for the control and 35% PSG diets are comparable to those
reported by Cheng et al. (2003a, 2003b) and only slightly higher
than those of Barrows et al. (2008b) and Adelizi et al. (1998).
However, the Barrows et al. (2008b) and Adelizi et al. (1998)
studies were of much shorter duration and used much smaller
fish.

The VSI was generally higher than that observed in the
Barnes et al. (2013) study feeding fermented soybean meal to
Rainbow Trout. This is likely due to the positive relationship
between lipid levels and VSI (Jobling et al. 1998; Company
et al. 1999; Yildiz et al. 2004); dietary lipid levels in the present
study were approximately 15% compared with the 10% levels
in Barnes et al. (2013). The significantly lower VSI values at
the end of the trial using the 35% PSG diets, compared with
both the control and 50% PSG diets, are difficult to explain.
Panserat et al. (2009) observed higher VSI values in Rainbow
Trout fed plant-based diets compared with those based on fish
meal, whereas the current study produced either lower or similar
values in fish fed increasing dietary fermented soybean meal.
In contrast, Barnes et al. (2013) observed no differences in VSI
among several diets containing fermented soybean meal and a
fish-meal-based control.

The lack of differences in HSI among the diets is similar
to that observed by Barnes et al. (2012, 2013); however, the
high degree of variability observed in HSI values may have pre-
cluded any significantly different determinations. Azarm and
Lee (2014) also observed no effect on HSI in Black Sea Bream
fed up to 32% fermented soybean meal. While Daniels and
Robinson (1986) and Kim and Kaushik (1992) suggested a pos-
itive relationship between HSI and dietary carbohydrates, this
was not observed in the present study. The HSI results suggest
that there were no phosphorous deficiencies in any of the diets,
given the negative relationship between dietary phosphorous
and HSI (Sakamota and Yone 1978). The HSI values on day
94 from all of the diets were considerably higher than those
reported in a number of other studies using a variety of dietary
ingredients (Kaushik et al. 1995; Adelizi et al. 1998; Gaylord
et al. 2006; Barrows et al. 2008a, 2008b; Barnes et al. 2012,
2013). However, HSI values at the end of the study were similar
to those prior studies.

In conclusion, the results from this study clearly indicate that
at least 35% PSG can be safely included in Rainbow Trout di-
ets, and that in diets with 40% fish meal as the primary protein
source, PSG can replace 62% of the fish meal. Additional re-
search is needed to see whether similar results can be expected
with strains of Rainbow Trout that exhibit less domestication
than the Shasta strain (Needham and Behnke 1962) or that may
vary in their ability to use plant-based ingredients (Pierce et al.
2008; DuPont-Nivet et al. 2009). Further dietary modifications
using fermented soybean meal in conjunction with other plant-

based proteins to completely eliminate fish meal in Rainbow
Trout diets should also be undertaken.
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Abstract
The use of electronarcosis as a fish immobilization technique

has reemerged in recent years. Previous studies have investigated
behavioral effects of the technique. But investigations of the phys-
ical and physiological effects on fish of electrical immobilization
have focused on different electrical waveforms or higher power
densities than are used for electronarcosis. This study was de-
signed to determine whether there was a significant negative ef-
fect on embryo survival or fry growth among the progeny of adult
Coho Salmon Oncorhynchus kisutch immobilized by electronarco-
sis prior to spawning as compared with being immobilized by tri-
caine methanesulfonate or not being immobilized at all (control).
Embryo mortality in family lots ranged from 0.67% to 55.05%,
with no statistically significant differences among the treatments
and the control. There were significant differences in the size of
fry from adults subjected to electronarcosis rather than the other
two treatments, but in all cases the fry from adults treated with
electronarcosis were larger. These findings support the continued
use of electronarcosis as a fish immobilization technique.

Various physical and chemical means of fish immobilization
are used in fisheries. One of these is electronarcosis, the use
of low-power, nonpulsed DC to immobilize fish. This approach
was developed in the 1950s and 1960s (Vibert 1967). Simply put,
the electrical current prevents nervous system communication
below the base of the brain, yielding an immobile fish that
does not perceive any stimulus below the brain (Vibert 1963;
Lamarque 1967).

*Corresponding author: michael hudson@fws.gov
Received January 24, 2014; accepted April 2, 2014

The use of electronarcosis as a part of fisheries management
and research in North America was pioneered in the 1970s
(Kynard and Lonsdale 1975; Curry and Kynard 1978) and was
used at times in the following three decades (Gunstrom and
Bethers 1985; Orsi and Short 1987; Sterritt et al. 1994; Jennings
and Looney 1998; Henyey et al. 2002; Godinho and Kynard
2006; Alves et al. 2007; Godinho et al. 2007). More recently,
in the Pacific Northwest the approach has been used by several
state, federal, and tribal fish and wildlife management agencies
as well as public utilities on a variety of species, including
Chinook Salmon Oncorhynchus tshawytscha, Coho Salmon O.
kisutch, steelhead (anadromous Rainbow Trout) O. mykiss, and
Bull Trout Salvelinus confluentus, for a number of different
purposes, including surgery associated with tagging and sorting
spawners (e.g., Hudson et al. 2011).

The behavioral, physical, and physiological effects of elec-
tronarcosis on fish are uncertain due to there being only limited
information on a small number of species. Kynard and Lonsdale
(1975) observed instantaneous recovery of swimming and feed-
ing behavior in Rainbow Trout following electronarcosis for
1 and 2 h. Fish that were treated for 4 and 6 h had increased dif-
ficulty resuming swimming behavior. Curry and Kynard (1978)
found similar decreases in activity for both Rainbow Trout and
Channel Catfish Ictalurus punctatus that lasted longer as the
duration of treatment with electronarcosis increased. Addition-
ally, they documented an increased vulnerability to predation
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related to longer durations of treatment. Kynard and Lonsdale
(1975) observed no significant differences in mortality between
fish treated with electronarcosis and control fish. Neither study
documented statistically significant differences in growth be-
tween treatment and control fish.

More research on behavioral, physical, and physiological
effects on fish from electricity has been conducted using pulsed
DC or higher nonpulsed DC gradients than are used for elec-
tronarcosis (see Hudson et al. 2011 and references therein;
Trushenski and Bowker 2012; Trushenski et al. 2012). Gen-
erally, deleterious effects to behavior, survival, and growth, in
addition to other nonlethal effects, have been documented.

The purpose of this study was to begin addressing some
of the remaining uncertainties with respect to electronarcosis.
This study was designed to determine whether creating a state
of electronarcosis in mature Coho Salmon results in a subse-
quent increase in embryo mortality or reduced fry growth. The
experimental design and data analysis were intended to meet
this objective by assessing the physical (mortality) and physio-
logical (growth) effects of electronarcosis on Coho Salmon to
determine whether there were significant differences between
fish treated with electronarcosis or tricaine methanesulfonate
(MS-222) and control fish.

METHODS
Adult Coho Salmon.—Adult Coho Salmon were obtained

during broodstock collection at Eagle Creek National Fish
Hatchery in Estacada, Oregon. One male and one female were
randomly selected for each pairing by netting fish out of the
crowder using large dip nets. Paired adults were then randomly
assigned to one of three treatments (electronarcosis, MS-222, or
control) prior to being spawned. Each treatment group was com-
prised of 15 spawning pairs, for a total of 45 family lots. The fork
length (FL) of each female was recorded and compared among
treatments using one-way analysis of variance (ANOVA).

Treatments.—For the electronarcosis treatment, two portable
electronarcosis units with a 153-L holding tank were used fol-
lowing the approach of Hudson et al. (2011) with no modifica-
tion. Electrodes made of 0.635-mm aluminum 6061-T6 sheet
were attached to plywood and placed 85 cm apart at opposite
ends of the holding tank. Power was controlled with a 0–60 V
DC power supply (Instek GPS-3303) connected to an AC power
source. Voltage and current were monitored with digital mul-
timeters (Fluke-87-V). Fish pairs were immobilized by being
placed with their heads toward the anode in separate, identical
holding tanks, each filled with 111 L of Eagle Creek water with
power off to the electronarcosis unit. The power supply was
then turned on and within 3 s the voltage was increased from
0 to 40 V DC (voltage gradient, 0.47 V/cm). The fish were
then held in a state of narcosis (characterized by immobiliza-
tion, relaxation of muscles, and a lack of upright orientation but
continuous breathing) for 15 min. Fifteen minutes was chosen
as the standardized time because many standard tasks asso-

ciated with fish research, monitoring, and management (e.g.,
tagging surgery, sorting, and collecting data) can be conducted
within this time frame. Subsequently, fish were removed from
the electrical field by our turning the power supply off, imme-
diately euthanized by a blow to the head, and spawned. For the
MS-222 treatment, two marine-grade coolers were filled with
94 L of Eagle Creek water mixed with MS-222, for a 60 mg/L
concentration. Spawning pairs were immobilized concurrently
for 15 min, then immediately euthanized by a blow to the head
and spawned. Control fish were immediately euthanized by a
blow to the head and spawned.

Spawning and incubation.—Following euthanization, eggs
were stripped from the female and fertilized with sperm from
the male for each spawning pair. Embryos were allowed to water
harden and then transferred from the spawning building to the
hatchery building. The embryos from each pair were placed
in individual trays on vertical stack incubators and labeled by
treatment group and family lot. Water flow over the trays was set
at 11.4 L/min, and embryos were treated daily with 1,667 mg/L
formalin for 15 min to control fungus (USFWS 2004).

Embryo mortality.—The effect of treatment on embryo mor-
tality was a cumulative measurement at the eyed stage of embryo
development and when fry were transferred to holding tanks. At
the eyed stage (approximately 8 weeks after fertilization), em-
bryos were mechanically shocked and passed through a fish egg
sorter (Jensorter Model JM4). The sorter uses photocell technol-
ogy to separate dead from live eggs (Piper et al. 1983). Embryo
mortality was measured by counting the total number of dead
eggs for each treatment group and family lot. Percent embryo
mortality among treatments and the control family lots were
compared using one-way ANOVA.

Fry growth.—The fry from each treatment were pooled and
transferred to six holding tanks (4.5 × 1.0 × 1.0 m), two per
treatment group. Tanks were comprised of 500 fry haphazardly
selected from each of the 15 lots within each treatment group,
for a total of 7,500 individuals per tank. Fish in all tanks were
fed identical amounts of BioVita formula, size #0 crumble (Bio-
Oregon) each weekday based on fry density for the entire study.
Fry mortalities were culled each weekday and recorded. A one-
way ANOVA was conducted on fry mortality by tank for the
duration of the study to determine whether any differences in
fry growth (or lack thereof) could be attributed to significant
differences in mortality resulting in a change to the feed amount
: fry density ratio among tanks.

The growth of Coho Salmon fry was estimated once per week
for 6 weeks by collecting a haphazard sample of 100 fry from
each tank by dip net and recording their combined mass (g).
Fish were returned to the tank from which they came and the
process was repeated with the next tank. Each week, to minimize
sample bias and its associated error, 10 samples of 100 fry were
collected from each tank (exceeding the recommendations by
Ewing et al. 1994) and their average masses compared using
one-way repeated-measures ANOVA followed by application
of the Holm–Sidak post hoc test.
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FIGURE 1. Box plots of the percentage of embryo mortality for family lots
from 15 paired adult Coho Salmon assigned to the electronarcosis treatment, the
MS-222 treatment, or the control group prior to spawning. Box heights represent
the mortality from the 50% of lots around the median; the whiskers represent
the total range of mortality.

RESULTS

Adult Coho Salmon
The adult female Coho Salmon used in this study ranged from

59 to 78 cm in fork length. The differences in female size among
the treatments and the control were not statistically significant
(P = 0.901). Because egg size in Coho Salmon is positively
correlated with female length (e.g., Sargent et al. 1987), we
assumed that there were no significant differences in egg size
among the treatments and control. We concluded that female
size and egg size had no confounding effects on the embryo
mortality or fry growth analyses.

Embryo Mortality
The mortality of embryos from adults treated with electronar-

cosis ranged from 0.77% to 19.94% (Figure 1). With one excep-
tion, the mortality of embryos from adults treated with MS-222
ranged from 0.74% to 13.6% (one family lot exhibited 55.05%
mortality). The mortality of embryos from control adults ranged
from 0.67% to 20.78%. With all data included, there was no
significant difference in mean embryo mortality between fish
treated with electronarcosis (7.52%) and those treated with
MS-222 (7.94%) or the control (6.84%) (P = 0.822). While
mean embryo mortality drops to 4.57% if the potentially outlier

family lot is removed, this still does not result in a significant
difference in embryo mortality among treatments (P = 0.580).

Fry Growth
Significant differences in mass between fry from adults

treated with electronarcosis and fry from adults treated with
MS-222 occurred in week 6 (Table 1). The two replicate samples
of fry from adults treated with MS-222 were also significantly
different from each other, the mean mass of the first replicate
(MS1) being significantly lower (Table 2). Significant differ-
ences in mass between fry from fish treated with electronarcosis
and fry from control fish occurred twice: once in week 4 (EN2
versus CO1), and once in week 5 (EN2 versus CO1) (Table 1).
In both cases, the mean mass of the EN2 sample was larger
(Table 2). There were no other statistically significant differ-
ences in fry mass between fish from the electronarcosis treat-
ment replicates and fish from the MS-222 treatment or control
replicates. For the duration of the study, fry mortality among
treatment and control replicates ranged from 0.44% to 0.97%
and differences among tanks were not statistically significant.

DISCUSSION
Our study had a high level of variability in embryo mortality

rates among family lots, which limits the statistical power for
detecting treatment effects. However, given the variance within
the treatments and control there was sufficient power that a sig-
nificant difference in mortality of at least 10% could have been
detected, but one was not. Therefore, our study indicates that if
there are treatment effects they appear to be less than 10%. This
small difference in mean mortality rates between electronarco-
sis and both MS-222 and the control supports the continued use
of electronarcosis as a means of fish immobilization.

One electronarcosis replicate resulted in significantly higher
fry growth than at least one control replicate in 2 of the 6 weeks
recorded. One of the electronarcosis replicates also resulted in
higher fry growth than one MS-222 replicate in the final week
of the study. The lack of consistency in these results could be
the result of the difficulty of acquiring a truly random sample
from raceways (Ewing et al. 1998). It could also be attributed to
a tank effect. Overall, however, electronarcosis did not appear
to result in reduced fry growth, further supporting the potential
value of this fish immobilization approach.

TABLE 1. Differences in mean estimated fry mass (g) between electronarcosis (EN) treatment replicates and MS-222 treatment (MS) and control (CO) replicates
over a period of 6 weeks. Significant differences are denoted by asterisks.

Week 1 Week 2 Week 3 Week 4 Week 5 Week 6

EN1 EN2 EN1 EN2 EN1 EN2 EN1 EN2 EN1 EN2 EN1 EN2

MS1 0.9 0.7 0.3 0.6 0.5 0.6 0.9 2.0 0.2 1.7 3.9* 3.9*
MS2 0.0 0.2 0.9 0.6 1.4 1.3 0.1 1.0 0.1 1.8 0.9 0.9
CO1 0.5 0.3 0.9 1.2 1.3 1.4 2.0 3.1* 1.0 2.9* 1.0 1.0
CO2 1.6 1.4 1.0 1.3 0.7 0.8 1.1 2.2 0.2 2.1 0.4 0.4
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TABLE 2. Absolute differences in mean estimated fry mass (g; ranges in parentheses) of replicate samples of Coho Salmon in the different treatments, by week.
See Table 1 for additional details.

Treatment and replicate Week 1 Week 2 Week 3 Week 4 Week 5 Week 6

MS1 41.4 (40–43) 49.7 (47–53) 56.1 (54–57) 65.5 (64–68) 81.4 (80–83) 91.1 (88–94)
MS2 42.3 (40–45) 50.9 (49–53) 58.0 (55–60) 66.5 (63–69) 81.3 (79–84) 95.9 (92–99)
EN1 42.3 (41–44) 50.0 (49–54) 56.6 (56–59) 66.4 (64–69) 81.2 (80–83) 95.0 (91–97)
EN2 42.1 (41–44) 50.3 (49–51) 56.7 (55–58) 67.5 (66–69) 83.1 (82–86) 95.0 (89–97)
CO1 41.8 (41–43) 49.1 (47–50) 55.3 (53–57) 64.4 (62–67) 80.2 (77–82) 96.0 (94–97)
CO2 40.7 (36–43) 49.0 (48–50) 55.9 (53–58) 65.3 (64–67) 81.0 (79–83) 95.4 (93–99)

The use of electricity in fisheries has been controversial for
a number of years. Most often, the use of electricity is asso-
ciated with capturing fish. Many studies have documented the
impacts that electricity can have on redds (e.g., Dwyer et al.
1993; Keefe et al. 2000; Cho et al. 2002), embryos (e.g., Barnes
et al. 1999), juveniles (e.g., Barton and Dwyer 1997; Ainslie
et al. 1998; VanderKooi et al. 2001), and adults (e.g., Harrell
and Moline 1992; Dwyer and White 1995; Snyder 2003). Stud-
ies have documented the impacts of immobilization by pulsed
DC (e.g., Woodward and Strange 1987) and AC (e.g., Chiba
et al. 2006) for the purpose of handling fish. For example, Red-
man et al. (1998) did find significant impacts from pulsed-DC
immobilization on Brown Trout Salmo trutta broodstock, but
not on their progeny. When it comes to using electronarcosis to
immobilize fish, there is not much information on the effects of
using low-power, nonpulsed DC.

Most of the studies investigating the impacts of electronar-
cosis have focused on behavioral effects (e.g., Curry and
Kynard 1978; Henyey et al. 2002). More recently, some research
has departed from this focus on behavioral effects. Vandergoot
et al. (2011) reported no significant physical impacts on Walleye
Sander vitreus adults immobilized using low-power, nonpulsed
DC. Balazik et al. (2013) detected similar levels of stress in
juvenile Atlantic Sturgeon Acipenser oxyrinchus treated with
electronarcosis and those treated with MS-222 but discussed
the relative advantages of using electronarcosis.

To our knowledge, this study is the first to document the
potential physical (survival) or physiological (growth) effects
of electronarcosis on progeny. There were no significant differ-
ences in embryo mortality or fry growth either between elec-
tronarcosis and a more traditional fish immobilization approach
(MS-222) or between electronarcosis and what might represent
fish that were not handled and immobilized (control). While the
effects of electronarcosis (e.g., stress response, survival) should
continue to be investigated in both adult fish and progeny, these
findings support the continued use of electronarcosis as a viable
means of fish immobilization.
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Abstract
The objectives of this study were to (1) evaluate if dietary lysine (Lys) has an effect on the free amino acid (FAA) pool

of Yellow Perch Perca flavescens eggs, and (2) determine how dietary Lys influences the reproductive performance
and eggs fertilization rate (embryo survival) of female Yellow Perch. Two-year-old Yellow Perch of initial size of
approximately 75 g were randomly distributed into six 400-L tanks at 32 ± 1 fish per tank. This experiment included
two wheat gluten-based diets in triplicate Lys-deficient ([−]Lys) and Lys-supplemented ([ + ]Lys; 2.23% in dry feed)
diets. Females from the reference group were fed a commercial diet. Females from reference, (+)Lys, and (−)Lys
groups were stripped and their eggs divided into 0.4–1.2-g portions and mixed with sperm (21.4 ± 4.3 µL) from either
reference, (+)Lys, or (−)Lys males. The mean weight of Yellow Perch females and mean total weight of ovulated eggs
were the greatest in the reference group compared with both (+)Lys and (−)Lys groups. There were no differences
in the ratio of weight of eggs to female body weight as well as egg size among groups. There was no difference among
treatments in the concentration of free amino acids except glutamic and aspartic acids in Yellow Perch eggs. There
was significant effect of female dietary treatments on the egg fertilization rate averaged across all males. The higher
fertilization rate was observed in the reference and (+)Lys groups compared with the (−)Lys group. The effect of
female dietary treatment on the egg survival was also dependent on the dietary treatment of males.
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Studies on broodstock nutrition can provide quantitative ev-
idence on whether the reproductive performance of fish can
be impacted by parental dietary intake. It has been postulated
that diets formulated specifically for broodstock might improve
gonadal growth and egg quality, and therefore, increase fish pro-
duction (Pereira et al. 1998; Lochmann et al. 2007). Fernandez-
Palacios et al. (1995) claimed that the fecundity of Gilthead
Seabream Sparus aurata was improved by feeding up to 1.6%
n-3 (HUFA). In addition, it has been shown that the fatty acid
profile of a broodstock diet affected the fatty acid composition
of individual lipid classes and the fatty acid composition of to-
tal or polar lipids in the eggs of Gilthead Seabream (Mourente
and Odriozola 1990). However, much less information is avail-
able on the role of proteins and indispensable amino acids in
fish reproduction (Pereira et al. 1998). Gunasekera et al. (1995)
suggested that dietary protein levels affect the time of puberty
and rate of maturation indirectly through its effect on growth
in Nile Tilapia Oreochromis niloticus. Furthermore, Gunasek-
era and Lam (1997) reported that Tilapia females continued
gametogenesis after spawning if there were sufficient nutrients
stored in the body. It can be further suggested that the formula-
tion of an optimal broodstock diet must involve a fundamental
understanding of the relationship between dietary amino acid
composition and requirements for ovarian growth.

Besides nutrition, fish egg quality can be affected by various
factors such as maternal age, timing of the spawning, genetics,
and environmental conditions that result in variation of bio-
chemical composition of the egg itself (Kjorsvik et al. 2003;
Nguyen et al. 2011). Brooks et al. (1997) suggested that good
quality eggs are characterized by low mortalities at fertilization,
hatching, and first feeding of larvae. However, the survival of
the embryos after fertilization, which is a measure of quality of
eggs, does not provide unequivocal causal relationship to the
actual factors that influence the quality of eggs. Therefore, a
number of other criteria have been proposed to assess egg qual-
ity in fish, such as egg size and morphology, deformities, and
biochemical composition.

In marine pelagic fish eggs, free amino acids (FAAs) con-
stitute up to 50% of the total amino acid pool and their role
in early embryogenesis was emphasized (Rønnestad and Fyhn
1993; Syama Dayal et al. 2003). In freshwater fish eggs, how-
ever, the FAA pool only comprises 2–5% of the total protein
amino acids and very little is known about their role (Portella
et al. 2013). It was reported by Amirkhanov (1980) in Stellate
Sturgeon Acipenser stellatus and Dabrowski et al. (1985) in
Powan Coregonus lavaretus, however, that the pool of FAAs in
fish eggs can be directly related to the fertilization success and
number of viable embryos produced.

One of the primary ways for the aquaculture industry to
increase economic efficiency of fish production is to replace
fish meal and fish oil with alternative protein and lipid sources,
mainly plant-based ingredients (Pereira et al. 1998). However,
since the variability in hatchery performance during fish early
life stages is sensitive to maternal contributions to the eggs

(Callan et al. 2011), different diet compositions can affect not
only the growth of matured fish but also their reproductive per-
formance in terms of fecundity, egg viability, and fertilization
rates. Fontainhas-Fernandes et al. (2000) reported that a total
replacement of fish meal with plant protein reduces growth ef-
ficiency and plasma 17β-estradiol levels of Nile Tilapia. Blom
et al. (2001) showed that increasing the level of cottonseed meal
to replace fish meal led to an increase in the number of Rain-
bow Trout Oncorhynchus mykiss females producing nonviable
embryos. Vegetable oils, such as crude palm oil, however, have
been shown to have a positive effect on female Nile Tilapia
reproductive performance including larger gonad size, earlier
spawning, higher hatching rates, and higher egg production (Ng
and Wang 2011).

We have previously shown that the wheat gluten and fish
meal-based diets supplemented with free lysine (Lys) affected
the growth and blood plasma FAA pool in Yellow Perch Perca
flavescens (Kwasek. et al. 2012). We have also shown that di-
etary Lys affects male reproductive performance and the quality
of sperm in the same species (Kwasek. et al. 2014). Therefore,
the objectives of our present study, which is a continuation of
Kwasek et al. (2012) and Kwasek et al. (2014), were to (1)
evaluate if dietary Lys has an effect on the FAA pool of Yellow
Perch eggs, and (2) determine how dietary Lys influences the
reproductive performance and eggs fertilization rate of Yellow
Perch.

METHODS
Two-year-old Yellow Perch of initial size of approximately

75 g (individual weight) were randomly distributed into six
400-L tanks at 32 ± 1 fish per tank. All fish were individually
marked with PIT tags (Biomark, Boise, Idaho). No negative im-
pact of PIT tags on growth of European Perch Perca fluviatilis
has been shown (Baras et al. 2000). The present experiment
included two diets: (-)Lys-deficient and (+)Lys-supplemented
with 2.23% free Lys (Bachem, New York), wheat gluten (MP
Biomedicals, Solon, Ohio), and fish meal-based diets in tripli-
cate as previously described in Kwasek et al. (2012). The total
amount of Lys in the (−)Lys diet was approximately 1% (1.42%
Lys in wheat gluten [MP Biomedicals]; 4.51% Lys in fish meal
[NRC 1994]). These diets were offerred to the fish for 16 months
prior the experiment (Kwasek et al. 2012). In addition, due to
limited tank capacity and fish number, a total of 16 control fish
(reference group) were kept under identical conditions in a sep-
arate tank and fed a commercial diet (BioOregon, Westbrook,
Maine). Fish were fed near to satiation at readjusted feeding
rates equal across all treatments based on each day’s projected
change in weight. Fish size was checked periodically in order
to monitor individual fish growth. Fish were anesthetized prior
to handling with tricaine methanesulfonate (MS-222, 50 mg/L).
These fish were then quickly weighed and transferred to tank
with fresh aerated water. The water temperature during the ex-
periment followed the seasonal cycle and varied between 7.8◦C
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LYSINE INFLUENCE ON YELLOW PERCH 353

(December) and 24.0◦C (August). The city water used was fil-
tered through activated charcoal filters and additionally treated
with sodium thiosulfate to keep chlorine level below 0.1 mg/L.
The photoperiod was 13 h light : 11 h dark.

In spring 2008, Yellow Perch broodstock were evaluated
for the advancement of maturation and sex based on size,
robustness, and sperm release. These fish were then injected
(females [300 IU/kg] and males [100 IU/kg]) with human
chorionic gonadotropin (Sigma-Aldrich, St. Louis, Missouri;
Dabrowski et al. 1994). Females from reference, (+)Lys, and
(−)Lys groups that had ovulated were stripped and their eggs
divided into 0.4–1.2-g (0.77 ± 0.11 g) portions and mixed with
sperm (21.4 ± 4.3 µL at 20 × 1011 spermatozoa/mL; Ciereszko
and Dabrowski 1993). Ten milliliters of water was added, and
eggs were then incubated in vertical tray incubators with con-
tinuous water flow at 16.2 ± 0.8◦C. Samples of fertilized eggs
were put on ice, weighed, counted, and stored in −80◦C for
the FAA analysis. The fertilization rate (defined as embryo sur-
vival) at the pigmented eyed embryo stage was determined after
5 d of incubation and was calculated as the number of viable
embryos/total number of embryos.

The concentration of FAAs was determined using the Waters
Pico Tag method with precolumn derivatization and reverse-
phase HPLC (RP-HPLC; Cohen et al. 1989; Terjesen et al.
2004). Briefly, fish eggs were extracted with 0.1 M HCl in 1:9
(w/v) containing 160 µmol/L norleucine as an internal standard.
Samples were then centrifuged at 12,000 × g for 15 min at 4◦C.
The supernatants were filtered through 10 kDa cutoff filters
(Millipore, Billerica, Massachusetts) at 2,000 × g for 90 min at
4◦C. Blanks (0.1 M HCl + 200 µmol/L norleucine; Terjesen
et al. 2004) and external standards (Sigma acid/neutral and
basic amino acids) were prepared along with sample prepa-
ration. Samples, blanks, and external standards were stored at
−80◦C until analysis. The same concentration of glutamine
in 0.1 M HCl as external standard was prepared on the day of
analysis and added to the basic amino acids standard. Amino
acids were precolumn derivatized with phenylisothiocyanate.
Sample precipitates were removed by 10-min centrifugation
at 10,000 × g (Terjesen et al. 2004). Free amino acids were
quantified by a Waters Pico Tag RP-HPLC (Waters, Milford,
Massachusetts) equipped with an application-specific column
(3.9 mm × 30 cm), a Waters 717 autosampler, two Waters 501
pumps, a Waters 441 absorbance detector at 254 nm, and a
column heater set at 46◦C. Eluent 1 and eluent 2 (purchased
from Waters Corp.) were used throughout the investigation as
mobile phases. Each amino acid was identified by spiking with
known amino acids, and retention times of external standards
were recorded. Free amino acid concentrations (expressed
as µmol/kg wet weight) were calculated using internal and
external standards (Cohen et al. 1989).

The differences between treatment means were analyzed by
one-way ANOVA (fish and egg weights and amino acid data)
and two-way ANOVA (embryo survival) followed by Tukey’s
test by SPSS version 17.0 (SPSS, Chicago, Illinois). Due to

the small sample size, the data on a number of females that
spawned was analyzed by using Mann–Whitney rank-sum test.
A P < 0.05 was considered significantly different for all statis-
tical comparisons. Data is provided as means ± SD or SE.

RESULTS
The mean body weight of Yellow Perch females was greatest

in the reference group (n = 5; P < 0.05) compared with (+)Lys
(n = 20) and (−)Lys groups (n = 6; Figure 1). The mean
egg weight showed the same trend (Figure 1). There were no
differences observed in the ratio of weight of eggs at the time of
ovulation to female body weight (gonadosomatic index [GSI])
as well as egg size (eggs per gram) between reference and
(−)Lys and (+)Lys groups (GSI = 0.17 ± 0.07, 0.15 ± 0.02,
0.14 ± 0.03; and eggs/g 562 ± 186, 698 ± 185, 530 ± 149,
respectively; P > 0.05). The percent of females that spawned
(% of all fish in a treatment group) throughout the season was
7 ± 1% in the (−)Lys group and 21 ± 12% in the (+)Lys group,
but there was no statistical difference between those groups (P
> 0.05). The reference group had 31% of females that spawned.
These figures include females that were caught at the time of
ovulation and fish that dropped their eggs in tanks and conse-
quently no evaluation of fertilization rates (embryo survival) was
made.

There was no difference in the concentration of free amino
acids (P > 0.05) in unfertilized eggs except glutamate (Glu) and
aspartate (Asp; P < 0.05; Table 1; Figure 2). The concentrations
of Glu and Asp were significantly higher in the (+)Lys and
(−)Lys groups, respectively, than in the reference group (P <

0.05).
There was a significant effect of female dietary treatments on

the egg fertilization rate (egg survival) averaged across all males
(P < 0.05; Table 2). The highest fertilization rate was observed

FIGURE 1. The mean weight of females and eggs of Yellow Perch from
(+)Lys, (−)Lys, and reference groups. Different letters indicate statistical dif-
ference at P < 0.05; error bar indicates SD.
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354 KWASEK ET AL.

TABLE 1. The FAA concentration (µmol/kg) in Yellow Perch eggs (presented as average) from (−)Lys (n = 3), reference (n = 6), and (+)Lys (n = 8) groups,
respectively. No differences were found between groups except for Glu and Asp (P < 0.05).

Average SD

Reference Reference
FAA group (−)Lys (+)Lys group (−)Lys (+)Lys

Glutamine 58 61 120 43 16 118
Hydroxyproline 431 482 473 163 58 65
Serine 64 76 151 30 30 129
Glycine 136 169 202 66 46 61
Taurine 666 599 603 298 188 231
Histidine 56 41 56 24 46 20
Threonine 31 102 48 12 66 55
Alanine 65 49 84 29 15 48
Arginine 65 67 109 14 16 69
Proline 16 5 58 14 8 105
Tyrosine 91 92 113 39 59 33
Valine 207 221 280 76 38 79
Methionine 36 19 31 34 32 28
Isoleucine 54 47 106 21 15 119
Leucine 67 49 113 23 10 130
Phenylalanine 5 8 17 12 14 48
Tryptophan 0 0 5 0 0 15
Ornithine 3 6 13 6 11 26
Lysine 79 147 171 34 60 121
Asparagine 17 14 20 14 13 29

in the reference and (+)Lys groups compared with the (−)Lys
group (P < 0.05). Interestingly, the effect of male dietary treat-
ments on the egg fertilization rate averaged across all females
was not significant (P > 0.05; Table 3). Furthermore, the effect
of female (F) dietary treatments on the egg fertilization rate
depended on the dietary treatment of males (M; P < 0.05)
(Table 4. The higher fertilization rate was observed in eggs from
reference females, fertilized by reference males (Fref × Mref),
and from Fref × M(+)Lys compared with F(–)Lys × M(+)Lys, and
F(–)Lys × Mref. The eggs from Fref × Mref also had higher
fertilization rates than eggs from F(+)Lys × Mref (P < 0.05).

TABLE 2. The mean fertilization rates (%) of eggs from reference, (+)Lys, or
(−)Lys females averaged over males (reference, [ + ]Lys, and [−]Lys). Different
lowercase letters indicate a statistical difference at P < 0.05; N = number of
fertilizations for all females per treatment group.

95% CI

Lower Upper
Female Mean SE bound bound N

(+)Lys 10.6 z 1.8 7.0 14 56
(−)Lys 5.0 y 2.3 0.5 10 42
Reference group 15.4 z 1.6 12.2 19 73

DISCUSSION
As mentioned earlier, there are different criteria for the eval-

uation of reproductive performance, such as fecundity, egg size,
proportion of floating to sinking eggs, and blastomere morphol-
ogy (Nguyen et al. 2011). Good quality eggs have been defined
as those displaying high fertilization ability as well as the ability
to produce viable larvae. In addition, broodstock diet (in par-
ticular, dietary protein and lipid composition) have been shown
to influence not only gametogenesis and overall reproductive
performance of the female fish but also the viability of eggs
(Brooks et al. 1997).

TABLE 3. The mean fertilization rates (%) of eggs fertilized by sperm from
reference, (+)Lys, or (−)Lys males averaged over females from all groups
(reference, [ + ]Lys, and [−]Lys). N = number of fertilizations for all males per
treatment group.

95% CI

Lower Upper
Male Mean SE bound bound N

(+)Lys 11.6 1.9 7.9 15 55
(−)Lys 10.9 2.2 6.6 15 48
Reference group 8.5 1.7 5.1 12 68
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FIGURE 2. The concentration of glutamate and aspartate in Yellow Perch
eggs from reference (Refere), (−)Lys, and (+) Lys groups. Different letters
indicate statistical difference at P < 0.05; error bar indicates SD.

The mean body weight of Yellow Perch females were the
greatest in the reference group (P < 0.05) compared with the
(+)Lys and (−)Lys groups. Our experiment did not compare
specifically the effect of the mean weight of Yellow Perch fe-
males and their relative production of eggs in the reference
group and (+)Lys and (−)Lys groups because of different age of
the reference fish versus experimental fish. Collingsworth and
Marschall (2011) demonstrated a linear relationship between
Yellow Perch size (age) and fecundity. It has been reported
that egg weight can vary up to 70% between populations of
Coho Salmon Oncorhynchus kisutch that are similar in age and
weight (Brooks et al. 1997). However, Heinimaa and Heinimaa
(2004) reported a positive relationship between the size of wild
Atlantic Salmon Salmo salar females and the total number of
eggs. Therefore, it would be inaccurate to suggest that the dif-
ferences in our experiment between reference and experimental
groups observed in Yellow Perch were exclusively due to dietary
treatments. Matsunari et al. (2006) reported that dietary taurine
was essential for ovarian maturation of marine fish species such
as Yellowtail Seriola quiqueradiata and significantly increased
egg production and survival. This is the sole example providing

TABLE 4. The fertilization rates (%) of eggs obtained from either reference,
(+)Lys, or (−)Lys females fertilized by sperm from either reference, (+)Lys,
or (−)Lys males. Different lowercase letters indicate a statistical difference at
P < 0.05 across all treatments; N = number of fertilizations between females
and males from a particular treatment group.

Female Male Mean SE N

(+)Lys (+)Lys 15 zyx 3 21
(−)Lys 13 zyx 3 18
Reference 4 zy 3 17

(−)Lys (+)Lys 2 z 4 14
(−)Lys 11 zyx 5 8
Reference 2 z 3 20

Reference (+)Lys 18 yx 3 20
(−)Lys 8 zyx 3 22
Reference 20 x 2 31

evidence for the importance of dietary amino acid supplemen-
tation, taurine, on reproductive performance in fish.

Washburn et al. (1990) showed that dietary treatments affect
the survival of eggs in Rainbow Trout. In their experiment, fe-
males fed a low protein (30.3%) and high carbohydrate (42%)
diet had a higher percentage of eyed eggs than females fed
a diet with high protein (52%) and low carbohydrate (13%)
content. However, the effect of dietary protein in perch brood-
stock nutrition was not addressed. It has been shown that for
Eurasian Perch Perca fluviatilis, hatching rates of embryos were
the highest (63%) when the fish were fed diets with docosahex-
aenoic acid/eicosapentaenoic acid/arachidonic acid at a ratio of
3/2/2, compared with those fed a diet consisting of cultured
carp meat (43%) survival or commercial salmonid diet (15%)
survival (Henrotte et al. 2010). Our study contradicts findings
with Eurasian Perch as we showed that there was a significant
effect of a nutritionally balanced commercial diet on the egg
fertilization rate. The eggs from reference and (+)Lys groups
had the highest fertilization rates compared with eggs from the
(−)Lys group, suggesting a positive effect of dietary Lys on
egg survival. However, the effect of male dietary treatments on
the egg fertilization rate averaged across all females was not
significant. It is important to note that the effect of female di-
etary treatments on egg survival was dependent on the dietary
treatment of males. We observed a trend between eggs from
F(+)Lys × M(+)Lys with fertilization rates higher than that of eggs
from F(–)Lys × M(–)Lys crossing. This suggests that the survival
of eggs is affected by Yellow Perch broodstock dietary treat-
ments and that dietary Lys deficiency in both males and females
reduces embryos survival. Overall, Yellow Perch fertilization
rates in the present study were very low and it can be associated
with the use of virgin females, first-time spawners (Dabrowski
et al. 1994).

In our study, the concentration of FAAs in Yellow Perch eggs
did not differ significantly across treatment groups, except for
Glu and Asp. In addition, there was no indication in the present
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356 KWASEK ET AL.

TABLE 5. Free amino acid (umol/kg) concentrations in eggs of different species.

Kwasek et al. Sink et al. Buentello et al. Gunasekera et al. Srivastava et al.
(2012)a (2010)b (2011)c (1996a)d (1995)e

FAA Yellow Perch Channel Catfish Yellowfin Tuna Nile Tilapia Atlantic Salmon

Alanine 84 14,840 1,238 2,062,941
Arginine 109 4,031 2,210 515,735
Asparagine 20 1,340 147,353
Aspartic 103 3,806 1,230 336 5,557,310
Glutamic 215 1,505 2,170 327 3,789,075
Glutamine 120 761 2,790 989,370
Glycine 202 1,228 7,970 619 884,117
Histidine 56 2,000 1691 389,433
Hydroxyproline 473
Isoleucine 106 415 7,170 287 747,290
Leucine 113 1,436 11,840 284 1,126197
Lysine 171 104 3,590 377 873,592
Methionine 31 1,490 595 326,281
Ornithine 13 750
Phenylalanine 17 381 3,300 237 389,433
Proline 58 3,817 768,340
Serine 151 5,670 485 2,020,840
Taurine 603 2,906 7,690
Threonine 48 2,820 327 673,613
Tryptophan 5 346 300 94,727
Tyrosine 113 294 2,460 2,186 273,655
Valine 280 190 11,980 763 1,389,327

aFAA levels represent (+)Lys group.
bTissue sample deproteinized by using 1.5 M perchloric acid; FAA levels represent the control group from the study.
cTissue sample deproteinized by using 1.5 M perchloric acid.
dTissue sample deproteinized by using 6% trichloroacetic acid; FAA levels represent the “35% protein diet” group.
eTissue sample deproteinized by using 10% sulphosalicylic acid; FAA levels represent “cultured” group.

study that free Glu in eggs may be correlated with lower vi-
ability (Table 5). The egg hatching rates in Nile Tilapia have
been shown to be related to dietary protein and consequently to
egg total FAA concentration (Gunasekera et al. 1996a; Table 5).
Fyhn and Serigstad (1987) suggested that FAAs are an impor-
tant substrate for aerobic energy production of the developing
embryo in marine fish. The FAA pool of freshwater eggs has
been shown to represent approximately 5% (Dabrowski et al.
1985) of the total amino acid content, whereas in pelagic eggs of
marine fish the FAA pool can represent up to 50% (Rønnestad
and Fyhn 1993). Sink et al. (2010) reported no difference in
FAA composition of Channel Catfish Ictalurus punctatus eggs
(Table 5) from females that were fed diets with different protein
sources (fish meal and poultry by-product meal, solely poultry
by-product meal mixture, or plant protein). However, when au-
thors used dietary protein source together with the lipid source
(fish oil or poultry fat) as dependent variables, eggs that came
from females fed fish meal–poultry by-product meal–fish oil
had the greatest amount of total FAAs compared with other
diets (fish meal–poultry by-product meal–fish oil–poultry fat,
poultry by-product meal–fish oil, and plant protein–fish oil).

The concentration of FAAs in Yellow Perch eggs appeared
to be lower than that of other fish species (Table 5; 4, 5, 30, and
7,000 times lower than Nile Tilapia [Gunasekera et al. 1996a],
Channel Catfish [Sink et al. 2010], Yellowfin Tuna Thunnus al-
bacares [Buentello et al. 2011], and Atlantic Salmon [Srivastava
et al. 1995], respectively). One possible reason for such differ-
ences is the deproteinization method of tissue samples which
varied between referenced papers. This, however, needs to be
further investigated.

Zhukinskiy and Kim (1981) indicated that higher concen-
trations of FAAs (such as Glu, Asp, threonine, serine, and
glycine in particular) during the process of overripening in
Azov Sea Roach Rutilus rutilus hecklei can be related to hin-
dered metabolism and protein degradation. There was no indi-
cation of the overripening of Yellow Perch eggs in the present
study.

Our study showed that the FAAs hydroxyproline, glycine,
taurine, valine, and Glu were the most abundant amino acids
and comprised 57% of the total FAA pool in Yellow Perch eggs
(Tables 1, 5). In freshwater Nile Tilapia, FAAs such as methio-
nine, valine, tyrosine, and glycine in the eggs were increased
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LYSINE INFLUENCE ON YELLOW PERCH 357

when the females were provided with diets containing 30%
protein versus 10% (Gunasekera et al. 1996b). Hastey et al.
(2010) reported that the essential FAAs leucine, valine, Lys,
and isoleucine comprised 36% of total FAAs in newly fertil-
ized marine fish, Red Snapper Lutjanus campechanus eggs. In
addition, the nonessential FAAs (alanine, serine, Asp, and Gly)
comprised 34% of total FAAs. In Yellow Perch, nonessential
amino acids (alanine, Asp, asparagine, Glu, glutamine, glycine,
hydroxyproline, ornithine, serine, proline, taurine, and tyrosine)
combined for 70% of total FAA.

In conclusion, this study reports that supplementation of
wheat gluten (75% protein) and fish meal-based diets with Lys
influences, through broodstock nutrition, the fertilization suc-
cess of eggs. However, we were not able to relate the FAA pool
of eggs to larvae viability. Therefore, it is not proven if FAA can
be used as an indicator of their quality. We suggest a possibility
for the improvement of reproductive success of Yellow Perch by
dietary manipulations with different protein sources and amino
acid supplements such as Lys. Effects of dietary amino acid sup-
plementation should be examined in repeated spawners, such as
3–4-year-old Yellow Perch.
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TECHNICAL NOTE

The Lack of Effectiveness of Rosemary Oil on Fish Feed in
Controlling Bacterial Cold-Water Disease in Rainbow Trout

Richard A. Glenn* and Ann L. Gannam
U.S. Fish and Wildlife Service, Abernathy Fish Technology Center, 1440 Abernathy Creek Road,
Longview, Washington 98632, USA

Scott E. LaPatra
Clear Springs Foods, Research Division, Post Office Box 712, Buhl, Idaho 83316, USA

Abstract
Rosemary Rosmarinus officinalis oil has shown potential for use

as a phytobiotic fish feed supplement with antioxidant properties
that can inhibit the growth of Flavobacterium psychrophilum, the
pathogen that causes bacterial cold-water disease (BCWD). To de-
termine the in vivo effectiveness of rosemary oil in preventing or
minimizing BCWD, Rainbow Trout Oncorhynchus mykiss were fed
commercial feed top-coated with one of two concentrations of rose-
mary oil (1% or 3% of the feed) or a control diet for 14 d. Fish
from each feed treatment were then challenged with one of two
doses of F. psychrophilum via subcutaneous injection, and mortal-
ity was monitored for 28 d. In both F. psychrophilum challenges,
fish treated with feed coated with rosemary oil at the 1% and 3%
levels experienced significantly higher mortality than fish treated
with only soybean oil–coated feed. While the use of rosemary oil as
a top-coat on feed increased mortality among Rainbow Trout sub-
jected to a disease challenge in the current study, the mechanism
for this result has not been established.

Commercial feed producers commonly use supplements in
an effort to enhance the health and nutrition of fish. Recently, the
use of antibiotics in fish feeds has been subjected to additional
scrutiny for multiple reasons (Alderman and Hastings 1998;
Stachowiak et al. 2010). Using antibiotics increases the cost of
raising fish and can have a large impact on fish culture budgets
with limited funds. Historically indiscriminate application of an-
tibiotics both in land animals and aquaculture species, whether
in response to epizootics or as prophylactic treatments, has faced
heightened scrutiny (Taylor 2003; USFWS 2006, 2013; Sarmah
et al. 2006; Hesami et al. 2010) due to the potential for increased
antibiotic resistance in pathogenic bacteria (Kümmerer 2009;
Hoa et al. 2011; Zheng et al. 2011). Additionally, widespread

*Corresponding author: richard glenn@fws.gov
Received January 22, 2014; accepted April 18, 2014

human and agricultural antibiotic use may contribute to chemi-
cal contamination of aquatic ecosystems, potentially impacting
nearby fish populations (Kim and Aga 2007; Kümmerer 2009;
Stachowiak et al. 2010). Fish culturists seek to evaluate the
antioxidative properties in plant-derived feed supplements as a
low-cost alternative to the use of antibiotics to positively influ-
ence the health and nutrition of fish (Abutbul et al. 2004).

The essential oil of rosemary Rosmarinus officinalis has
been shown to be effective against both gram-positive and
gram-negative bacteria (Prabuseenivasan et al. 2006; Fu et al.
2007; Moghtader and Afzali 2009), though little research on
the efficacy of using rosemary products for prevention or treat-
ment of common infectious pathogens in Pacific salmonids On-
corhynchus spp. is available in the scientific literature. Rosemary
oil has been shown to be a strong antimicrobial as well as an
immunostimulant in aquatic species (Citarasu et al. 2003; Abut-
bul et al. 2004; Harikrishnan et al. 2009; Zilberg et al. 2010).
Compounds found in rosemary oil that show antimicrobial ef-
fects have been identified as α-pinene, camphor, verbenone, 1,8-
cineole, α-terpineol, phenolic diterpenoid, and carnostic acid
(Dorman and Deans 2000; Del Campo et al. 2003; Rižnar et al.
2006; Moghtader and Afzali 2009). Rosemary, when used as
a dietary supplement, has demonstrated strong antioxidative
properties that induce physiological effects in fish and chick-
ens (Abutbul et al. 2004; Hernández et al. 2004; Cross et al.
2007). Tilapia Oreochromis spp. injected with a highly virulent
pathogen (Streptococcus iniae) after being fed diets contain-
ing ground rosemary leaves or a dried ethyl acetate extract of
rosemary were reported to have significantly lower mortality
than those fed control diets (Abutbul et al. 2004). An in vitro
study by Ostrand et al. (2012) documented that rosemary oil had
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significant inhibitory effects on bacterial growth of Flavobac-
terium psychrophilum, the causative agent of bacterial cold-
water disease (BCWD), which can be a source of mortality
in salmonid production facilities (Noga 1996). These results
suggested that rosemary oil would be useful as a phytobiotic
alternative to antibiotic treatments by preventing disease out-
breaks (Al-Sereiti et al. 1999; Del Baño et al. 2003; Peterson
and Simmonds 2003; Abutbul et al. 2004).

Flavobacterium psychrophilum has been detected world-
wide, with some epizootics of BCWD causing fry losses as
high as 90% (Nematollahi et al. 2003; Nilsen et al. 2011). The
disease typically appears at water temperatures of 4–10◦C, and
symptoms vary by size and age of the infected fish (Holt et al.
1993; Noga 1996). Fry are most susceptible to mortality, while
older fish may develop tail rot or skeletal deformities (Holt et al.
1993; Noga 1996). While early stages of an infection may be
treated with external treatments such as salt and oxytetracy-
cline baths (Nematollahi et al. 2003; Starliper 2011), the more
common systemic infections are traditionally treated by incor-
porating antibiotics, such as oxytetracycline and florfenicol, into
feed (Nematollahi et al. 2003; Nilsen et al. 2011; Starliper 2011).
If rosemary oil were to have an in vivo inhibitory effect on F.
psychrophilum, it could be a useful feed supplement to prevent
or reduce bacterial infection rates and thus save the costs of
treating the disease with antibiotics. The goal of this study was
to determine whether prefeeding top-coated feed with two con-
centrations of rosemary oil would affect the survival of Rainbow
Trout Oncorhynchus mykiss challenged with F. psychrophilum
in the laboratory.

METHODS
Study animals and feed treatments.—Rainbow Trout (N =

600; mean weight = 2.3 g) from the Clear Springs unregistered
strain were separated into three treatment groups of 200 fish
each and placed into 380-L fiberglass tanks at Clear Springs

Foods, Buhl, Idaho. Tanks were supplied with ultraviolet light–
sterilized spring water at a constant temperature of 15◦C. Each
group was fed a pelleted Rainbow Trout diet (Clear Springs
Foods). The control trout diet was top-coated with an additional
10% soybean oil (Western Family, Portland, Oregon; 0.1 mL
soybean oil per gram of feed). The treatment feeds were top-
coated with 1.0% rosemary oil (NOW Essential Oils, NOW
Foods, Bloomingdale, Illinois; 0.01 mL rosemary oil per gram
of feed) plus 9.0% soybean oil (0.09 mL soybean oil per gram
of feed) or 3.0% rosemary oil (0.03 mL rosemary oil per gram
of feed) plus 7.0% soybean oil (0.07 mL soybean oil per gram
of feed). Other than the top-dressed rosemary plus soybean
oils, this feed had a proximate composition of 45% protein
and 20% fat and contained no immunostimulants. Feed was
administered to the fish at an initial daily rate of 3.3% of body
weight (ending at 2% body weight when the mean fish weight
was 3.7 g) during the first 2 weeks of the study. Feed acceptance
had been preliminarily tested, and weight gain during the current
study period was used as an indication of feed consumption
(Table 1).

Disease challenge.—Prior to the disease challenge, tryptone
yeast extract (TYE) broth was used to culture F. psychrophilum
(strain 259-93) at 15◦C for 72 h. Bacterial cultures were har-
vested from this broth by centrifugation for 15 min at 4,300
× g. Pellets were resuspended in phosphate-buffered saline
(PBS) and diluted until they reached a concentration of 2 × 108

CFU/mL (0.2 optical density [OD] at a wavelength of 525 nm)
or a higher concentration of 5 × 108 CFU/mL (0.4 OD at a
wavelength of 525 nm; Holt 1987). Immediately following the
feeding trial, fish (N = 150) from each treatment group were
divided into two subgroups of triplicate sets of 25 fish and chal-
lenged with one of two concentrations of F. psychrophilum.
Additionally, a single 25-fish group from each diet was injected
with PBS as a sham-injection control group. Within treatment
groups, each fish was administered a 25-µL subcutaneous in-
jection of either the low concentration of bacterial suspension

TABLE 1. Average individual fish weights for inoculant–feed trial groups at three stages during the study: beginning (starting weight), post–feed trial–
preinoculation (midway weight), and ending (ending weight of survivors). Inoculant groups were injected with (1) a low concentration (2 × 108 CFU/mL) of
Flavobacterium psychrophilum broth (low CFU), (2) a high concentration (5 × 108 CFU/mL) of F. psychrophilum broth (high CFU), or (3) a phosphate-buffered
saline solution (sham).

Rosemary oil feed Number of
Inoculant group group (%) Starting weight (g) Midway weight (g) Ending weight (g) survivors

Low CFU 0 2.3 4.0 7.2 41
1 2.3 3.5 8.2 23
3 2.3 3.6 9.2 18

High CFU 0 2.3 4.2 8.3 23
1 2.3 4.2 6.8 7
3 2.3 3.8 9.3 19

Sham 0 2.3 3.6 6.1 25
1 2.3 3.4 5.9 25
3 2.3 3.2 6.2 25
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(low CFU), the high concentration of bacterial suspension (high
CFU), or PBS via a 30-gauge needle inserted at the dorsal mid-
line and posterior to the dorsal fin. Following the injections,
fish were placed into 19-L replicate tanks with a flow rate of 5
L/min and 4-min turnover time. Postinjection, all fish were fed
untreated feed once per day ad libitum for the next 14 d of the
study. This feed was a standard Rainbow Trout diet containing
45% protein, 20% fat, and no added immunostimulants. The fish
had been injected by this time so feed acceptance was variable,
but surviving fish did consume administered feed as shown by
the increase in average fish weight (Table 1). Mortalities were
recorded daily for 28 d, and splenic tissue was sampled from
49% of the mortalities that died each day and streaked onto TYE
agar to determine whether F. psychrophilum was the cause of
death.

Statistical analysis.—The relationship between feed treat-
ments and survival after the disease challenge was assessed by
two-way ANOVA for differences in fish survival based upon
rosemary oil concentration and bacterial concentration, and
pairwise multiple comparisons were tested by the Holm–Sidak
method. Statistical analyses were conducted using Systat ver-
sion 11 (Systat Software, Chicago, Illinois), and the level of
significance for all tests (α) was 0.05. All values presented are
means ± SEs unless otherwise noted.

RESULTS
Total challenge survival varied by rosemary oil concentration

at both F. psychrophilum doses tested (Figure 1). There were
differences in survival between the rosemary oil diets (F =
5.8, df = 2, P = 0.02) and differences in survival between
the injections (F = 105.8, df = 2, P < 0.001), although no
significant interaction between rosemary oil concentration and
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FIGURE 1. Percentages of Rainbow Trout surviving after injection with
Flavobacterium psychrophilum at two dosages (low and high CFU) or
phosphate-buffered saline (sham) after 14 d of consuming treatment diets of
feed top-coated with rosemary oil (0, 1, or 3%). Different letters represent
significant differences among treatments.

bacterial concentration was noted (F = 3.1, df = 4, P = 0.06).
Differences in survival were noted between multiple rosemary
oil diets. Specifically, survival was higher for fish fed the control
diet than the 1% (t = 3.2, df = 2, P = 0.02) or 3% diets (t = 2.6,
df = 2, P = 0.03). No difference in survival was noted between
the 1% and 3% treatment diets (t = 0.6, df = 2, P = 0.05).
Differences were also noted between the sham injection group
and the two concentrations of F. psychrophilum. Fish injected
with PBS survived at a higher rate than fish injected with either
high CFU (t = 14.5, df = 2, P < 0.001) or low CFU (t = 11.8, df
= 2, P < 0.001). Finally, fish injected with low CFU survived
at a higher rate than fish injected with high CFU (t = 3.8,
df = 2, P = 0.01).

The culture results from the splenic tissue that was collected
and streaked on a daily basis from about 49% (155/315) of the
overall mortalities showed that 76% (117/155) of them were
associated with F. psychrophilum. Of those injected with low
CFU, 18/22, 19/28, and 14/26 (the 0, 1, and 3% rosemary oil
feed groups, respectively) tested positive for the pathogen, while
21/27, 22/27, and 22/25 those injected with high CFU tested
positive.

DISCUSSION
Our results indicate that the use of rosemary oil as a top-

coated feed supplement may not help to control BCWD in
vivo at the levels used. Rosemary oil concentrations were neg-
atively correlated with survival during a challenge with F. psy-
chrophilum; fish that were fed the rosemary top-coated diets had
higher mortality than fish that were fed the untreated diet (Fig-
ure 1). In view of the results of the in vitro study showing that
the growth of F. psychrophilum was inhibited by rosemary oil
(Ostrand et al. 2012), the failure to inhibit pathogen growth in-
ternally may be due to the lack of effective gastric absorption of
the oil (Bulfon et al., in press) or to bile fluid suppression of the
chemical component associated with inhibiting the growth of
F. psychrophilum (Baskaran et al. 2003). Conversely, the lower
survival in treated fish could indicate enhanced absorption of
harmful molecules in the oil by bile or negative inherent prop-
erties of the oil (Baskaran et al. 2003; Lakshminarayana et al.
2009).

Studies focused on incorporating essential oils, extracts, or
plant parts into fish feed have shown mixed results with respect
to enhancing the nonspecific immune response (Harikrishnan
et al. 2011; Bulfon et al., in press). However, in their review
of immunostimulating herbs in fish Galina et al. (2009) found
that herbs from China and India were very effective in enhanc-
ing nonspecific immune responses, such as peritoneal leukocyte
migration, phagocytosis, and intracellular respiratory burst ac-
tivity. Nevertheless, the authors caution that dose is critical and
needs to be optimized. Successful studies utilizing plant oils,
extracts, or plant parts in fish feed involved the incorporation
of these materials into feed during manufacture (Abutbul et al.
2004; Zheng et al. 2009; Harikrishnan et al. 2010). In the current
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study, the essential oil from R. officinalis was utilized as a top-
coat on feed to ensure that no damage to the compounds in the
oil occurred during the feed-making process. The rosemary oil
application was tested to reduce or prevent the onset of an infec-
tion with F. psychrophilum in Rainbow Trout. Two other studies
have successfully incorporated dried rosemary leaves into feed
to control Streptococcus iniae in tilapia (Abutbul et al. 2004;
Zilberg et al. 2010). We do not know why our methods failed
to control the pathogen while Abutbul et al. (2004) and Zilberg
et al. (2010) were successful. Water temperature may have af-
fected oil absorption during digestion because the successful
use of rosemary has occurred in warmwater species. The differ-
ences in chemical concentrations of the oil versus dried leaves
could have affected the effectiveness of the treatments in pre-
venting or reducing mortalities due to infection (Del Baño et al.
2003; Galina et al. 2009). In addition, as with many immunos-
timulants, dose is critical, and a dose that is too high can be
immunosuppressive (Galina et al. 2009; Li et al. 2009).

Future studies should focus on a number of areas. Investiga-
tors should test the efficacy of additional doses of rosemary oil
to treat fish during an active infection with F. psychrophilum.
Furthermore, as in Abutbul et al. (2004), a study should be un-
dertaken to evaluate the usefulness of utilizing dried rosemary
leaves. Specific studies looking at the absorption of rosemary oil
across fish intestines and determining the effect of bile fluids on
rosemary oil chemical components are also needed. Such studies
could provide the additional information necessary to success-
fully utilize rosemary or its chemical components in controlling
infections with F. psychrophilum.
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Adult Recovery of Hatchery Spring Chinook Salmon
Adipose Fin-Clipped and Coded-Wire-Tagged Using
an Automated and Manual Marking Trailer

David M. Hand,* William R. Brignon, and Douglas E. Olson
U.S. Fish and Wildlife Service, Columbia River Fisheries Program Office,
1211 Southeast Cardinal Court, Suite 100, Vancouver, Washington 98683, USA

Abstract
Marking and tagging fish is a critical component of many hatch-

ery monitoring and evaluation programs, and coded wire tags are
part of the foundation for managing Pacific salmon Oncorhynchus
spp. Fin-clipping and coded-wire-tagging large numbers of juve-
nile salmonids is done either by hand or by using an automated
tagging trailer system. We compared the hatchery adult recovery
rate of spring Chinook Salmon O. tshawytscha marked and tagged
as juveniles by manual and automated tagging trailers at Warm
Springs National Fish Hatchery (NFH) and Carson NFH. At Warm
Springs NFH, the adult recovery rate for fish marked in the auto-
mated trailer was 0.16%, compared with a recovery rate of 0.14%
for fish marked in the manual trailer. A fish was 1.17 times more
likely to be recovered as an adult at the hatchery if marked in
an automated trailer. Coded wire tag retention rates were more
variable for manually marked fish. At Carson NFH, there was no
difference in recovery rate or coded wire tag retention rate between
marking trailers. These data suggest that the automated marking
procedure does not reduce adult recovery rates from the time of
marking to adult return when compared with manual marking.
The lower recovery rate of manually marked fish at Warm Springs
NFH may have been due to manual marker inexperience, use of
anesthetic, or other factors. Additional information on the impli-
cations of differential coded wire tag retention and adult survival
related to marking methods is necessary for hatchery managers to
make decisions on how to mark and tag their fish.

Fin-clipping and coded-wire-tagging hatchery-produced
Pacific salmon Oncorhynchus spp. and steelhead O. mykiss are
standard methods used for fishery management and evaluation,
with over 50 million coded-wire-tagged juvenile salmonids be-
ing released on an annual basis along the Pacific coast (John-
son 2004; Zhou 2002). Hatchery managers need to evaluate
the success of their production programs (Paquet et al. 2011),
and the marking and tagging of hatchery releases is an impor-

*Corresponding author: david hand@fws.gov
Received February 4, 2014; accepted April 13, 2014

tant component of many hatchery monitoring and evaluation
programs. Mass-marking of hatchery juveniles is often accom-
plished by either manually clipping fins and inserting coded wire
tags (Schurman and Thompson 1990) or by using an automated
tagging trailer (Northwest Marine Technology). Manual mark-
ing typically involves anesthetizing the fish prior to clipping and
tagging, while the automated trailer clips and tags fish with min-
imal handling and anesthetic (Hammer and Blankenship 2001).
A previous study by Hand et al. (2010) compared the fin clip
quality, coded wire tag retention, and injury rates of juvenile
stream-type spring Chinook Salmon O. tshawytscha marked
with automated and manual marking trailers. They evaluated
the marking of brood year 2005 fish reared at Warm Springs
National Fish Hatchery (NFH) and brood year 2007 fish reared
at Carson NFH. Their findings indicated that fin clip quality
and coded wire tag retention were higher for fish marked with
an automated marking trailer at Warm Springs NFH, but that
there were no significant differences at Carson NFH for those
same metrics. No significant differences in injury rates were
found between automated and manual marking trailers at ei-
ther hatchery. The authors speculated that the experience of the
markers in the manual trailer was a factor in the lower fin clip
quality and coded wire tag retention observed at Warm Springs
NFH.

In addition to the immediate effect on fish from marking
procedures, the long-term effect on survival should be consid-
ered when deciding which method, manual or automated, to
use for mass-marking programs at salmonid hatcheries. Often,
the overall performance of marking and tagging procedures is
not well known, and the potential effects of tagging on survival
should be evaluated (Bergman et al. 1992). In this Communica-
tion, we compare the hatchery adult recovery rates of fish that
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were adipose fin-clipped and coded-wire-tagged in manual and
automated trailers in the Hand et al. (2010) study.

METHODS
A complete description of the marking procedures used in

both manual and automated marking trailers can be found in
Hand et al. (2010). For our analyses, recovery rates of coded-
wire-tagged fish were assessed from the time of marking to
adult return to the hatchery. Standard length (1.1-mm) coded
wire tags were used for all marking. At Warm Springs NFH,
approximately 25,000 age-0 brood year 2005 juveniles were
scheduled to be marked (i.e., fin-clipped and coded-wire-tagged)
and placed into each of the hatchery’s raceways in May 2006.
Half of the hatchery production (10 raceways of fish) were
scheduled to be in a fall–spring volitional release program, while
the other 10 raceways of fish were to be released as age-1 smolts
in the spring (Olson et al. 2004). Within each of the two release
groups, 5 raceways of fish were to be marked by means of
an automated trailer and 5 raceways using a manual trailer.
Individual coded wire tag codes were assigned to each raceway.

For marking the brood year 2005 juveniles at Warm Springs
NFH, fish were netted out of holding raceways and transferred
to either the manual or automated marking trailer as needed. In
the manual trailer, adipose fin-clipping and tagging proceeded
according to protocols described by Schurman and Thompson
(1990). In the manual trailer, an individual marker would anes-
thetize approximately 20–40 fish at a time in a tub containing
105 mg/L of tricaine methanesulfonate (MS-222) in water. The
marker would then clip the adipose fin of each fish using a pair
of scissors and insert a coded wire tag into the fish using a
Mark IV tag injector (Northwest Marine Technology). Marked
fish were then sent via pipes to the hatchery rearing raceways.
The majority of manual markers at Warm Springs NFH had
no previous experience marking fish. In the automated trailer,
fish were transferred from the hatchery holding raceways into a
holding tank inside the trailer. Fish were then sorted using a pro-
prietary video-imaging device (Northwest Marine Technology)
that would measure the fish’s length and automatically send
them through a processing line to an automated adipose fin-
clipping and coded-wire-tagging device. A video-imager and
quality control device then verified the adipose fin clip and the
presence of a coded wire tag. If a fish failed either verification
process, it would be diverted to a holding container where a
manual marker would then fin-clip or coded-wire-tag the fish
manually. Typically, less than 5% of fish are rejected by the au-
tomated system (J. Rivera, U.S. Fish and Wildlife Service, per-
sonal communication). All fin-clipped and coded-wire-tagged
fish were then sent via pipes to the hatchery rearing raceways.
In the automated trailer, anesthetic was used only on fish that
were rejected by the automatic verification process.

A total of 127,817 juveniles were marked by the automated
trailer, and 128,128 juveniles were marked by the manual trailer
and placed into fall–spring volitional release raceways. Due to a

production shortage of fish for the spring-only release raceways,
only four spring release raceways of fish, a total of 101,347
juveniles, were marked using the manual trailer, compared with
five spring release raceways of fish (127,208 juveniles total)
that were marked using the automated trailer. All fish were then
reared according to standard hatchery rearing practices from the
time of marking until release. The 10 raceways on a fall–spring
volitional release were opened up from mid-October to mid-
November 2006, so that fish could volitionally exit the hatchery
as age-0 juveniles (Olson et al. 2004). The total number of fish
volitionally leaving the raceways during the fall release was not
quantified; however, an estimated 60% of the fish in two of the
raceways (one marked by a manual trailer and one marked by an
automated trailer) exited the hatchery (D. M. Hand, unpublished
data). Raceways were then closed, and the remaining fish were
reared overwinter and released as age-1 smolts in April 2007,
along with the nine raceways of fish on a spring-only release.
Fish were released directly from the hatchery into the Warm
Springs River, Oregon.

At Carson NFH, approximately 75,000 fish from each year’s
hatchery production receive both an adipose fin clip and coded
wire tag. For our evaluation of brood year 2007, automated
and manual marking procedures were similar to those at Warm
Springs NFH, with the exception that the manual markers at
Carson NFH each had several years’ experience marking fish.
A total of 24,973 age-0 juveniles were marked in the manual
trailer and 50,222 age-0 juveniles were marked in the automated
trailer in April 2008. Marked fish were placed into hatchery race-
ways and reared using standard protocols over the summer. Due
to hatchery design and production needs, fish were then redis-
tributed into three different types of final rearing containers in
November 2008. Manually marked fish were moved into a large
concrete pond, while fish marked in the automated trailer were
moved into both a large earthen pond and a concrete raceway.
All Carson NFH production was released as age-1 smolts in
April 2009 directly into the Wind River, Washington.

Recovery of adult fish was assessed from the time of marking
to the hatchery return as adults. Coded wire tag loss in juvenile
salmonids decreases over time, with minimal tag loss occurring
later than 29 d posttagging (Blankenship 1990). For each coded
wire tag group in our evaluation, approximately 500 juvenile
fish were sampled for tag retention estimates, as described in
Hand et al. (2010). Tag retention rates were estimated 5 months
after tagging at Warm Springs NFH and 30 d after tagging at
Carson NFH. The estimated total number of fish retaining tags
after marking was determined by multiplying the number of fish
tagged by the estimated tag retention rate. When adults returned
to the hatchery, fish with coded wire tags were sampled. Spring
Chinook Salmon from Warm Springs and Carson NFHs gener-
ally return as age-3, age-4, or age-5 adults. Since all fish released
from Warm Springs NFH were coded-wire-tagged in brood year
2005, a large number of coded-wire-tagged adults returned in
subsequent years. Therefore, the adult return at Warm Springs
NFH was subsampled for coded wire tags. Sampling occurred
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across the entire return time and generally resulted in a sample
rate of between 50% and 70% over the 3 years (2008–2010)
of adult returns from the brood year 2005 release. At Carson
NFH, a smaller number of fish were released with coded wire
tags in brood year 2007, which allowed for near 100% sam-
pling of the subsequent adult returns between 2010 and 2012.
All reporting of adult recoveries pertains to observed recoveries
not expanded for sample rates. An observed recovery rate was
determined for each coded wire tag group by dividing the ob-
served adult recoveries by the estimated number of juvenile fish
retaining tags.

The odds of a fish returning to Warm Springs NFH as a
function of marking trailer were determined using binomial lo-
gistic regression (Conroy and Peterson 2013). A model was
constructed with the proportion of fish from a raceway (n = 19)
returning to the hatchery as the dependent variable and marking
trailer type and release strategy as the independent variables.
The model parameter estimates were exponentiated to deter-
mine the odds that a fish from a given treatment would return
to the hatchery. The release strategy at Warm Springs NFH is
thought to influence survival (Hand, unpublished data); there-
fore, equal numbers of hatchery raceways subject to fall–spring
volitional release were marked by automated and manual trail-
ers, and release strategy was included in the model to account for
the additional variability that is imparted to the adult recovery
rate. Due to hatchery production needs, hatchery infrastructure
design, and cost concerns, the marking groups at Carson NFH
lacked replication; therefore, the odds of returning to Carson
NFH as a function of marking trailer were determined using
chi-square analysis (Zar 1984). Statistical significance was de-
termined at the 0.05 level.

RESULTS
Tag retention rates, the number of juveniles retaining tags,

and observed adult recoveries at the hatchery are shown in
Table 1. At Warm Springs NFH, the tag retention rates of fish
marked in the automated trailer were higher and less variable
(mean = 98%; SD = 0.8; n = 10) than those of fish marked in

the manual trailer (mean = 87%; SD = 2.6; n = 9). The adult
recovery rate for Warm Springs NFH fish marked in the auto-
mated trailer was 0.16% compared with a recovery rate of 0.14%
for fish marked in the manual trailer. Marking trailer type and
release strategy were significant variables (P = 0.039 and 0.002,
respectively) in explaining the odds that a fish would return to
Warm Springs NFH. A fish was 1.17 times (95% CI = 1.01–
1.37) more likely to return to Warm Springs NFH if marked
in an automated trailer. At Carson NFH, there was no differ-
ence in tag retention rate or recovery rate between marking
trailers.

DISCUSSION
More adult fish were recovered at Warm Springs NFH from

fish marked in the automated trailer. At Carson NFH there was
no difference in recoveries. These data suggest that the auto-
mated marking procedure did not reduce adult recovery rates
from the time of marking to adult return compared with manual
marking. Particularly at Warm Springs NFH, manual marking
may have imparted a reduced performance that resulted in a
small decrease in adult recoveries. From these data it is not
possible to determine the specific life stage or time frame that
is influenced by marking technique other than to say it occurs
between marking and adult return.

Improper placement of coded wire tags has been shown to
impact the olfactory nerves of juvenile salmon (Morrison and
Zajac 1987), and tag position may affect adult homing ability
(Habicht et al. 1998). Morrison and Zajac (1987) speculated
that the olfactory nerve damage observed in coded-wire-tagged
juvenile Chum Salmon O. keta was related to tagger experi-
ence. At Warm Springs NFH, the majority of markers had no
previous experience clipping and coded-wire-tagging fish, and
coded wire tag retention rates were lower for fish marked manu-
ally than for fish marked using the automated trailer (Hand et al.
2010). The lower recovery rates observed at Warm Springs NFH
for fish marked manually by inexperienced markers may be due
to improper tag placement. This may have resulted in a de-
crease in survival or an increase in straying, although historically

TABLE 1. Mean tag retention rates, number of juvenile spring Chinook Salmon with coded wire tags after adjusting for tag retention rate, and observed adult
recoveries at the hatchery for fish marked in automated and manual trailers. Tag retention rates differed between trailer type at Warm Springs NFH (P < 0.001;
Hand et al. 2010). Adult recoveries are not expanded for sample rates; at Warm Springs NFH sample rates were between 50% and 70% of the actual return (return
years 2008–2010) and nearly 100% at Carson NFH (return years 2010–2012). Adult recoveries as a function of trailer type differed at Warm Springs NFH (P =
0.039) but not at Carson NFH.

Mean tag retention Juveniles retaining Observed adult
Hatchery and brood year Trailer type (SD; n) tags recoveries

Warm Springs NFH, 2005 Automated 98% (0.8; 10) 249,796 407
Manual 87% (2.6; 9) 202,942 278

Carson NFH, 2007 Automated 99% (0.6; 2) 49,921 120
Manual 99% (1) 24,741 49
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hatchery fish from Warm Springs NFH have not strayed at a high
rate (Pastor 2004).

At Carson NFH, all of the manual markers had at least 1 year
of previous experience, and the coded wire tag retention rates
of fish marked in the manual trailer were similar to those in the
automated trailer (Hand et al. 2010). We also did not find a dif-
ference in the adult recovery rate of fish marked in the manual
trailer and that of fish marked in the automated trailer. A poten-
tial confounding effect at Carson NFH was that three different
rearing containers were utilized during the last 4 months of the
rearing cycle at the hatchery. We were unable to implement a
randomized, replicated study design due to rearing space limi-
tations at the hatchery. As such, we were unable to account for
potential rearing container effects as part of this study; how-
ever, examination of nine previous brood years (1998–2006) at
Carson NFH found that there was no significant difference in
survival from marking to adult return for fish reared in the three
different types of rearing containers (D. E. Olson, unpublished
data). This suggests that rearing container had little-to-no influ-
ence on the results of the adult recovery rate analysis. Future
evaluations on adult recovery rates would benefit from paired
treatment and replicated study designs, as was done at Warm
Springs NFH.

Another difference between manual and automated marking
methods is that automated trailers use little to no anesthesia
to mark fish, whereas all fish marked in a manual trailer are
anesthetized with MS-222. Anesthesia has been shown to have
lingering impacts on fish behavior and performance. Pirhonen
and Schreck (2003) found that juvenile steelhead anesthetized
with clove oil or MS-222 exhibited depressed feed intake for
up to 48 h compared with control subjects. In their review of
MS-222 as an anesthetic for fish, Carter et al. (2011) state that
everything from body size to water quality will influence the re-
covery time and regulation of a fish’s physiology. It is uncertain
whether anesthesia contributed to the differences in recovery
rates that we observed at Warm Springs NFH, and if so, through
what mechanism (e.g., physiology or behavior) the performance
of the fish was influenced. Further investigations of anesthetic
use during marking and tagging may be warranted.

Coded-wire-tagging and marking procedures have also been
shown to enhance the horizontal transmission of disease in
salmonids, and high levels of bacteria have been observed in the
recirculating-water sorting troughs and anesthetic baths used in
manual marking operations (Elliott and Pascho 2001). While
disease transmission was not a specific objective of this study,
standard fish health monitoring did not detect any major dis-
ease issues at either Warm Springs NFH or Carson NFH during
our study (S. Gutenberger, U.S. Fish and Wildlife Service, per-
sonal communication). Additional study is needed to determine
whether disease transmission is more likely in a manual trailer
than an automated trailer.

Marking and tagging hatchery fish is a critical component of
many hatchery monitoring and evaluation programs (U.S. Fish
and Wildlife Service 2013), and coded wire tags are part of the

foundation for managing Pacific salmon (Zhou 2002). In addi-
tion, coded wire tag recoveries are used to estimate adult return
rates as part of many on-hatchery evaluations of salmonid aqua-
culture techniques (e.g., rearing density, release strategy, and
rearing container evaluations). Hand et al. (2010) found that
fish marked with the automated trailer had performance met-
rics that were similar to, or better than, those of fish marked
in the manual trailer, as measured by coded wire tag retention,
adipose fin clip quality, and injury rates. In following these fish
to adult return at the hatchery, we found that adult recovery of
the fish marked in an automated trailer was similar to that of
fish marked in a manual trailer. In certain cases, such as when
there is a lack of experienced markers, the automated trailer may
provide a benefit. Additional information on the implications of
differential coded wire tag retention, adult survival, and disease
transmission related to marking methods is necessary for hatch-
ery managers to make decisions on how to mark and tag their
fish.
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Evaluation of Porous, Geotextile Liners for Erosion Control
in Small Aquaculture Ponds

Puttitorn Saengrungruang and Claude E. Boyd*
School of Fisheries, Aquaculture and Aquatic Sciences, Auburn University, Auburn, Alabama 36849, USA

Abstract
Two geotextile liners, one with 0.090-mm openings and the other with 0.355-mm openings, were each installed

in three 0.04-ha earthen ponds at the E. W. Shell Fisheries Center, Auburn, Alabama. Geotextile liners did not tear
or decay during the 2-year study, and they prevented erosion of pond bottoms compared with three unlined ponds.
However, the liners with 0.090-mm openings floated up into the water column in all three ponds, while the other liner
floated up in one pond. Production, survival, and feed conversion ratio for hybrid catfish (♀ Channel Catfish Ictalurus
punctatus × ♂ Blue Catfish I. furcatus) did not differ (P > 0.05) among control and lined ponds. Phytoplankton
abundance as estimated by chlorophyll a concentration was greater in lined ponds—especially in those lined with
the less permeable geotextile—than in control ponds. This difference was attributed to differences in phosphorus
uptake by bottom soil among lined and control ponds. Control ponds had higher turbidity than lined ponds in spite
of greater chlorophyll a concentration in the lined ponds. This was the result of sediment resuspension by aeration in
the unlined ponds. In laboratory tests, geotextiles with openings of 0.090–0.840 mm did not allow normal exchange of
phosphorus between soil and water. Nevertheless, if the floating problem could be solved, porous geotextiles should
be given further consideration for erosion control in small ponds and possibly in intensive, heterotrophic floc systems
for commercial culture of marine shrimp and a few other species. They probably are too expensive for use in large
ponds for green-water culture of fish and shrimp.

Erosion of embankments and bottoms by wave action,
aerator-generated water currents, and bioturbation is a ubiq-
uitous and troublesome occurrence in aquaculture ponds (Boyd
1995; Steeby et al. 2001). Erosion degrades earthwork and sus-
pends soil particles creating unwanted turbidity. Suspended soil
particles settle to create soft sediment that can interfere with
management (Steeby et al. 2001, 2004). Sediment accumula-
tion averaged about 1 cm/year in small, aquaculture research
ponds (0.04–0.1 ha) at Auburn University, Alabama, that ranged
from 2 to 52 years in age (Munsiri et al. 1995). Sedimentation
rates in 233 aquaculture ponds of various ages in nine countries
ranged from 0.5 to 3.7 cm/year and averaged 1.44 cm/year (Boyd
et al. 2010). Steeby et al. (2004) reported that sedimentation de-
creased as commercial catfish ponds (∼8 ha) in Mississippi
aged: annual sediment accumulation was 12.5 cm/year in 1-
year-old ponds, but 1.3 cm/year in 16–21-year-old ponds.

*Corresponding author: boydce1@auburn.edu
Received March 5, 2014; accepted April 25, 2014

Erosion can be minimized by sloping the sides of embank-
ments in accordance with soil properties, compacting adequately
during construction, and establishing grass cover (Boyd 1995).
Aerators should be installed in deeper water and positioned to
minimize impingement of aerator-induced currents on embank-
ments. Erosion-prone areas of embankments should be lined
with stone (rip-rap) or other material capable of lessening ero-
sion (Boyd et al. 2003). Bioturbation in earthen-lined ponds
cannot be prevented by construction techniques, and it tends to
increase with greater standing crops of culture animals.

Erosion of pond embankments and bottoms can be stopped by
covering bottoms and side-slopes of embankments with plastic
liners. Liners are frequently used in highly intensive aquaculture
ponds, especially in heterotrophic floc systems used for marine
shrimp (Avnimelech 2012). Research stations also have used
liners to reduce seepage in ponds (Daniels and Boyd 1989).
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370 SAENGRUNGRUANG AND BOYD

However, liners usually are considered too expensive in most
commercial aquaculture ponds.

Liners typically used in aquaculture are not porous and com-
pletely prevent contact between water and bottom soils. Phos-
phorus is strongly adsorbed from water by bottom soil (Masuda
and Boyd 1994), and it accumulates in waters of ponds with im-
permeable liners causing dense unstable phytoplankton blooms
(Krom et al. 1989; Neori et al. 1989; Leonard 1995). A layer
of clayey soil may be placed over pond bottoms to normalize
phosphorus dynamics (Daniels and Boyd 1989; Hopkins et al.
1993; Leonard 1995), but this increases the already high price
of lining ponds.

Geotextile technology is expanding as new products are de-
veloped and more applications found. Porous geotextiles cost
less than the thicker, nonporous plastic liners sometimes used
in aquaculture. Porous liners might allow the exchange of dis-
solved substances—particularly phosphorus—between bottom
soil and water, and because of their lower cost, porous geotex-
tiles potentially have application for erosion control in ponds.

We had the opportunity to compare water quality and fish
production in ponds lined with porous geotextiles and unlined
control ponds, because two types of porous geotextile liners
were installed in each of three ponds at the E. W. Shell Fisheries
Center (SFC) at Auburn University as a practical test of the
possible use of these liners for controlling erosion in ponds on
the research station. The geotextiles for the test were selected
for their apparent durability rather than porosity. In addition to
the pond study, a laboratory study was conducted to determine
whether there were differences in the rate of exchange of phos-
phorus between soil and water related to porosity of geotextiles.

METHODS
Pond study.—Ponds at the SFC are situated on the Piedmont

Plateau about 5 km north of Auburn, Alabama. Soils on the site
are typic kandiudults (clayey, kaolinitic, and thermic) (McNutt
1981). These embankment-type ponds were built between 1969
and 1971; they are 28.3 m long × 14.1 m wide (surface area,
∼400 m2). When filled to the tops of standing overflow pipes,
maximum depths are about 1.5 m and average depths are around
1.0 m. A vertical, concrete retaining wall (15 cm wide) installed
around the inside of each pond prevents bank erosion and assures
that water depth is at least 25 cm at the edges when ponds are
full to tops of drain pipes. Erosion occurs around the edges
of pond bottoms where water is typically 15–50 cm deep, and
the suspended particles settle in the deeper, central areas. A
renovation project was initiated in 2004 to remove sediment
from the central areas of ponds, and the entire bottoms were
graded and reshaped (Yuvanatemiya and Boyd 2006). As part
of this effort, the director of the SFC decided to investigate
porous liners as a possible way of lessening the rate of erosion
in the newly renovated ponds.

Nine ponds renovated in 2007 were selected for the porous
liner trial. Three ponds were lined with a black, porous, poly-

TABLE 1. Characteristics of the materials of the two geotextile liners tested,
as reported by manufacturers.

Belton Typar
Industries Geotextile

Variable style 307 style 3801 G

Composition of fabric Polypropylene Polypropylene
Type Woven fiber Woven fiber
Color Black Gray
Weight (g/m2) 105 272
Specific gravity 0.93 0.91
Apparent opening size (mm) 0.355 0.090
Water flow rate (L·min−1·m−2) 509 328
Service life (year) 5a 10

aFor use as a silt fence with continuous exposure to the weather (Robichaud and Brown
2002), but service life might be longer where installed in a more stable and protected
environment such as the bottom of a pond.

propylene geotextile (style 307) manufactured by Belton In-
dustries, Belton, South Carolina. Three ponds were lined
with a gray, porous, polypropylene geotextile (Typar style
3801 G) produced by DuPont Typar Geosynthetics and sold
by Fiberweb, Old Hickory, Tennessee. These two geotextiles
differed both in color and in several physical characteristics
(Table 1). They will be referred to as black liner and gray
liner treatments. Three ponds not fitted with liners served as
controls.

Bottoms of ponds were smoothed by hand raking. The 3-m-
wide sheets of geotextile were sewed together with nylon thread
using a hand-held sewing device. A 25-cm-deep by 25-cm-wide
ditch was excavated at a distance of 50 cm behind the concrete
retaining wall. Liners were installed over pond bottoms and
sides, and the geotextile fabric liner was made wide enough to
line the ditch and extend 1 m beyond. The ditch was backfilled
with soil to secure the edges of the liner. Steel pins (61 cm
long × 1.27 cm diameter) with one end sharpened to a point and
a 5-cm-diameter washer welded onto the other end were forced
through a 15-cm × 0.5-cm-thick plastic tile and inserted through
the liner on a 2 × 2-m grid over the pond bottom. The washers
kept the tiles in place, and the tiles prevented the washers from
tearing through the liner. The pins were thought necessary, be-
cause both geotextile liners had a density near 0.9 (Table 1) and
might float.

Each pond was stocked on June 5, 2008, with 400 fingerling
hybrid catfish (♀ Channel Catfish Ictalurus punctatus × ♂ Blue
Catfish I. furcatus) weighing an average of 52.1 g/fish. Fish
were provided a floating, pelleted, commercial feed (32% crude
protein) at an estimated 3% of body weight per day. A 0.5-hp
vertical pump aerator was placed in each pond and operated
when low nighttime dissolved oxygen (DO) concentration was
anticipated.

Fish were harvested by seining on November 11, 2008, and
fish were counted and weighed. Fish smaller than marketable
size were placed in a holding tank and returned to ponds on
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GEOTEXTILE LINERS FOR EROSION CONTROL IN PONDS 371

TABLE 2. Characteristics of six geotextile materials tested in the laboratory for effect on phosphorus exchange between soil and water.

Typar Apparent opening Water flow rate Weight Estimated specific Trapezoidal tear Puncture
number size (mm) (L·min−1·m−2) (g/m2) gravity strength (N)b strength (N)b

3801 0.090 328 272 0.91a 425 415
3501 0.200 2,050 170 0.57 270 250
3401 0.212 2,460 136 0.46 270 180
3301 0.300 3,895 102 0.34 155 110
3201 0.590 7,670 64 0.21 110 80
3151 0.840 9,575 54 0.18 70 45

aValue provided by manufacturer. Other values estimated assuming equal thickness of the materials.
bN = Newton (1 kg · m/s2).

November 14. On December 3, additional fish similar in size to
those returned to the ponds were stocked to provide 400 fish/
pond. Fish had an average individual weight of 302 g. Ponds
were managed according to procedures used in 2008. Ponds
were completely drained on October 14, 2009, and fish were
harvested and weighed.

Between June 15 and December 1, 2008, and between Febru-
ary 6 and October 14, 2009, DO concentration and water tem-
perature were measured weekly between 0600 and 0700 hours
at a depth of 10 cm using a polarographic oxygen meter with
thermistor, and surface water samples were collected and trans-
ported to the laboratory. Water analyses were made using stan-
dard protocol (Eaton et al. 2005) for the following variables:
pH by glass electrode; turbidity by nephelometer; total sus-
pended solids (TSS) by glass fiber filtration and gravimetry;
total alkalinity by acidimetry; total hardness by versenate titra-
tion; total ammonia nitrogen (TAN) by the phenate method;
nitrite-nitrogen (NO2-N) by the diazotization procedure; sol-
uble reactive phosphorus (SRP) by the ascorbic acid method.
Nitrate-nitrogen (NO3-N) was determined by the szechrome
reagent (4-phenylamino-benzenesulfonic acid) method (van
Rijn 1993). Unfiltered water samples were digested in alkaline
persulfate solution to convert organic phosphorus and nitrogen
to phosphate and nitrate, respectively. Phosphate and nitrate
concentrations were determined by ascorbic acid and ultravio-
let spectrophotometric screening techniques, respectively, and
reported on a total N and total P basis (Gross et al. 1999; Eaton
et al. 2005).

Laboratory study.—Samples of six geotextiles of different
pore sizes were obtained from Fiberweb, Old Hickory, Ten-
nessee (Table 2). A bulk sample of soil was obtained from the B
horizon of the profile exposed by a road cut on the SFC. A 5-cm
layer of soil was placed in the bottom of each of twenty-one
20-L aquaria. Geotextiles were cut and sewed to make liners of
the same dimensions as the insides of the aquaria. Each liner
type was placed in three aquaria to prevent direct contact of wa-
ter with soil. Three aquaria with soil did not receive liners, and
three more aquaria were not supplied with either soil or liners.
Aquaria were filled with 18 L of tap water and monopotassium
phosphorus (KH2PO4) applied to provide 0.75 mg/L of SRP.
Air stones were suspended 10 cm above the liners, bare soil, or

bottoms of the aquaria and aeration was applied gently to create
water circulation.

Aquaria were held in a dark room at 23–26◦C. A 50-mL
water sample was collected from each aquarium after 1, 2, 3, 4,
6, 8, 10, 14, and 18 d and analyzed for SRP by the ascorbic acid
method (Eaton et al. 2005).

RESULTS AND DISCUSSION
During the first 60 d of the study, the gray liner pulled free

from the bottom and floated upward in the water column in all
ponds, and the black liner floated up in one pond. Draining the
ponds to reinsert the steel pins was not considered a good option,
and 50 concrete blocks (40 × 20 × 20 cm) were placed over the
liners in each pond as weights to prevent floating. Concrete
blocks were not placed in control ponds, because they were
considered to be an essential aspect of the lining treatments. The
blocks lessened the floating problem, but they did not prevent it
entirely.

Because liners tended to float, the director of the SFC de-
cided that they were unacceptable, and they were removed after
fish harvest in 2009. Nevertheless, liners were quite effective in
maintaining the original shape of pond bottoms. Unlined ponds
exhibited considerable bottom erosion and sediment accumula-
tion in deeper portions. Bottoms of the lined ponds presented no
evidence of erosion or alteration of shape. Liners did not tear or
develop holes because of fabric decay, and they were completely
intact at the end of the study. Of course, the study was not of
sufficient duration to verify manufacturers’ estimates of service
life (Table 1).

There were no differences in average survival and production
of fish among controls and lined ponds (P > 0.05) in either
year (Table 3). Net production ranged from 2,492–2,555 kg/ha
in the abbreviated 2008 grow-out period. In 2009, production
ranged from 3,108–3,605 kg/ha—amounts commiserate with
the stocking density (Boyd and Tucker 1998).

As typically occurs in water quality studies (Boyd and
Tucker 1998) of ponds, concentrations of most variables dif-
fered considerably among ponds treated alike on each sampling
date. There was considerable variation in weekly means for
each treatment and control. Nevertheless, for brevity, the water
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372 SAENGRUNGRUANG AND BOYD

TABLE 3. Hybrid catfish production data for 2008 and 2009 in control ponds and ponds lined with one of two permeable geotextiles. Mean values of harvest
weight, net production, survival, and feed conversion ratio were tested by Tukey’s honestly significantly different (HSD) post hoc test for each year (horizontal
comparisons) and found not to differ (P > 0.05). Means of these variables were not tested between years.

2008 2009

Variable Control Black liner Gray liner Control Black liner Gray liner

Number of fish stocked 400 400 400 400 400 400
Stocking weight (kg/fish) 0.052 0.052 0.052 0.302 0.287 0.306
Stocking weight (kg/pond) 20.8 20.8 20.8 120.8 114.8 122.4
Feed applied (kg/pond) 151.36 151.36 151.36 198.88 198.88 198.88
Harvest weight (kg/pond) 120.5 123.0 122.7 245.1 259.0 266.0
Net production (kg/pond) 99.7 102.2 101.9 124.3 144.2 143.6
Survival (%) 93.6 90.8 90.2 79.8 88.2 76.3
Feed conversion ratio 1.52 1.48 1.48 1.60 1.38 1.38

quality data presentation was limited to grand means for the
variables over the entire study (Table 4).

The dark liners did not influence water temperature with
respect to the unlined ponds (P > 0.05). The pH differed between
the ponds with gray liners and the control ponds (P < 0.05). The
average pH of ponds with black liners did not differ from pH of
the unlined ponds or from pH of ponds with gray liners.

Neither total hardness nor total alkalinity differed among the
control and treatments (P < 0.05). Ponds selected for controls—
but not ponds chosen for liners—had been treated with agri-

cultural limestone before the decision was made to conduct
the study. This treatment increased hardness and alkalinity in
the unlined ponds. In the lined ponds, total alkalinity and total
hardness averaged 28.5 mg/L and 21.2 mg/L, respectively, be-
fore the liners floated necessitating the installation of concrete
blocks to stabilize the liners on the bottom. Concrete is slightly
soluble and releases calcium and hydroxide ions into the water
(Taylor 1997). Calcium ions increased hardness and hydroxide
ions reacted with carbon dioxide, producing bicarbonate and
increasing alkalinity.

TABLE 4. Grand means ( ± SE) of water quality variables in ponds lined with Typar style 3801 (gray) geotextile and Belton Industries style 307 (black)
geotextile during the period from June 2008 to October 2009. Means indicated by the same letter did not differ at P = 0.05 as determined by Tukey’s HSD post
hoc test, vertical comparisons only.

Liner Variable (mean ± SE) Variable (mean ± SE) Variable (mean ± SE)

Water temperature(◦C) Total ammonia nitrogen (mg/L) Total phosphorus (mg/L)
None 26.81 ± 0.466 z 1.10 ± 0.205 z 0.34 ± 0.032 z
Black 26.71 ± 0.982 z 1.22 ± 0.227 z 0.55 ± 0.132 y
Gray 26.71 ± 0.481 z 1.20 ± 0.231 z 0.78 ± 0.161 y

pH Nitrate-nitrogen (mg/L) Turbidity (NTU)
None 8.18 ± 0.071 z 0.21 ± 0.042 z 69.0 ± 6.37 z
Black 8.34 ± 0.076 zy 0.05 ± 0.014 y 34.0 ± 2.19 y
Gray 8.53 ± 0.067 y 0.08 ± 0.028 y 47.4 ± 2.67 y

Total alkalinity (mg/L) Nitrite-nitrogen (mg/L) Chlorophyll a (µg/L)
None 51.5 ± 2.67 z 0.06 ± 0.008 z 43 ± 6.5 z
Black 53.8 ± 2.07 z 0.01 ± 0.001 y 194 ± 29.0 y
Gray 54.8 ± 2.16 z 0.01 ± 0.001 y 509 ± 79.1 y

Total hardness (mg/L) Total nitrogen (mg/L)
None 42.0 ± 1.21 z 0.94 ± 0.095 z
Black 45.2 ± 1.67 z 1.49 ± 0.140 y
Gray 47.6 ± 1.76 z 1.53 ± 0.136 y

Dissolved oxygen (mg/L) Soluble reactive phosphorus (mg/L)
None 7.79 ± 0.157 y 0.045 ± 0.0122 z
Black 8.69 ± 0.214 z 0.052 ± 0.0083 z
Gray 8.63 ± 0.198 z 0.047 ± 0.0091 z
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GEOTEXTILE LINERS FOR EROSION CONTROL IN PONDS 373

Average DO concentrations were higher in the lined ponds
than in unlined ponds (P < 0.05), but concentrations did not
differ between the two types of liners. The greater DO concen-
tration in the lined ponds was no doubt the result of greater
phytoplankton abundance as evident from much higher chloro-
phyll a concentrations in the lined ponds. However, morning
(0600–0700 hours) DO concentrations were typically above
4 mg/L, because mechanical aeration was applied most nights
in all ponds after water temperature rose above 25◦C.

Total ammonia nitrogen concentrations did not differ among
control and treatment ponds, but NO2-N and NO3-N concentra-
tions were lower in the lined ponds. This possibly resulted from
better conditions for nitrification and denitrification in sediment
falling on and mixing with bottom soil by bioturbation and
aerator-generated water currents than in sediment deposited on
a liner. Hargreaves (1998) reported that much of the nitrification
in earthen-lined ponds occurred in the sediment.

Concentration of SRP did not differ among the ponds with
liners and the control ponds. However, this does not necessarily
suggest that the liners allowed normal exchange of phosphorus
with the bottom soil, because the phytoplankton can rapidly
remove SRP from the water column. In fact, total phosphorus
and total nitrogen concentrations were greater in ponds with
liners than in unlined ponds. But, the concentrations of these
two elements did not differ between the two types of liners.

The chlorophyll a concentration was much higher in the
lined ponds than in the controls suggesting a similar difference
in phytoplankton abundance. Thus, the reason for greater total
nitrogen and total phosphorus concentration in lined ponds than
in control ponds was thought to be because these two elements
are contained mainly in the phytoplankton (Masuda and Boyd
1994). The numerical means for chlorophyll a were larger for the
ponds with the black liners than for those with the gray liners,
but because of high variation, the means were not different
(P > 0.05).

Turbidity was higher in the lined ponds than in the control
ponds (P < 0.05) but not between ponds with different liner
types. Because the chlorophyll a concentration was much lower
in the control ponds than in the lined ponds, it must be assumed
that soil erosion of the pond bottom and suspension of the eroded
particles by aerator-induced water currents in the unlined ponds
was the source of the greater turbidity. Thomforde and Boyd
(1991) demonstrated that aeration of earthen-lined ponds at the
SFC increased turbidity, and the liners in the treatment ponds
prevented bottom soil erosion by the aerators.

Although the liners prevented erosion of the pond bottoms,
as already mentioned, they did not allow normal exchange of
phosphorus with the pond bottoms. Chlorophyll a concentration
was thought to have been greater in the lined ponds than in the
controls because of greater availability of phosphorus. More-
over, the tendency for the liners to float upwards was a serious
issue.

The laboratory study results (Table 5) showed that SRP con-
centration in aquaria that contained the gray Typar 3801 geo-

TABLE 5. Mean concentrations ( ± SD) for soluble reactive phosphorus
(SRP; mg/L) after 18 d in aquaria (n = 3) with soil separated from water
by different types of geotextiles compared with controls. Means indicated by
the same letter did not differ at P = 0.05 by Tukey’s HSD post hoc test.

Treatment SRP (mean ± SD)

Control (no soil) 0.737 ± 0.020 z
Control (soil, no liner) 0.089 ± 0.020 y
Typar 3801 geotextile liner 0.397 ± 0.066 x
Typar 3501 geotextile liner 0.202 ± 0.019 w
Typar 3401 geotextile liner 0.157 ± 0.020 w
Typar 3301 geotextile liner 0.163 ± 0.013 w
Typar 3201 geotextile liner 0.159 ± 0.015 w
Typar 3151 geotextile liner 0.179 ± 0.013 w

textile used in the ponds declined from the initial concentration
of 0.75 mg/L to an average of 0.397 mg/L after 18 d. This was
more than the average SRP concentration in the control pond
(soil, no liner) of 0.089 mg/L. The SRP concentration in aquaria
with soil lined by the more porous geotextiles averaged from
0.157 to 0.202 mg/L after 18 d, which was lower than for the
Typar 3801 geotextile but higher than for the control with soil.

The more porous geotextiles all had a lower specific gravity
than did the two geotextile liners used in the pond experiment
(Table 2). Thus, it is expected that they would have an even
greater tendency to float.

In terms of cost, the liners likely would be affordable in small,
research ponds (Table 5) provided service life is even 50% of
the manufacturers’ estimates. However, the liners would be quite
expensive, and for many purposes unaffordable, in larger ponds.
A direct extrapolation from the 0.04-ha ponds to a 1-ha pond
would be US$21,675 for the gray liner and $14,525 for the black
liner. The cost would be less no doubt for a larger pond, because
a bulk quantity discount for the liners would probably apply,
and the installation costs would be less per unit area. If the
floating problem could be solved, the liners might be attractive
for use in commercial-scale, floc production systems used for
marine shrimp and a few other species. In these systems, the lack
of normal phosphorous exchange with the sediment is not an
issue. Although phytoplankton occurs in floc systems, the dense
suspension of solids that develops in these systems is dominated
by bacteria. The high aeration rate avoids low DO concentration.

Impervious liners vary greatly in cost. Williams (2005) gave
the usual cost of 20- to 30-mil (0.50–0.76 mm) PVC liners
as $3.00/m2 or more. At a recent trade show (February 2014),
J. Gaeza of Reef Industries, Houston, Texas, indicated that the
installed price of Armoreon and Permalon polyethylene liners
(20 mil) was typically about $4.50/m2, while M. W. Yunker of
Yunker Plastics, Elkhorn, Wisconsin, gave the usual, installed
cost of 20-mil polyethylene liners as $0.50 to $0.60/ft2 ($5.38
to $6.46/m2). Synthetic rubber liners are more expensive. The
typical, installed price of a 45-mil (1.14 mm) synthetic rubber
liner was $1.25 to $1.50/ft2 ($13.45 to $16.14/m2) according
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374 SAENGRUNGRUANG AND BOYD

TABLE 6. Cost estimates (US$) per pond including labor for installing per-
meable, geofabric liners in 400-m2 ponds at the E. W. Shell Fisheries Center,
Auburn, Alabama.

Item Gray liner Black liner

Liners, presewed to size, 500 m2 $525 $239
Ditching to fix liners $64 $64
Liner installation $128 $128
Hardware items $150 $150
Total $867 $581

to J. Pankonie of Firestone Building Products, Indianapolis,
Indiana. However, if a producer can afford the higher initial
costs, impervious liners are likely a better choice than pervious
geotextiles, because their service life is 20–30 years and they
do not present a floatation problem.
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Abstract
The efficacy of Aquaflor (florfenicol; FFC) to control mortality caused by Streptococcus iniae in tilapia was

evaluated under field conditions. The trial was initiated following presumptive diagnosis of S. iniae infection in a
mixed group of fingerling (mean, 4.5 g) Nile Tilapia Oreochromis niloticus and a hybrid of Nile Tilapia × Blue Tilapia
O. aureus. Diagnoses included mortality in source tank; examination of clinical signs and presence or absence of
gram-positive cocci in brain, and collection of samples for microbiological review and disease confirmation of 60
moribund fish. Following presumptive diagnosis, tilapia (83/tank) were randomly transferred to each of 20 test tanks
receiving the same water as the source tank (test tank water was not reused). Tilapia were offered either nonmedicated
control feed or FFC-medicated feed (FFC at 15 mg/kg body weight/d; 10 tanks per regimen) for 10 consecutive days
followed by a 14-d observation period during which only the nonmedicated control feed was offered. Streptococcus
iniae was presumptively identified during pretreatment necropsy and confirmed by polymerase chain reaction assay;
S. iniae was confirmed in samples taken during the dosing period but was not detected during the postdosing period.
The FFC disk diffusion zone of inhibition ranged from 29 to 32 mm, while the minimum inhibitory concentration of
FFC ranged from 2 to 4 µg/mL for the S. iniae isolates collected. Survival of tilapia assigned to the FFC-dose group
was significantly greater at 14 d posttreatment than that of the nonmedicated controls. The odds of tilapia assigned
to the FFC-dose group surviving to the end of the postdosing period were 1.34 times the odds of survival of tilapia
assigned to the nonmedicated control group. There were no clinically apparent adverse effects associated with the
administration of FFC-medicated feed in this study.

Streptococcus iniae causes substantial mortality in tilapia,
especially in fish cultured in recirculating or intensive water
flow-through systems. Estimates of worldwide annual economic
loss from tilapia mortality associated with S. iniae increased
from about US$100 million in the late 1990s (Shoemaker
and Klesius 1997) to about $250 million by the late 2000s

*Corresponding author: mgaikowski@usgs.gov
Received June 16, 2013; accepted October 7, 2013

(Klesius et al. 2008). In response to these losses, a number of
vaccines have been developed for use in tilapia for prevention
of streptococcal infections since 1996 (Shoemaker et al. 2010).
Creeper and Buller (2006) have reported disease reoccurrence
in vaccinated fish, and S. iniae has been recovered from
vaccinated fish (Bachrach et al. 2001). Despite advances in
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376 GAIKOWSKI ET AL.

development of vaccines and increased understanding of other
potential vaccine targets (Locke et al. 2008), a critical need
remains for effective chemotherapeutants for the control of
mortality in tilapia associated with infection by S. iniae.

The broad spectrum antibacterial agent florfenicol
(FFC; {R-(R*,S*)-2,2-dichloro-N-[1-fluoromethyl-2-hydroxy-
2-(4-methylsulfonylphenyl)] ethyl acetamide}) is distributed
under several trade names including Aquaflor, Aquafen, and
Florocol for use to control susceptible bacterial diseases in fish.
Where available (approval varies by jurisdiction), FFC is dis-
tributed as a feed premix in which it is incorporated at a ra-
tio of 50% (weight/weight). Globally, Aquaflor, Aquafen, and
Florocol in aggregate are registered for use in more than 50
countries beginning in Japan (1990) through its more recent
approvals in France (2011) and 20 European countries (2012)
to control various susceptible pathogens in a variety of com-
mercially important freshwater and marine species. In the USA,
Aquaflor is available (USFDA CVM 2012) as a veterinary feed-
directive drug (i.e., use is restricted by veterinary prescription,
USOFR 2008) for administration in medicated feed to control
mortality in freshwater-reared finfish from the following indi-
cations: enteric septicemia in catfish (10–15 mg/kg bodyweight
[BW] per day), coldwater disease and furunculosis in salmonids
(10 mg/kg BW per day), columnaris disease (warmwater finfish,
10–15 mg/kg BW per day; other fish, 10 mg/kg BW per day),
streptococcal septicemia in warmwater finfish (15 mg/kg BW
per day).

Florfenicol was found to be effective in controlling mortal-
ity due to S. iniae in laboratory-challenged tilapia Oreochromis
sp. (Darwish 2010) and under laboratory-challenge (Darwish
2007) and field conditions (Bowker et al. 2010) with hybrids
of Striped Bass Morone saxatilis × White Bass M. chrysops fed
FFC-medicated feed at a rate sufficient to administer a FFC
dose of 10 mg/kg BW per day for 10 consecutive days. Gaunt
et al. (2010) evaluated the efficacy of florfenicol administered
to tilapia in a controlled tank study challenged with S. iniae at
daily dose rates of 5, 10 and 15 mg/kg for 10 consecutive days;
they selected the dose rate of 15 mg/kg BW for development.
Administration of FFC at daily multiples of 10 mg/kg BW for
10 consecutive days did not reduce feed consumption or cause
pathology in Atlantic Salmon Salmo salar (Inglis et al. 1991).
Administration of FFC at daily multiples of 15 mg/kg BW for
20 consecutive days did not reduce feed consumption or cause
pathology in hybrid Striped Bass (Straus et al. 2012), Yellow
Perch Perca flavescens; (J. Bowker, U.S. Fish and Wildlife Ser-
vice, personal communication). Administration of florfenicol at
daily multiples of 10 or 15 mg/kg BW for 20 consecutive days
did alter feed consumption and cause florfenicol-related pathol-
ogy in Channel Catfish Ictalurus punctatus (Gaikowski et al.
2003) and tilapia (Gaikowski et al. 2013). Though florfenicol-
related pathologies were observed in tilapia and Channel Cat-
fish, they were generally restricted to doses well above those
considered therapeutic (Gaikowski et al. 2003, 2013). Thus,
florfenicol has been shown to be safe in several fish species

and effective against S. iniae when tested under experimental
challenge or field conditions.

Our study objective was to assess the efficacy of FFC admin-
istered in medicated feed at a dose of 15 mg/kg BW per day for
10 consecutive days to control mortality associated with Strepto-
coccus iniae in Oreochromis species of tilapia under commercial
production practices. The study was conducted at a commercial
farm where tilapia were presenting clinical signs and mortality
indicative of a S. iniae epizootic. The trial described herein was
conducted in accordance with the Good Clinical Practice stan-
dards described in U.S. Food and Drug Administration Guidance
for Industry 85 (USFDA 2006).

METHODS
Experimental design.—Two treatment groups were equally

divided between a nonmedicated control group and a medicated
group. Within the trial, treatment designation was assigned to
each tank according to a randomized-block design, consisting
of two blocks with 10 individual tanks (62 × 28 cm, 22 cm
deep; water volume about 38 L) contained within a single fiber-
glass unit (block). There were five tanks per treatment group
per block, and the experimental unit was the individual tank.
Groups of <10 fish were distributed to the test tanks according
to a completely random assignment code until each tank had
83 test fish (equal to 125% of the source tank fish density).
The control group was offered nonmedicated control rations
throughout the course of the trial, whereas the medicated group
was offered sufficient FFC-medicated feed to achieve a nominal
dose of 15 mg FFC/kg BW per day for 10 consecutive days; the
dosing period was initiated within 12 h of the fish placement
into the test tanks by offering the appropriate feed type to the
fish in the assigned tanks. The medicated group was offered the
nonmedicated control ration for the 14 d post-dose observation
period. Feed consumption was monitored daily throughout the
study, and fish were observed for morbidity and mortality twice
daily throughout the study.

Feed preparation.—Non-medicated control and FFC-
medicated feeds (#3 crumble, about 1.4–1.7 mm, about 47% pro-
tein, about 16% fat) formulated to be nutritionally equivalent to
standard trout starter diets, were prepared using commercial feed
production procedures at Rangen, Inc. (Buhl, Idaho). The con-
trol feed was prepared prior to preparation of the FFC-medicated
feed. Feed preparation procedures were identical except for the
addition of an appropriate amount of the commercially available
Aquaflor 50% Type A Medicated Article premix during mixing
of the feed mash prior to pelleting the FFC-medicated feed. The
nominal FFC concentration in the medicated feed, about 0.3 g
florfenicol/kg of feed, was selected to provide FFC at 15 mg /kg
BW when offered at a rate of 5% BW. Bags from the approxi-
mate midpoint of each batch were selected for use and stored at
about −20◦C.

Florfenicol concentration in the medicated ration, and its ab-
sence in the control ration, was confirmed at the initiation and
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FLORFENICOL TO CONTROL STREPTOCOCCOSIS IN TILAPIA 377

TABLE 1. Mean florfenicol (FFC) concentration determined by high-performance liquid chromatography in feed samples collected at receipt and at the start
and end of dosing. The end-of-dosing feed samples were stored under the same conditions as the feed used during the trial; NA = not applicable and <LOQ =
less than the limit of quantification (0.004 g/kg).

Measured concentration (g)
Nominal dose Nominal feed of FFC/kg of feed Mean measured
(mg) of FFC/kg concentration (g) concentration (g) Percent of nominal
BW per day of FFC/kg of feed Start of dosing End of dosing of FFC/kg of feed concentration

0 (control) 0 <LOQ <LOQ NA NA
15 0.3 0.261 0.257 0.259 86.4

at the end of dosing (Table 1; Eurofins Scientific Inc. AvTech
Laboratories, Portage, Michigan). The control diet was also
assayed for the presence of other antibiotics (oxytetracycline,
Romet), nutrients and potential organic and inorganic contami-
nants (Eurofins Scientific, Inc., Des Moines, Iowa). Nutrient lev-
els (47.3% protein, 8.9% ash, 20.0% carbohydrate, 16.3% crude
fat, and 7.5% moisture) were within expected levels, whereas
levels of potential organic or inorganic contaminants (oxytetra-
cycline, sulfadimethoxine, ormetoprim, chlorinated hydrocar-
bons, organophosphates, N-methyl carbamates, heavy metals,
oxidized lipids, aflatoxin, etc.) were not at levels of concern.

Test animals.—The fish used were removed from a single
source tank that had increased mortality rates, clinical signs,
and lesions indicative of S. iniae infection. The tank contained a
mixed population of about 50-d-old Nile Tilapia O. niloticus and
a hybrid of Nile Tilapia × Blue Tilapia O. aureus, which were
all genotypic and phenotypic males that had received feed con-
taining methyl-testosterone by the fry supplier prior to receipt
at the fish farm. No attempt was made to segregate tilapia based
on strain or phenotypic gender or to assess sexual maturity. Fish
size (mass and total length) was determined at the initiation of
dosing and on the last day of the postdosing period. The source
tank was one of eight tanks in a common water recirculating
aquaculture system (RAS) on the farm; the rearing density in
the source tank (about 1.7 fish/L) was multiplied by 1.25 to set
the number of fish placed in each test tank (83); fish density in
the test tank was about 2.2 fish/L.

Each test tank was provided with water withdrawn from the
source tank RAS water supply and supplied to each test tank at a
rate of about 630 mL/min (one tank-volume exchange per hour).
Influent water was provided such that each individual tank re-
ceived its own influent water. Tank effluent was eliminated via
a standpipe in each individual tank; water recirculation or reuse
was not used. Test tanks were cleaned once daily about 1 h
before any feed was offered. Continuous overhead lighting was
provided at an intensity of 14–296 lx. Mortality, defined as lack
of opercular movement and lack of response to stimuli of caudal
peduncle, was assessed twice daily. Each dead fish was weighed,
measured, and observed for external lesions; selected fish were
necropsied and microbiological samples were collected on dos-
ing days 0, 4, and 9 and postdosing days 7 and 14).

Disease diagnosis and microbiological assessment.—
Clinical signs indicative of S. iniae infection (erratic swim-

ming [spiraling or spinning], loss of buoyancy control, lethargy,
darkening, unilateral or bilateral exophthalmia, corneal opacity,
hemorrhaging [in or around the eye, gill plate, base of the fins,
vent and anus, over the heart or elsewhere on the body], ascites,
and ulcerations [Yanong and Francis-Floyd 2002]) were exam-
ined in the source fish tank and in 60 moribund fish collected,
euthanized, and necropsied for presumptive and definitive dis-
ease diagnosis before transfer to the test tanks. Bacterial samples
were collected from 60 fish during the initial diagnosis, 25 fish
during the dosing period, and 16 fish during the postdosing pe-
riod. Samples of the posterior kidney and brain from each of 10
fish collected during the initial diagnosis were prepared on glass
slides, which were Gram-stained according to standard staining
procedures.

Fingerlings were disinfected by swabbing external surfaces
with either 70% ethanol or DNA Away (avoiding the anus and
any skin lesions). The body wall was cut longitudinally follow-
ing the ventral midline, and the kidney and liver were exposed
using aseptic techniques. A 1-µL sterile bacterial loop was in-
serted into the posterior kidney and used to inoculate a brain
heart infusion agar plate (BHIA) or BHIA supplemented with
5% (volume/volume) blood (BHIA-B) to enhance growth. The
same technique was used to sample the liver. An additional dor-
sal incision was made on the head to expose the brain. A 1-µL
sterile bacterial loop was inserted into the brain and used to
inoculate a BHIA or BHIA-B plate. Plates were incubated at
24◦C for 24 h.

The presence of the following characteristics were used
to make a presumptive identification of S. iniae: (1) small
translucent colonies (1–2 mm diameter), and (2) gram-positive
cocci in pairs or chains (Romalde and Toranzo 2002). Bacterial
DNA was obtained from isolated colonies and then amplified
by PCR using a set of oligonucleotide primers (Sin-1 F: 5′-
CTAGAGTACACATGTACT(AGCT)AAG-3′ and Sin-2 R: 5′-
GGATTTTCCACTCCCATTAC-3′) that specifically amplify a
300-bp subunit (Zlotkin et al. 1998). Detection of these se-
quences was used to definitively confirm the presence of S. iniae.
The PCRs were carried out in a final volume of 25-µL containing
one Pure Taq Ready-To-Go PCR bead (2.5 U Taq Polymerase,
200 µM each dNTP in 10 mM of tris-HCl, 50 mM of KCL, and
1.5 mM of MgCl2, (GE Healthcare Buckinghamshire, United
Kingdom), and Sin-1 and Sin-2 at 8 ng/mL each. Bacterial
DNA was obtained from cells by touching colonies grown on
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378 GAIKOWSKI ET AL.

agar with a sterile syringe needle and then dipping the syringe
tip into the PCR mixture. Cycling was initial denaturation of
94◦C for 3 min, 34 cycles of denaturation at 94◦C for 1 min,
annealing at 55◦C for 90 s, primer extension at 72◦C for 90 s,
and a final extension at 72◦C for 10 min (Zlotkin et al. 1998).
The PCR-amplified samples were subjected to electrophoresis
(about 90 min at 90 V) in a 3% precast ReadyAgarose gel with
ethidium bromide (Bio-Rad, Hercules, California) in 1X TBE
buffer. A positive assay resulted in a 300-bp band.

The presence of the following characteristics were used to
make a presumptive identification of Aeromonas hydrophila:
creamy to tan, round, raised, or shiny colonies (2–3 mm di-
ameter). Isolates of A. hydrophila were gram-negative (rods),
cytochrome oxidase-positive, and motile. Bacterial DNA was
obtained from isolated colonies and then amplified by PCR
using a set of oligonucleotide PCR primers (AHH1 F: 5′-
GCCGAGCGCCCAGAAGGTGAGTT-3′ and AAH2 R: 5′-
GAGCGGCTGGATGCGGTTGT-3′) amplified a 130-bp frag-
ment of A. hydrophila extracellular hemolysin gene ahh1 (Wang
et al. 2003); detection of these sequences was used to definitively
confirm the presence of A. hydrophila. We extracted DNA using
a Qiagen DNeasy Blood and Tissue Kit (Valencia, California),
and PCRs were carried out in a final volume of 25 µL containing
one Pure Taq Ready-To-Go PCR bead (2.5 U of Taq Polymerase,
200 µM of each dNTP in 10 mM of tris-HCl, 50 mM of KCL, and
1.5 mM of MgCl2, (GE Healthcare, Buckinghamshire, United
Kingdom). We added 100 picomoles of each primer to the mas-
ter mix followed by 5 µL of extracted DNA. Cycling parameters
were initial denaturation for 5 min at 94◦C, followed by 50 cy-
cles of denaturation at 95◦C for 0.5 min, annealing at 59◦C
for 0.5 min, and primer extension at 72◦C for 0.5 min, A fi-
nal extension of 7 min at 72◦C was used (Wang et al. 2003).
The PCR-amplified samples were subjected to electrophoresis
(about 90 min at 90 V) in a 3% precast ReadyAgarose gel with
ethidium bromide (Bio-Rad, Hercules, California) in 1X TBE
buffer. A positive assay resulted in a 130-bp band.

Antimicrobial susceptibility (Minimum Inhibitory Concen-
tration [MIC] and zone of inhibition [ZoI]) was determined
for all S. iniae isolates collected (CLSI 2006) except for those
isolates whose colonies were overgrown during the incubation
period between PCR confirmation and susceptibility testing or
that would not grow in subsequent culture. The identity of all
isolates after MIC and ZoI determination were reconfirmed by
PCR.

Dosing.—Tilapia fingerlings of the size used in this study
are typically offered feed at 8–10% body weight (BW)/d. The
FFC-medicated feed (FFC at about 0.3 g/kg of feed) used as
formulated to deliver FFC at 15 mg/kg of body weight per day
when feed was consumed at 5% BW/d. We supplemented the
diet of fish assigned to the medicated group with nonmedicated
control feed at a rate of 5% BW/d; fish assigned to the control
group were offered the control diet at 10% BW/d. The FFC-
medicated feed was offered to the medicated group as the first
feed source each day during the 10-d dosing period. Feed was

offered in six aliquots offered at 2–3 h intervals generally from
1100 to 2300 hours. The control diet was the sole ration offered
during the postdosing observation period. The mass of feed
offered was based on the estimated mass of fish in each tank
and was adjusted for estimated fish growth and the number of
live fish. Feed consumption for the preceding dosing day was
categorized as either <50% or >50% prior to tank cleaning.
The estimated delivered dose was estimated from the following
equation:

estimated dose

= (feed weight [g] × % feed consumption

× mean feed FFC concentration [g FFC/kg feed])

/{(# fish × fish mass [g/fish])/1,000} = mg FFC/kg BW

Two KMnO4 treatments were applied by farm staff as a prophy-
laxis to reduce microbial growth and decrease parasite density in
the RAS source water as part of their typical animal husbandry
program, as directed by the farm manager during the experi-
mental period. The KMnO4 treatments were applied to the RAS
source system from which the test tanks received water on the
sixth dosing day and on the tenth postdosing day. Water flow to
the test tanks was interrupted prior to the KMnO4 addition to the
RAS source system to preclude test fish exposure to KMnO4.
Air flow to the test tanks was increased during each interruption
of water flow to the test tanks. Water flow to the test tanks was re-
sumed 3 h after KMnO4 was applied to the RAS source system;
fish in the test tanks were not exposed to therapeutic levels of
KMnO4. There was minimal or no impact to our study because
the fish in our systems were not exposed to therapeutic levels of
KMnO4 and because both nonmedicated control and FFC dose
groups received the same potential exposure to residual KMnO4

in the test tank water supply.
Blinding.—Treatment (nonmedicated control [control] or

FFC-medicated [medicated]) was assigned to individual test
tanks according to a randomized block assignment code known
only to the study statistician, study director, and study monitors.
Study personnel collecting mortality or water quality data, re-
moving dead fish, offering feed, or conducting microbiological
sample preparation and analysis were unaware of the treatment
assignment. Sufficient feed for each test tank was removed from
the bulk feed bags labeled as control or medicated and placed in
bags labeled with the appropriate tank number but no indication
whether the bag contained the medicated or control feed.

Water chemistry.—Water chemistry (dissolved oxygen, pH
and temperature) and water flow were measured daily in each
tank during the dosing and postdosing periods (Table 2). Al-
kalinity, total ammonia and nitrite in RAS source water were
measured twice, once each during the dosing and postdosing pe-
riod. Alkalinity ranged from 115 to 209 mg/L as CaCO3. Total
ammonia was <0.6 mg/L and nitrite was <0.2 mg/L.

Data analysis.—Survival and death were considered binary
random variables and were assumed to follow a Bernoulli

D
ow

nl
oa

de
d 

by
 [

D
ep

ar
tm

en
t O

f 
Fi

sh
er

ie
s]

 a
t 1

7:
52

 1
7 

N
ov

em
be

r 
20

14
 



FLORFENICOL TO CONTROL STREPTOCOCCOSIS IN TILAPIA 379

TABLE 2. Mean (SD in parentheses) dissolved oxygen (DO), pH, temperature, and water flow recorded in nonmedicated control and florfenicol (FFC) dose
groups during the dosing and postdosing periods.

FFC dose group Nonmedicated control group

Variable Dosing Postdosing Dosing Postdosing

DO (mg/L) 10.7 (1.6) 8.8 (1.7) 9.9 (1.9) 9.0 (1.9)
pH 7.3 (0.1) 7.4 (0.1) 7.3 (0.2) 7.4 (0.1)
Temperature (◦C) 29.3 (1.1) 27.7 (0.7) 29.3 (1.0) 27.7 (0.7)
Flow rate (mL/min) 627 (22.7) 643 (20.2) 624 (22.0) 644 (19.6)

distribution. The response data were therefore categorized as
the number of survivors or the number of dead, out of a fixed at-
risk population in each tank. In this analysis, we chose to focus
on the proportional risk of survival instead of death. Tanks were
the fundamental experimental units. The study design contained
two levels of the primary predictor (FFC dose of 0 or 15 mg/kg
BW per day) each applied to 10 independently observed repli-
cate tanks, for a total of 20 experimental units. The cumulative
probability of survival at the end of the postdosing period was
modeled by a generalized linear mixed model fitted using the
SAS GLIMMIX facility, based on Wolfinger and O’Connell
(1993). Though fish held in the same tank experienced identi-
cal environmental conditions, those conditions may have varied
randomly among tanks. We modeled the correlation between
the two types of outcomes for the tank population with shared
(G-side) random effects with treatment assignment as a group-
ing variable, and overdispersion was modeled using an R-side
covariance structure. Treatment levels were judged statistically
different at α = 0.05.

Data analyses for behavioral observations, water chemistry
and fish size (weight and length) were limited to simple sum-
mary statistics; comparative statistics were not generated.

RESULTS

Clinical and Microbiological Findings and Florfenicol
Susceptibility

During disease diagnosis, tilapia in the source tank were ob-
served swimming erratically (spiral swimming) near the water
surface and with loss of equilibrium. Lesions recorded dur-
ing necropsy included intracranial edema/necrosis, external pe-
techia or lesion-associated hemorrhage, and visceral necrosis.
Exophthalmia was observed in fish in the source tank but was not
apparent in the 60 fish reviewed during disease diagnosis. Fungal
infections were apparent on moribund fish but were considered
secondary to S. iniae infection. Gram-positive cocci were ob-
served in gram stains in 2 of 10 fish reviewed during disease
diagnosis. Colonies isolated from six fish (brain = 6, kidney =
1) during disease diagnosis were confirmed to be S. iniae by
PCR, while colonies isolated by PCR from three fish (liver)
were confirmed to be A. hydrophila. Colonies isolated from one
fish was confirmed by PCR to be coinfected by both S. iniae

and A. hydrophila. The fish health investigator completing the
initial diagnosis considered S. iniae to be the primary pathogen
responsible for the observed increased mortality because the
clinical signs observed were indicative of S. iniae infection,
gram-positive cocci were present in preparations of brain and
kidney and because S. iniae was confirmed present in samples
taken from the brains of six fish during disease diagnosis.

We reviewed 126 mortalities during the dosing period (48
fish in the medicated group and 78 in the control group). Ex-
ophthalmia and corneal opacity were observed in similar pro-
portions in both medicated and control fish during the dosing
period but petechial hemorrhages were observed with greater
frequency in mortalities from the control group than the medi-
cated group. Intracranial edema and necrosis were observed in
similar proportions in mortalities from the medicated group and
the control group. Bacterial growth in microbiological samples
collected were confirmed positive by PCR as S. iniae (one in the
control group and one in the FFC-medicated). External fungal
infestations were similarly prevalent on medicated and control
mortalities.

We reviewed 89 mortalities during the postdosing period (48
fish in the medicated group and 41 in the control group). Ex-
ophthalmia and corneal opacity were observed in mortalities in
the medicated group during the postdosing period, while only
exophthalmia was observed in the control group. Intracranial
edema, necrosis, and generalized visceral necrosis were sim-
ilarly prevalent in mortalities from the medicated and control
groups. A colony isolated from a mortality from the control
group was confirmed to be A. hydrophila by PCR; S. iniae was
not detected in any microbiological samples collected during the
postdosing period. External fungal infections were less preva-
lent in both groups during the postdosing period than during the
dosing period.

Observations during gross necropsy of 40 apparently healthy
fish on the last day of the postdosing period were generally unre-
markable and similar between the medicated and nonmedicated
control groups. Streptococcus iniae was not detected; however,
A. hydrophila was confirmed by PCR from colonies collected
from two fish (one in the control group and one in the FFC-
medicated). The FFC ZoI ranged from 29 to 32 mm, while the
FFC MIC ranged from 2 to 4 µg/mL for the S. iniae isolates
collected during the trial.
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380 GAIKOWSKI ET AL.

Feed Consumption and Estimated Delivered Dose
There was no observable difference in feed consumption be-

tween the control and medicated groups. Feed consumption in
all tanks were categorized as >50% during the dosing period,
except on the sixth dosing day. Though feed consumption was
recorded as <50% on the sixth dosing day, we assumed that
the majority of the uneaten feed remaining was the nonmedi-
cated control feed offered after the dosing feed had been offered.
The nonmedicated control feed was offered after water flow to
the test tanks had been suspended (water flow to the test tanks
was suspended on the sixth dosing day because of administra-
tion of a KMnO4 treatment in the RAS source tanks). The fish
did not consume the nonmedicated control feed offered after
water flow was resumed to the test tanks. We therefore con-
cluded that medicated feed consumption on the sixth dosing
day was >50%. The estimated daily and total delivered doses
were therefore calculated based on consumption of either 51%
or 100% of the medicated feed offered. Fish in the medicated
group were estimated to receive a mean daily dose of between
6.5 and 12.8 mg/kg BW per day and total doses between 65 and
128 mg/kg BW, equal to 43.5–85.4% of the target dose. Tilapia
assigned to the control group were assumed to receive no FFC
dose, and no FFC was detected in the nonmedicated control diet.

Growth
Fish mass in the experimental tanks increased over the 24-d

observation period (dosing and postdosing). The mean weight
at the initiation of the study was 4.5 g (SD, 1.2). Mean weight
of the nonmedicated control fish at the end of the postdosing
period was 9.7 ± 3.7 g while FFC-medicated fish had a mean
weight of 10.0 ± 3.3 g.

Survival
Survival of tilapia fingerlings in the medicated group was

significantly greater (F18 = 6.25, P = 0.02) at 14 d posttreat-
ment than that of the nonmedicated control group (Figure 1).
Cumulative mean percent survival of tilapia offered nonmedi-
cated control feed was 90.4% at the end of the dosing period
and 85.4% at the end of the postdosing period, while that of the
FFC-dose group was 94.4% for dosing and 88.6% for postdosing

FIGURE 1. Cumulative mean percent survival of tilapia offered either non-
medicated control feed or florfenicol (FFC)-medicated feed at a nominal dose
of 15 mg/kg body weight per day during a natural Streptococcus iniae infection.
Survival was recorded during the 10-d dosing (D) and 14-d postdosing periods
(PD).

(Table 3). The odds of tilapia assigned to the FFC-dose group
surviving to the end of the postdosing period were 1.34 times
the odds of survival of tilapia assigned to the nonmedicated con-
trol group (i.e., the odds for mortality of tilapia assigned to the
control group was 34% more likely than for those assigned to
the FFC-dose group).

DISCUSSION
Administration of FFC-medicated feed at a nominal dose

of 15 mg/kg BW per day for 10 consecutive days significantly
increased survival of tilapia assigned to the medicated group
relative to those assigned to the nonmedicated control group
during this natural S. iniae outbreak. Our results are in general
agreement with those obtained by Darwish (2010) and by
Gaunt et al. (2010), who experimentally challenged tilapia with
S. iniae and then fed FFC-medicated or nonmedicated control
feed. Both those authors reported that FFC-medicated feed

TABLE 3. Cumulative percent survival of tilapia during a natural Streptococcus iniae outbreak. Fish were offered either nonmedicated or FFC-medicated feed
for 10 consecutive days during the dosing period and then nonmedicated control feed for the 14-d postdosing period. Cumulative percent survival was compared
at the end of the postdosing period; means with different letters are significantly different (P < 0.05).

Cumulative percent survival

Replicate

Dose group Dosing period 1 2 3 4 5 6 7 8 9 10 Mean (SD)

Control Dosing 89.3 96.3 85.9 96.2 91.5 89 92.7 83.3 94 85.5 90.4 (4.5)
Postdosing 83.3 90.2 81.2 86.2 82.9 86.3 90.2 82.1 88 83.1 85.4 y (3.3)

FFC Dosing 98.8 95.2 95.2 96.4 92.8 95.2 94 96.4 92.9 87.7 94.4 (3.0)
Postdosing 90.2 91.6 89.2 92.8 85.5 89.2 89.2 86.7 86.9 84.9 88.6 z (2.6)
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significantly increased survival relative to untreated controls,
and reported higher control mortality in tilapia intentionally
challenged with S. iniae than we observed: 81% in waterborne
challenge at 25◦C (Darwish 2010) and 35.8% and 20.5%
for intracoelomic injection at 20◦C and 27◦C (Gaunt et al.
2010). Perera et al. (1997) reported higher mortality in Nile
Tilapia × Blue Tilapia hybrids when fish were maintained at
20◦C than when maintained at 15, 25, 30 or 35◦C. The dose
confirmation study reported by Gaunt et al. (2010) was closest
in temperature (27◦C) to our trial (about 29◦C), and mortality of
challenged, unmedicated tilapia (20.5%) in that portion of their
study was closest to our findings. Darwish (2007) and Bowker
et al. (2010) reported that FFC-medicated feed significantly
increased survival of sunshine bass (female White Bass Morone
chrysops × male Striped Bass M. saxatilis) relative to fish fed
nonmedicated control fish following laboratory challenge with
S. iniae or during a natural outbreak of streptococcosis. In both
studies with sunshine bass mortality was substantial (>50%)
for nonmedicated fish. In our field trial, tilapia in the source
population had a relatively mild outbreak of streptococcosis,
as evidenced by the comparatively low mortality in our
nonmedicated control group. While seemingly contradictory,
demonstrating statistical differences between mortality of fish
assigned to the medicated and nonmedicated dose groups during
a natural outbreak with a relatively low mortality or infection
rate is a more difficult challenge than during a severe outbreak.
In the experiments reported by Bowker et al. (2010), Darwish
(2007, 2010), and Gaunt et al. (2010), intentional S. iniae
infection of tilapia and sunshine bass or observation of mortality
from a natural S. iniae infection resulted in mortality rates
ranging from >20% to >95% in nonmedicated control groups
compared with mortality rates of 1–9% in groups receiving FFC
at 15 mg/kg BW per day for 10 consecutive days. In our study,
daily mortality in the source population increased from about
0.05% to 0.5% over the course of the 17 d prior to assignment
to the test tanks. Because the data developed through this trial
were intended to support regulatory approval of florfenicol, our
protocol required initiation when fish exhibited clinical signs
associated with streptococcosis and daily mortality was >0.5%.
That requirement was attained about 9 d prior to assignment
to the test tanks when daily mortality in the source population
was about 0.5%. Had treatment been initiated then instead of
delaying treatment, we may have observed greater separation
between the medicated group and the control group.

Assessing consumption of medicated feed during trials to
evaluate the effectiveness of an antibiotic to control a disease is
an important component of the study design, especially in dose–
response trials. Gaunt et al. (2010) completed dose titration
and dose confirmation trials in tilapia intentionally challenged
with S. iniae and then fed FFC-medicated feed. In those trials,
FFC controlled mortality from S. iniae at daily doses as low
as 5 mg/kg BW. The objective of our study was to confirm,
under field conditions, that administration of FFC-medicated
feed at a daily dose rate of 15 mg/kg BW controlled mortality

associated with S. iniae in tilapia. Because our interest was to
confirm that the intended dose rate controlled mortality, not to
determine a dose–response curve, we chose to characterize feed
consumption as <50% or >50% of the feed offered. We chose
to do this because, even at the 50% feed consumption level, the
minimum dose estimate would exceed the daily 5 mg/kg BW
dose, which Gaunt et al. (2010) reported to control mortality
from S. iniae. The minimum FFC dose estimates we report,
however, should be interpreted cautiously because the tilapia in
the medicated group probably consumed more than 51% of the
medicated diet offered.

The in vitro susceptibility of S. iniae isolated during our trial
were similar to those reported by Darwish (2007) for 19 isolates
collected from Amazon River dolphin Inia geoffrensis, human,
sunshine bass, and tilapia and by Gaunt et al. S. iniae reisolated
from tilapia that died following intentional challenge with S.
iniae. As reported by Gaunt et al. (2010), FFC concentration in
muscle and plasma following FFC doses at 10 or 15 mg/kg BW
(Feng et al. 2008; Bowser et al. 2009) exceeded the MIC of S.
iniae isolates collected by Gaunt et al. (2010) and the MIC of
isolates we collected and those tested by Darwish (2007). The
FFC ZoI determined in our trial was also similar to that reported
by Gaunt et al. (2010).

Streptococcus iniae was not recovered from samples taken
from mortalities of either the nonmedicated control or medi-
cated group during the postdosing period in our study. In previ-
ous studies, S. iniae was recovered from sunshine bass or tilapia
assigned to the nonmedicated control groups but not from any
fish assigned to a FFC-medicated group (Bowker et al. 2010;
Darwish 2010). In the Gaunt et al. (2010) study, the prevalence
of S. iniae isolation was inversely related to FFC dose, decreas-
ing from about 20% in the nonmedicated controls to about 5% in
fish treated with 15 mg/kg BW for 10 d. The lack of S. iniae car-
riers in our study could in part be explained by the relatively low
infection rate observed in this natural outbreak compared with
the relatively high infection rate achieved in tilapia through chal-
lenge protocols of Darwish (2010) and Gaunt et al. (2010) and
observed in a natural outbreak in sunshine bass by Bowker et al.
(2010). If, as reported by Bowker et al. (2010), Darwish (2010),
and Gaunt et al. (2010), administration of FFC-medicated feed
to control mortality associated with streptococcosis reduces the
prevalence of infected carrier fish in the treated population, tak-
ing additional animal husbandry steps during or after treatment
to remove or minimize potential pathogen refugia, e.g., mini-
mizing in-tank biofilm combined with ultraviolet disinfection
of incoming water and reduction of external parasites (Xu et al.
2007), may delay reinfection of the treated population follow-
ing withdrawal from medicated feed and reduce the need for
repeated FFC therapy.

Aeromonas hydrophila was isolated from tilapia before,
during and after the administration of FFC-medicated feed.
Hybrid Striped Bass fed FFC-medicated feed during a mixed
infection of A. hydrophila and Flavobacterium columnare had
significantly greater survival than untreated controls (Darwish
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382 GAIKOWSKI ET AL.

et al. 2012). Similarly, FFC therapy improved survival of
Pacú Piaractus mesopotamicus intentionally infected with A.
hydrophila (Carraschi et al. 2011).
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and Thomas R. Omara-Alwala*
Lincoln University, 206 Founders Hall, Jefferson City, Missouri 65101, USA

Abstract
Four experiments with feed-trained crappies Pomoxis spp. were

conducted to enhance the knowledge of growing crappies as food
fish. Two experiments compared growth performance of juvenile
Black Crappies P. nigromaculatus and White Crappies P. annularis
(1) between fish that were fed two locally available commercial
feeds or (2) among fish reared at densities of 0.81, 1.62, 3.25, and
6.50 g/L. No significant difference in growth performance between
species was detected. Performance was significantly affected by
commercial feed, but survival and feed conversion ratio (FCR)
were not. An inverse relationship existed between density and
growth variables except final biomass, which had a direct relation-
ship with density; survival rate was not different among density
levels. For the third experiment, Black Crappie growth in light-
blue control tanks was compared with growth in environmentally
enhanced tanks (150 L) that had top cover structure (TCS), bot-
tom dark coloring (BDC), or a combination of both. Fish growth
was not different between control and enhanced tank treatments
but significantly differed between the TCS and BDC treatments.
In the fourth experiment, growth was compared between hybrid
crappies that were fed using 12- and 24-h belt feeders. Fish that
were fed by use of the 12-h belt feeders had improved FCR relative
to continuous 24-h feeding. These experiments demonstrated that
crappies can be cultured successfully indoors, with no difference in
early growth between species. Additionally, crappie growth could
be affected by tank environment and by feeding regimen.

The demand for fishery products worldwide and the per-
centage of exploited wild marine species are both increasing.
Worldwide aquaculture production, mostly led by Asian coun-
tries, is attempting to make up for the decreasing supply of
wild fish (FAO 2012). Although a number of fish species in the
United States show promise, catfish, salmon, trout, and tilapia
continue to be the most popular fish used for food production
(USDA 2005). In the north-central region of the United States,
members of the centrarchid family, including sunfishes Lepomis
spp. and black basses Micropterus spp., can be adapted for rapid

*Corresponding author: omarat@lincolnu.edu
Received February 13, 2014; accepted May 11, 2014

growth and food production (Heidinger 2000; Hicks et al. 2009;
Morris and Clayton 2009). Local markets exist for these species
(USDA 2005). However, there is limited information on the
culture of two other centrarchids, the Black Crappie Pomoxis
nigromaculatus and White Crappie P. annularis, as food fish.

Crappies comprise a majority of sport fisheries in some large
impoundments in the Midwestern United States (Colvin 1991;
Webb and Ott 1991). The popularity of crappies is due to the
sport, the camaraderie of group fishing that is often employed,
and the popularity of consuming these species. The popularity
of crappies as sport fish strengthens their name recognition by
consumers and intensifies consumer interest in purchasing them
as food fish if available (Hicks 1998). The price of crappies
produced as food fish exceeds the price of all other food fishes
except Northern Pike Esox lucius (USDA 2005). However, the
current aquaculture production of crappies is mostly confined
to sport fish markets with very limited food production (USDA
2005).

Most of the recent aquaculture-related studies of Black Crap-
pies or White Crappies have focused on developing monosex,
infertile, or non-reproducing populations (Baldwin et al. 1990;
Parsons 1993; Gomelsky et al. 2002; Arslan and Phelps 2004;
Cuevas-Uribe et al. 2009) for stocking in ponds and small lakes,
normally resulting in low-productivity, stunted crappie popula-
tions.

Indoor studies have reported that young crappies can be suc-
cessfully trained to accept commercial feeds (Smeltzer 1981;
Amspacker 1991; Smeltzer and Flickinger 1991). Additionally,
by using artificial diets, Thomas (1995) was able to grow Black
Crappies in raceways to weights exceeding 200 g. Hayward and
Arnold (1996) found that maximum daily consumption of live
food occurred at 24◦C in White Crappies, with a sharp decline
in consumption at 27◦C. Little other information is available on
the indoor culture of crappies.
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384 DUDENHOEFFER ET AL.

We conducted a series of experiments in indoor recirculating
aquaculture systems (RASs) to further develop the knowledge of
crappie indoor culture. The four experiments involved (1) com-
parison of growth performance in juvenile Black Crappies and
White Crappies that were fed two locally available commercial
feeds; (2) comparison of growth performance of the two species
at various densities; (3) evaluation of habitat enhancements for
promoting Black Crappie growth in small aquaria (<150 L);
and (4) comparison of growth in hybrid crappies (female Black
Crappie × male White Crappie) that were fed by use of 12-
and 24-h belt feeders.

METHODS
Fish and feed training.—Young-of-the-year Black Crappies,

White Crappies, and hybrids were spawned in ponds contain-
ing wild-caught adults or the offspring of wild fish obtained
over multiple years. Hybrid crappies were obtained by stock-
ing Black Crappie females with White Crappie males. Fin-
gerling crappies were seined during late July through August
from ponds that were cooled to near well-water temperatures
(∼13◦C) in order to reduce handling stress to the fish (Smeltzer
and Flickinger 1991). The fingerlings were transferred to indoor
RASs for feed training. The young crappies were confined at
high densities (∼10–15 fish/L) in smaller-sized aquaria (40–
110 L). Larger-sized fish, likely cannibalistic, were removed by
hand capture. Feed training consisted of two different methods.
The first method involved frequent feedings of brine shrimp
Artemia spp. nauplii until the fish enthusiastically responded to
the presentation of this food by moving up in the water col-
umn and feeding aggressively. Ground krill and a starter feed
mixed with brine shrimp were then introduced to the young
crappies until the fish were visually observed to feed on the krill
or starter feed. Krill and brine shrimp were phased out of the
mixture over the next week to complete the process of training
the fish to accept dry starter feed.

In an alternative method, fish were feed trained without brine
shrimp by utilizing multiple feedings of krill meal initially and
then gradually introducing commercial larval feeds after ob-
served active feeding (Dudenhoeffer et al. 2012). Both of the
feed training processes were completed in 2–3 weeks, with es-
timated training success rates above 60%. The size of the com-
mercial larval feed was increased as the fish grew in size. Fish
were eventually switched to trout feed or salmon feed that was
administered in slight excess with 12-h belt feeders loaded in
the morning; the fish were maintained on this feed until com-
mencement of the experiments.

Experimental systems.—Experiments were conducted over
multiple years in one of the RASs within the Lincoln University
research facility at George Washington Carver Farm. Fish within
a given experiment were housed in similar-sized tanks within the
same RAS. Common features of all RASs were a sump tank, a
solid waste filtering system (bead or drum filter), and submerged
media biofilters. Tank size varied from 102 to 795 L depending

on the system. Air diffusers powered by a regenerative blower
provided supplemental aeration. Water residence time generally
ranged from 30 to 45 min depending on the system. A photope-
riod of 14 h light : 10 h dark was employed starting at 0600 or
0700 hours. Temperature and dissolved oxygen were measured
daily. The dissolved oxygen was maintained above 6.0 mg/L.
Water temperature reflected ambient conditions and varied with
experiment from 23.3◦C to 24.1◦C (SD < 2◦C) for all stud-
ies except the belt feeder study, which had a mean temperature
of 25.7◦C. Other water quality characteristics were measured
weekly from a common sump tank within an experimental sys-
tem, except in the density experiment, where variables were
measured from individual tanks. The average total pH was be-
tween 7.8 and 8.4; ammonia nitrogen was below 0.07 mg/L;
nitrate-nitrogen was below 8.7 mg/L; and nitrite-nitrogen was
below 0.054 mg/L. All water quality values were within the
normal ranges for warmwater fish species (Boyd and Tucker
1998).

Species performance.—Two experiments compared growth
performance of juvenile Black Crappies and White Crappies. In
the first experiment, crappies were fed one of two locally avail-
able commercial feeds, allowing us to determine a feed pref-
erence and investigate species-specific growth characteristics.
Juvenile crappies of the same species with a mean individual
weight of approximately 4 g were stocked into 795-L tanks at
a rate of 200 fish/tank. Group weights of fish within tanks were
obtained initially and monthly thereafter until termination of
the experiment at 140 d. Feed type 1 was a 2-mm, slow-sinking,
extruded feed formulated for steelhead (anadromous Rainbow
Trout Oncorhynchus mykiss); the feed had a reported minimum
protein content of 45%, a minimum lipid content of 15%, and
a maximum fiber content of 3%. Feed type 2 was a sinking,
1.2-mm feed with a reported minimum protein content of 50%,
a minimum lipid content of 16%, and a maximum fiber content
of 3%. The two feeds were given to four replicate tanks of each
species; feed was provided by 12-h belt feeders loaded in the
morning. Initial feed amounts were fed at a rate of approxi-
mately 3% of body weight daily. Feed amounts were increased
weekly by calculating the expected gain based on an estimated
conversion of 1 unit of gain to 1.75 units of feed. Feed amounts
were recorded. Monthly group weights of fish from each tank
were used to adjust feed amounts to reflect the actual fish weight
in each tank. Weight gain, feed conversion ratio (FCR; as-fed
basis), and specific growth rate (SGR) were calculated.

The second experiment compared performance of Black
Crappies and White Crappies at different density levels. Each
crappie species was stocked into two replicate 102-L tanks at
fish densities of 0.81, 1.62, 3.25, and 6.50 g/L. Fish with initial
mean individual weights of approximately 3 g were stocked into
the tanks, resulting in approximate fish numbers of 25, 50, 100,
and 200 per tank, respectively. Group weights were obtained
monthly thereafter until the end of the experiment at 120 d. Pu-
rina Aqua Max 300 (with a reported minimum protein level of
50%, a minimum lipid level of 16%, and a maximum fiber level
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of 3%) was administered with 12-h belt feeders as previously
described. The feeding method in this experiment resulted in
overfeeding of the fish, and therefore the FCR is not reported.
At the termination of the experiment, each fish was individually
weighed, and group weights were calculated by summation of
the individual weights. The survival rate in a given tank was
estimated based upon observed mortalities and the ending num-
ber of fish within that tank. Percent weight gain and SGR were
calculated.

Habitat enhancement.—Three tank habitat enhancement
treatments were compared relative to unaltered control tanks
to determine whether habitat enhancement affected Black Crap-
pie feed consumption and growth in 150-L tanks. Treatments
consisted of a top cover structure (TCS), a dark bottom struc-
ture (DBS), and both (TCS/DBS); light-blue tanks served as the
control. The TCS consisted of a white “egg crate” sheet ceiling
lighting panel (obtained from a local hardware store) that was
cut to cover half of the water surface in each tank. The DBS
consisted of black plastic that was cut to fit the tank bottom and
covered with a screen to keep the plastic in place. The TCS/DBS
treatment included both the top cover and the dark bottom. Three
replicates per treatment were randomly assigned to 12 tanks
within the same RAS. Each tank was stocked with 12 Black
Crappies weighing approximately 15 g each. Fish were allowed
to acclimate for 1 week. All fish were given an experimental
diet from our preliminary unpublished feed study (46% protein,
14.7% lipid; digestible energy = 364 kcal/100 g). The diet was
hand fed to apparent satiation at 0800, 1200, and 1600 hours,
Monday–Saturday, for 8 weeks. The feed amounts consumed
were measured daily. Body weight gain, percent weight gain,
and FCR (dry matter) were calculated.

Time and duration of feeding.—In the fourth experiment,
12- and 24-h belt feeders were used to determine the preferred
feeding time and duration of feeding for hybrid crappies. The
12-h belt feeders were loaded at 1700 hours, and the 24-h belt
feeders were loaded at 0800 hours. Young-of-the-year hybrid
crappies less than 20 g were stocked into six 190-L tanks, with
14 fish/tank. The photoperiod was 14 h light : 10 h dark, and the
lights were set to turn on at 0600 hours. Supplemental lights,
which allowed visibility into tanks for observation of individual
fish, remained on during the dark phase. Fish were allowed to
acclimate for 1 week. A readily available commercial feed (Sil-
ver Cup 3.5-mm, floating extruded steelhead feed) was placed
in the belt feeders at appropriate times; the initial feed amount
was 3 g/tank (∼1.3% of body weight). Feed amounts were
adjusted by daily scoring at 0800 hours; scoring consisted of
(1) tossing two to three feed pellets into tanks of unalarmed fish
that had consumed all administered feed; and then (2) observing
the fish’s feeding activity. Feed amounts were increased by 1 g
in tanks of fish that exhibited aggressive feeding activity on two
consecutive days or on 2 d over a 3-d period. Feed amounts re-
mained constant in tanks of fish that failed to exhibit aggressive
feeding activity but had consumed all feed that was provided.
Feed was decreased by 1 g for tanks in which feed was not

totally consumed on two consecutive days. Body weights were
obtained at the beginning, middle, and end (i.e., at 12 weeks)
of the experiment. Feed amounts were recorded daily. Body
weight gain, percent weight gain, and FCR (dry matter) were
calculated.

Data collection and analysis.—For all four experiments,
group weights of fish within individual tanks were obtained
by lightly sedating the fish with a brief exposure to system
water treated with tricaine methanesulfonate (Tricaine-S). In-
dividual mean weights were obtained by dividing the group
weight by the number of fish within the tank, except where
noted. The amounts of feed consumed were recorded daily.
Body weight gain, percent weight gain, and feed consumption
were calculated. The SGR was determined as [100 × (logeWf –
logeWi)/d], where Wf is final average body weight, Wi is initial
average body weight, and d is the duration (d) of the exper-
iment. The FCR was calculated as total feed consumed (dry
matter or wet matter, depending on the experiment) divided by
the body weight gain (without accounting for mortality). The
ammonia nitrogen, nitrite-nitrogen, and nitrate-nitrogen levels
were determined with a Hach Cell/850 m (Hach Co., Loveland,
Colorado) using the salicylate method, diazotization method,
and cadmium reduction method, respectively.

Tanks were considered the statistical unit. Complete random-
ized designs were used for the experiments. Data were analyzed
by either one-way ANOVA or two-way ANOVA using the Sta-
tistical Analysis System (SAS Institute 2002). Differences be-
tween means were identified by using Fisher’s least-significant-
difference test, with α set at 0.05.

RESULTS

Species Performance
Significant differences in growth performance occurred be-

tween fish that received the two feeds, but growth did not differ
between Black Crappies and White Crappies (Table 1). Survival
rate and FCR were not different between feed treatment groups
or between species. Fish that were given the type 2 feed out-
performed those that were fed the type 1 feed in terms of final
biomass, percent body weight gain, SGR, and final mean body
weight (P = 0.001).

The growth performance of crappies reared at different den-
sities is presented in Table 2. There were no significant differ-
ences in growth between Black Crappies and White Crappies
held at similar density levels; survival rate did not differ between
species or among density levels. There was a direct relationship
between final biomass and density level, with significant dif-
ferences occurring only between some of the successive levels.
Percent weight gain, SGR, and final mean fish weight tended
to have inverse relationships with fish density; however, differ-
ences were only significant in some of the comparisons between
nonsuccessive levels. Estimated mean survival rate per density
treatment ranged from 73% to 96%. A majority of the mortalities
resulted from fish jumping out of their tanks. Crappie weights

D
ow

nl
oa

de
d 

by
 [

D
ep

ar
tm

en
t O

f 
Fi

sh
er

ie
s]

 a
t 1

7:
53

 1
7 

N
ov

em
be

r 
20

14
 



386 DUDENHOEFFER ET AL.

TABLE 1. Growth performance (mean ± SE) of juvenile Black Crappies and White Crappies that were fed two types of commercial feed for 140 d (n = 4
tanks; FCR = feed conversion ratio; SGR = specific growth rate). For a given variable, means with different letters (when present) are significantly different (P <

0.05).

Variable or effect P-value
Black Crappies,

type 1 feed
Black Crappies,

type 2 feed
White Crappies,

type 1 feed
White Crappies,

type 2 feed

Initial biomass (g) 884.7 ± 30.9 872 ± 37.6 849.9 ± 6.1 820.0 ± 16.6
Initial mean weight (g) 4.4 ± 0.1 4.4 ± 0.2 4.3 ± 0.0 4.1 ± 0.1
Final biomass (g) 4,403.8 ± 560.3 y 5,970.1 ± 406.7 z 3,745.5 ± 376.9 y 5,720.4 ± 222.4 z

Species effect 0.289
Feed effect 0.001
Species × feed effect 0.627

Weight gain (%) 397.1 ± 59.3 y 583.6 ± 32.6 z 341.5 ± 46.3 y 599.7 ± 38.8 z
Species effect 0.671
Feed effect 0.001
Species × feed effect 0.445

Survival (%) 82.1 ± 8.5 90.8 ± 3.4 77.9 ± 8.8 82.6 ± 5.2
Species effect 0.385
Feed effect 0.349
Species × feed effect 0.783

FCR 1.99 ± 0.18 1.82 ± 0.05 1.88 ± 0.08 1.60 ± 0.11
Species effect 0.172
Feed effect 0.078
Species × feed effect 0.637

SGR 1.11 ± 0.09 y 1.34 ± 0.04 z 1.03 ± 0.08 y 1.36 ± 0.04 z
Species effect 0.618
Feed effect 0.001
Species × feed effect 0.465

Final mean body weight (g) 26.7 ± 1.0 y 33.0 ± 2.4 z 24.4 ± 1.9 y 34.9 ± 2.0 z
Species effect 0.918
Feed effect 0.001
Species × feed effect 0.285

at the termination of the experiment ranged from 9.35 ± 0.6 g
(mean ± SE) to 17.60 ± 0.9 g. Water quality within tanks was
similar among the density treatments (data not shown).

Habitat Enhancement
Table 3 shows the results of the habitat enhancement experi-

ment. Growth characteristics of Black Crappies from the TCS,
BDC, or TCS/BDC treatment did not significantly outperform
those of fish from the control tanks. Significant differences did
occur between the TCS and BDC treatments: TCS fish had
greater final weight, percent weight gain, and feed consumption
than BDC fish (P < 0.05). Growth characteristics for fish in the
TCS/BDC treatment were intermediate of those from the TCS
and BDC treatments. There was no difference among treatments
in FCR or survival rate; the survival rate was 100%.

Time and Duration of Feeding
Table 4 presents the growth performance of hybrid crappies

that received feed from the 12- and 24-h belt feeders. Weight
gain, percent weight gain, and feed consumption did not differ

between treatments. Fish that were fed by use of the 12-h feeder
loaded in the afternoon had significantly improved FCR rela-
tive to fish that were fed continuously for 24 h. No mortalities
occurred during this experiment.

DISCUSSION
Knowledge of the indoor rearing of crappies is limited. Crap-

pies must be trained to consume dry diets, which is essential for
their viability as a food fish. Feed training is typically per-
formed indoors by confining the fish at relatively high densities
and taking them gradually through a feed transitional phase
from a readily acceptable initial food, such as fish eggs or brine
shrimp, to a starter feed (Smeltzer and Flickinger 1991; Arsland
and Phelps 2004). For the current experiments, we used two
different procedures to feed train multiple batches of fingerling
crappies of both species and their hybrids over multiple years.
First-time feed training success was estimated at above 60%
regardless of the procedure employed. The procedures were
not compared; however, both techniques produced fish that
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TABLE 3. Growth performance (mean ± SE) of juvenile Black Crappies reared within four different tank (150 L) environments for 56 d (n = 3 tanks;
TCS = top cover structure; BDC = bottom dark covering; TCS/BDC = both; control = light-blue control tanks; consumption = mean total fish feed consumption;
FCR = feed conversion ratio, dry matter basis). For a given variable, means with different letters (when present) are significantly different (P < 0.05).

Treatment Initial weight (g) Final weight (g) Weight gain (g) Weight gain (%) Consumption (g) FCR

Control 14.9 ± 0.2 24.1 ± 1.4 zy 9.2 ± 1.3 zy 61.7 ± 7.9 zy 9.2 ± 0.9 z 1.03 ± 0.04
TCS 14.9 ± 0.3 24.8 ± 0.2 z 9.9 ± 0.1 z 66.6 ± 1.9 z 9.6 ± 0.0 z 0.97 ± 0.01
BDC 14.1 ± 0.4 19.3 ± 2.6 y 5.2 ± 2.3 y 36.0 ± 15.8 y 6.3 ± 1.3 y 2.77 ± 1.74
TCS/BDC 15.0 ± 0.5 22.1 ± 0.6 zy 7.1 ± 0.6 zy 48.2 ± 4.7 zy 7.2 ± 0.5 zy 1.00 ± 0.03

appeared very healthy. Success rates estimated at over 80%
could be achieved by separating emaciated fry that did not ap-
pear feed trained and subjecting them to a second feed training
regimen. There is a need for future studies that compare crappie
feed training procedures and that determine the optimum age
or size at which to initiate the training. The use of dry krill,
which simplifies feed training and reduces labor, indicates that
alternative methodologies more suited for mass food production
could be successful for application to crappies.

Crappies in this study, as well as other crappies reared in our
systems, adapted well to the RASs and continued to accept dry
feeds. Although feed consumption by crappies seemed less ag-
gressive than that of other centrarchid species, the SGR reported
for the first two experiments were comparable to those previ-
ously observed for similar-sized Bluegill Lepomis macrochirus
hybrids (Tidwell et al. 1992; Hayward et al. 2000) during the
early stages of Bluegill culture as a food fish.

Group weights within tanks of lightly sedated fish were ob-
tained at regular intervals with no casualties, and the fish ate
normally several hours after weighing. This observation and the
duration of the experiments in RASs confirmed that Black Crap-
pies, White Crappies, and their hybrids can acclimate to RAS
culture and can tolerate the stress of routine handling during
experimental and indoor culture conditions.

Increased performance occurred in both species when fed
the type 2 commercial feed. The two feeds differed in nutrient
content, size, and sinking rate. The additional protein in the type
2 feed (50% protein in type 2 versus 45% protein in type 1) was
the most plausible factor for explaining the growth differences.
Additionally, type 1 feed could arguably contain increased lev-
els of digestible carbohydrates to compensate for the decreased
protein level, as the two feeds contained similar lipid and fiber
levels. Within the Centrarchidae, reduced growth has been as-
sociated with increased digestible carbohydrate levels in diets

for Largemouth Bass Micropterus salmoides (Goodwin et al.
2007; Amoah et al. 2008; Csargo et al. 2013). The effects of di-
etary digestible carbohydrates on other centrarchids, including
crappies, have not been reported. Tolerable dietary carbohydrate
levels for carnivorous species vary but are typically below 20%
(Hemre et al. 2002; Amoah et al. 2008). The results of our feed
experiment indicate that the two crappie species have similar
nutrient requirements, as they showed similar growth responses
to the same diet.

The species performance experiments (i.e., the first and sec-
ond experiments) indicated no difference in growth or survival
rate between juvenile Black Crappies and White Crappies within
similar treatments in either experiment. This contradicts the ob-
servations by Buck and Hooe (1986) in pond studies; those
authors noted that the Black Crappie was a hardier species with
better performance than the White Crappie. The culture setting
could explain the contradictory results.

The density-dependent pattern of crappie growth as observed
in the second experiment is typical of most species and has been
reported for other centrarchids (Wang et al. 2000; Anderson
et al. 2002). No differences in percent weight gain or SGR oc-
curred within crappie species until density levels reached above
3.25 g/L. This level was higher than the highest density used by
Wang et al. (2000) and Anderson et al. (2002). This result could
indicate that crappies, possibly due to their schooling nature, are
able to maintain their growth performance at higher densities
than other centrarchid species. However, because the density
levels used in the studies are dissimilar, it is difficult to compare
the species or to draw any definite conclusions.

The third experiment, which took place in smaller aquaria
(150 L) within our research facility, indicated that habitat en-
hancements did not produce a significant improvement in the
growth of Black Crappies. Our prior observations noted differ-
ences in fish growth and feed consumption between cohorts in

TABLE 4. Growth performance (mean ± SE) of juvenile hybrid crappies fed for 84 d by use of 12-h belt feeders (loaded in the afternoon) or 24-h belt feeders
(loaded in the morning; n = 3 tanks; consumption = mean total fish feed consumption; FCR = feed conversion ratio, dry matter basis). For a given variable, means
with different letters (when present) are significantly different (P < 0.05).

Treatment Initial weight (g) Final weight (g) Weight gain (g) Weight gain (%) Consumption (g) FCR

12-h feeder 18.1 ± 0.2 34.5 ± 2.6 16.4 ± 2.8 90.5 ± 16.6 27.9 ± 4.9 1.71 ± 0.08 z
24-h feeder 19.6 ± 0.8 31.2 ± 0.2 11.6 ± 0.2 59.5 ± 6.5 28.5 ± 5.1 2.43 ± 0.26 y
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smaller tanks (<150 L) and those in larger tanks (>360 L). Our
preliminary trial further supported this observation. Crappies in
the TCS treatment (a partial surface covering) tended to outper-
form the fish in the control tanks; the TCS fish also significantly
outperformed the fish in the DBC tanks. Observations revealed
that fish in TCS tanks tended to stay under the covered top in the
middle portion of the water column, whereas fish in other treat-
ments tended to remain near the bottom of the tank. Crappies
are often associated with heavy cover. The fish appeared more
secure beneath the structure in the TCS treatment. The structure
may have also reduced the light intensity. For scientific purposes,
the use of smaller aquaria with reduced fish numbers maximizes
research efforts and reduces research costs. The smaller tanks
may affect growth in crappies by increasing stress levels due to
the shallow and limited water volume. Crappies in the wild are
not normally found in shallow water except for brief spawning
periods. Stress has been shown to affect production character-
istics of fish (Overli et al. 2005). Within RASs, fish stressors
are generally associated with degradation of water quality due
to high fish densities. However, increased stress has been as-
sociated with behavioral antagonism (Wang et al. 2000) and
species-specific behavior requirements for space (Conte 2004).
Studies of other fish species have shown that fish growth can
be affected by tank color (Tamazouzt et al. 2000; Rotlant et al.
2003; Papoutsoglou et al. 2005; Karakatsouli et al. 2007), light
intensity (Volpato and Barreto 2001; Strand et al. 2007), and
bottom substrate (Batzina and Karakatsouli 2012). Although no
significant growth differences occurred between fish in the con-
trol tanks and those in the treatment tanks, this experiment did
indicate that tank habitat could influence the growth of crappies.
Future studies could consider ways of improving the culture en-
vironment by increasing tank size, enhancing tank habitat, and
adjusting the light intensity.

The fourth experiment, which examined the time and dura-
tion of feeding, demonstrated that hybrid crappies can be cul-
tured successfully in RASs. This experiment indicated a possible
advantage in feeding fish with 12-h belt feeders loaded in the
afternoon due to improved FCR relative to that obtained from
using 24-h belt feeders. The nonsignificant weight gain in fish
that received feed from the 12-h belt feeder could have caused
a difference in FCR even though feed consumption was similar
between the two treatments. The use of automatic feeders can
reduce feeding time and labor. Continuous feeding compared to
limited set feeding times has been reported beneficial for other
species, such as White Sturgeon Acipenser transmontanus (Cui
et al. 1997) and Rainbow Trout (Holm et al. 1990; Hung and
Storebakken 1994). The late (i.e., afternoon) start of feeding in
the 12-h treatment avoided most of the human activity related
to the daily care of the tanks and RAS.

This study demonstrated that Black Crappies, White Crap-
pies, and their hybrids can be cultured successfully indoors.
However, much of the methodology for indoor culture has not
yet been fully established. There was no difference in early
growth between Black Crappies and White Crappies when fed

different commercial feeds or when reared at different densities.
There was an indication that crappies required a high-protein
diet to support superior growth. Additionally, growth can be
affected by tank environment and possibly by feeding regimen.
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Abstract
To identify fish eggs collected in the field to species, a portable

closed-system fish egg incubation system was designed and used
to incubate and hatch the eggs in the laboratory. The system is
portable, small in scale (2.54 × 1.52 × 2.03 m), and affordable,
with the approximate cost of the system being US$8,300 (2012).
The main tank is 678 L and holds a battery of up to 21 (egg) incu-
bation jars. The system includes three independent water pumping
systems to (1) provide aerated water to hatching jars, (2) filter and
sterilize incubation water, and (3) provide temperature-controlled
water in the main tank bath and the incubation jars. The system
was successfully used to incubate freshwater fish eggs to raise re-
sulting larvae to the post-yolk-sac stage for three seasons (spring
2012, spring 2013, and fall 2013) over two consecutive years, at two
different locations, enabling us to identify fish eggs to species by
providing identifiable fish larvae from incubated fish eggs.

Identifications of fish eggs made in the field often result in
false or vague results due to overlapping fish spawning periods
and similar egg morphology across fish species, such as size
(diameter), color, and shape (Auer 1982; Wallus et al. 1990; Kay
et al. 1994; Simon and Wallus 2003, 2006; Wallus and Simon
2006, 2008). Preservation of eggs in order to later identify them
in the laboratory can be problematic. Preservation of freshwater
fish eggs can distort their physical appearance. For example,
ethanol dehydrates the eggs and embryos, and formalin requires
special safety and disposal procedures (Galat 1972). Some aids
to egg identification include knowing the identity of adult fish

*Corresponding author: eroseman@usgs.gov
Received March 19, 2014; accepted June 9, 2014

spawning in the area, habitat characteristics where eggs were
collected, time of year, egg size, color, and morphology (Auer
1982; Wallus et al. 1990; Kay et al. 1994; Simon and Wallus
2003, 2006; Wallus and Simon 2006, 2008). But these aids of-
ten overlap and provide conflicting results. Genetic methods
can also be used to identify fish eggs, but they are expensive,
often require more tissue than provided in an individual egg,
and require a known egg or tissue sample for comparison, and
the results are often not known for several weeks due to sample
processing and data analysis times (Mork 1983; Carvalho and
Pitcher 1995). Hatching field-collected fish eggs in the labora-
tory can provide more accurate identification and improve the
resolution and quality of data derived from fisheries programs
that sample fish eggs in the field. Pro- and metalarvae of fish
are often easier to visually identify because characteristics are
more distinct and descriptions of larvae are better documented
than they are for fish eggs (Auer 1982; Wallus et al. 1990; Kay
et al. 1994; Simon and Wallus 2003, 2006; Wallus and Simon
2006, 2008).

Increasing demand for commercial production of fish along
with the increasing need for fish conservation and research has
caused an increase in the design and production of fish egg and
larvae rearing systems. Incubation systems have been designed
and tested for uses such as ornamental and food fish produc-
tion and as a tool used to conserve rare and endangered fish
populations (Philippart 1995; Gisbert and Williot 2000; Krejsz-
eff et al. 2010). Systems have also been designed for rearing
eggs and obtaining mature gametes through artificial spawning
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392 SUTHERLAND ET AL.

(Kucharczyk et al. 1996). Publication of specific design and use
of these systems is important so they can be used throughout
areas of fish culture including fisheries research and fish produc-
tion. Important aspects of freshwater fish egg and larval rearing
systems include providing an environment that reduces egg mor-
tality due to environmental stress (i.e., filtration and temperature
control), a system that promotes egg development, and one that
abates bacterial and fungal infestation (Conte 1988), along with
a design that allows easy viewing and access to the fish eggs
and larvae during incubation and rearing.

We constructed an affordable and portable freshwater fish
egg incubation chamber that allows for incubation of multiple
unique batches of fish eggs simultaneously. This manuscript
describes the components and construction of our fish egg-
hatching apparatus.

METHODS
Description of egg incubation chamber and construction

methods.—The design of our fish egg incubation system
(Figure 1) was based on other fish egg-rearing systems designed
for various research purposes. Heindel et al. (2005) designed an
inexpensive, small-scale, closed-circulation incubator that was
used to raise salmonid eggs up to first-feeding fry. Other fish
egg-hatching systems used water drawn from rivers or lakes
into a once-through system (Fast 1977; Holtgren et al. 2007).
Such hatching systems vary widely in cost, ease of disinfection,
portability, and ability to conserve water. They also pose several
other difficulties such as pollution of receiving waters, sediment
and algae buildup, variation in flow rate, and the need to be
located close to a water source (Liao and Mayo 1974; Birkbeck
and Walden 1977; Ng et al. 1992). However, these systems do
provide incubated embryos that have chemical cues to imprint to
natal waters, which is important for migratory fishes (Holtgren
et al. 2007; Crossman et al. 2009). Our intent in constructing a
portable, closed egg-incubation chamber was to minimize water
use by reusing and recycling the culture water, provide steriliza-
tion to reduce disease and fungal growth, control water temper-
ature to optimize and match embryonic development rates and
larval fish growth, and create an enclosed, self-contained, egg-
hatching system that could be set up and dismantled as needed
(Liao and Mayo 1974; Birkbeck and Walden 1977).

Our incubation chamber needed to have a small footprint to
facilitate transport and setup, and therefore be easily accommo-
dated in various wet laboratory locations, yet provide enough
room to incubate multiple, unique batches of fish eggs. The
system used reverse osmosis (RO) water the first year of use and
municipal water (due to the lack of access to a constant water
supply) the second year of use which was treated, conditioned,
and off-gassed to remove chlorine and chloramines. Our
incubator could be set up at any location possessing 110-V
and 220-V electric power and be independent of water supply.
Temperature control was also required to match the system
temperature to the source water temperature, reduce thermal

FIGURE 1. Side-view photograph of the portable, freshwater, closed-system,
fish egg incubation apparatus.

shock to the fish eggs, and provide a stable environment for
embryo development within the eggs. We also placed an air
stone in the main tank to keep dissolved oxygen levels at full
saturation. Lastly, we desired to abate the growth of fungus and
disease by disinfecting the fish eggs before placing them in our
incubator and during the incubation process. This involved the
use of RO or clean municipal water, initial disinfection of eggs
using an iodophor treatment, a hydrogen peroxide treatment
conducted regularly during rearing, and mechanical, chemical,
and ultraviolet (UV) treatment systems built into our fish egg
incubation system.

System overview and water circulation.—Three modes of
water circulation were included in our incubation system
(Figure 2). The pump in each system drew water from the pri-
mary holding tank through individual priming well and/or inlet
tubes (A in Figure 2). Our first pump system provided constant
water flow to each hatching jar. Water was pumped from the in-
sulated tank (B) using a high-efficiency pump (C) into the over-
head tubes. Water then drained down through regulating valves
to control water flow rate into the hatching jars (D) where it over-
flowed back into the tank into submersed mesh nets attached to
each of 21 hatching jars with binder clips. The high-efficiency
pump was selected because this pump had enough power to
move the water up through the tubing and down through the
hatching jars at approximately 246 L/min. The second system
provided filtration and sterilization of the water. For this system,
water was pumped out of the insulated tank (B) at a specific flow
rate of 48 L/min using a magnetic drive pump (E); then water
was pumped through the carbon and paper canister filter (F)
to remove sediment, larger particles, and impurities. Water was
then pumped through two 40-W UV light chambers (G) to kill
microorganisms and then back into the tank (B). The water was
pumped by the magnetic drive pump at a rate of 48 L/min in
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TECHNICAL NOTE 393

FIGURE 2. Top-view schematic (not to scale) of the parts required for con-
struction of the filtration and pumping systems: priming wells (A), insulated
tank (B), water distribution pump (C), hatching jars (D), filtration pump (E),
cartridge filter (F), UV lights (G), temperature pump (H), in-line flow switch
(I), heat pump–chiller (J), thermostat (K), ball valves (L), float valve (M). Letter
designations correspond to those in Table 1.

order to maintain adequate retention time and maximum steril-
ization efficiency. The third water circulation system provided
temperature control. The water was pumped out of the tank (B)
using another magnetic drive pump (H) (the power of this pump
matched the requirement for the heat pump–chiller, approxi-
mately 128.7 L/min), which moved the water through the flow
switch (I), into the heat pump–chiller (J), and then back into the
tank (B). A thermostat (J) was attached to the outside of the tank,
and a connecting probe was placed in the tank to measure wa-
ter temperature within ± 0.1◦C; the thermostat controlled the
heat pump–chiller. The flow switch in this circulating system
monitored water flow through the heat pump–chiller as a safety
precaution to minimize the chance of failure due to running the
heat pump–chiller dry, and it was included to shut off the heat
pump –chiller if the water flow stopped.

Plumbing for the tank, pumps, filter, valves, and UV lights
were connected using priming wells, PVC pipes, ball valves
(K), and clear PVC tubing. The heat pump–chiller required
access to 220-V, 20-A AC power, while the water pumps, UV
lighting, air pump, canister filter, thermostat, and the flow switch
required standard 110-V, 20-A AC power. For safety, a ground
fault circuit interrupter (GFCI) switch was used at the 110-V AC
outlet to minimize the risk of electric shock in the vicinity of
the water. The entire pump and filtration setup was constructed
and screwed onto pallets for easier transport, along with extra
lumber to support the UV lights. A fourth optional circulation
system was employed the first year of use. The tank was hooked
up to a water supply and automatically filled if the water dropped
below a predetermined level in the primary tank. The optional
autofill system was built into the tank using a float valve (L).
In the second year of using this portable system, there was
no easily accessible spout for the float valve to attach to, and
the tank was periodically filled using a bucket and municipal
tap water, making sure to treat the tap water for chlorine and
chloramines before adding it into the tank. Water from the egg-
source river or lake was never put into the system in order
to prevent the potential spread of invasive species and/or the

FIGURE 3. Side-view schematic (not to scale) of the hatching jar construction
and function. Refer to Table 1 for part information. The dotted line indicates
pieces that were cut off.

growth of pathogens, which could increase mortality of the fish
eggs and larvae.

Construction of hatching jars.—Commercial hatching jars
are readily available from a variety of sources. However, the
separation of eggs collected at different sites and possessing
different morphological characteristics required us to maximize
the number of hatching jars in our egg incubator; therefore we
constructed smaller and narrower jars out of PVC pipe (Fig-
ures 1, Figures 3). The primary water vessel of the hatching jars
consisted of two parts: the cap (at the bottom) and the pipe, both
made with clear PVC. Using clear PVC for the primary vessel
added to the overall cost but allowed the user to view egg move-
ment and water flow within the jar. To minimize the chance of
eggs being caught at the pipe–cap joint, the interior of the tube
was beveled to eliminate any potential egg blockage.

The top hanger–overflow portion was made up of three parts,
all consisting of less-expensive white PVC (Figure 3; Table 1).
These three parts were a tee, PVC pipe, and an elbow. The
tee connected to the clear PVC pipe at one of the two “straight
hubs,” the PVC pipe connected to the 90◦ tee-hub, and the elbow
connected to the pipe and oriented so that the bend pointed down,
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394 SUTHERLAND ET AL.

TABLE 1. Materials needed to build the portable, freshwater, closed-system, fish egg incubation system, including their product details and quantity (refer to
Figures 1, 2, 3, and Figure 4). Unless otherwise noted, all plastic connections and joints in our incubator were the white, “slip,” and “schedule-40” variety, glued
together using standard PVC primer and cement. The measurements refer to inner diameter.

Product name Product details Quantity

Priming wells (A) 10.16-cm PVC pipe (A), 60.96 cm length 3
(refer to Figure 4) 10.16-cm × 10.16-cm × 3.81-cm PVC reducing tee (2 each) 6

10.16-cm caps (2 each) 6
3.81-cm PVC pipe (B), 7.62 cm length 3
3.81-cm 90◦ PVC elbow 3
3.81-cm PVC pipe (C), 60.96 cm length 3

Insulated tank (B) Insulated tank, 678 L, 1.21 m × 1.09 m × 0.97 m 1
Water distribution pump (C) High-efficiency pump, SHE 2.4, 3.81 cm FNPT inlet–outlet, 1,725 rpm

motor
1

Hatching jars (D) 10.16-cm tee 21
(refer to Figure 3) 10.16-cm PVC pipe, 7.62 cm length 21

10.16-cm 90◦ elbow 21
10.16-cm clear PVC pipe, 30.48 cm length 21
10.16-cm clear PVC rounded cap 21
1.91-cm clear PVC pipe, 50.80 cm length 21
Plexiglas “hangers,” 8.89 cm × 2.54 cm × 0.64 cm (3 each) 63
Plexiglas “spacers,” 3.81 cm × 2.54 cm × 0.64 cm (3 each) 63
1.27-cm clear PVC tube, 91.44 cm length 21
Binder clips (2 per hatching jar) 42

Filtration pump (E) Magnetic drive, 1/30 hp, 1.5 A, 2.54 cm in–out (2MDQX-SC) 1
Cartridge filter (F) Jacuzzi (Carvin) CFR cartridge filter 1

Carbon
UV light (G) 16.3–9.8 gal/min (gpm), 40-W lamp, 757 L 2
Temperature pump (H) Magnetic drive, 439 ft maximum head, 3.4 A, 2.54-cm in–out

(MD-100RLT, Japanese motor)
1

Flow switch (I) In-line flow switch, 3.81-cm slip 1
Heat pump–chiller (J) 1 hp, 12,000 BTU/h, 20/35 gpm, 3.81 cm inlet–outlet, 230 V 1
Thermostat (K) Single-stage digital controller 1
Ball valves (L) 3.81-cm union ball valve 1

2.54-cm union ball valve 4
2.54-cm ball valve 2

Float valve (M) Float valve 1
2.54-cm PVC pipe
2.54-cm 90◦ elbow 4
2.54-m adapter 1

Manifold 2.54-cm PVC pipe
(refer to Figure 3) 2.54-cm stainless steel pipe hanger clamps ∼15

2.54-cm 90◦ elbows 6
Reducing tees (2.54 cm × 2.54 cm × 1.91 cm) 21
1.91-cm to 1.27-cm reducer 21
1.27-cm coupling 42
1.27-cm compression stop valve 21
1.27-cm female adapter 21
1.27-cm plastic barb 21
2.54-cm 45◦ elbow 1
2.54-cm union ball valve 1
2.54-cm adapter 1
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TECHNICAL NOTE 395

TABLE 1. Continued.

Product name Product details Quantity

Aerator Air stone 1
Clear air tubing (∼3 m) 1
Air pump 1

Lumber Posts (10.16 cm × 10.16 cm × 2.44 m) 4
(refer to Figure 1) Wood frames (5.08 cm × 10.16 cm × 1.35 m) 4

Wood frames (5.08 cm × 10.16 cm × 1.60 m) 4
Pallets 2
Extra 5.08-cm × 10.16-cm lumber to prop UV lights up

Mesh nets 91.40 cm Nitex bolting cloth, 250-µm mesh 2
100% nylon invisible thread 1

Miscellaneous PVC male and female adapters
Couplings
3.81-cm stainless steel hose clamps ∼20
Large stainless steel hose clamps (to hold UV lights) 4
PVC cement
PVC primer
Plastic epoxy
High vacuum grease
GFCI switch 1
3.81-cm threaded union 1
2.54-, 3.18-, and 3.81-cm 90◦ and straight barbs
2.54-, 3.18-, and 3.81-cm 90◦ elbows
2.54-, 3.18-, and 3.81-cm clear PVC tubing
2.54-, 3.18-, and 3.81-cm PVC pipe

parallel to the clear pipe. Once glued together and dry, the top
half of the “tee, pipe, elbow” combination was cut off to provide
physical and visual access to the water drain portion. The “tee,
pipe, elbow” combination acted as the hanger for the egg-rearing
jar on the edge of the tank.

To get water to the bottom of the jar and provide positive flow
from the bottom to the top of the jar, a clear PVC pipe was placed
down the center of the primary water vessel of the jar (Figure 3).
Three Plexiglas “hangers” were spaced evenly around the pipe
and glued into place (with plastic epoxy) so that when inserted
in the jar, the lower pipe end was suspended 0.6 cm above the
cap with the upper pipe end extending approximately 2.5 cm
above the jar. The hangers were notched so that they rested over
the top portion of the jar (cut “tee, pipe, elbow” combination)
when in place. In addition, three “spacers” were glued about
7.6 cm up from the pipe end, equidistant from each other, to
hold the pipe in the center of the jar. A clear PVC tube was
placed into this pipe to deliver water from the overhead water
supply manifold (Figure 3).

Other construction procedures.—To construct the overhead
water distribution assembly, a wooden frame was built around
the tank (Figure 1) to hold the tubing that carries the water
down into each hatching jar. The frame was supported with four
posts positioned at each corner of our incubator. Attached to
the posts were two frames screwed to the inside (bottom frame)

and outside (top frame) of the corner posts to form a rectangular
frame around the perimeter of the tank. One frame was posi-
tioned at the top end of the posts, approximately 0.9 m above
the top of the tank, to hold the water distribution manifolds and
tubing for the hatching jars. A second frame (only around three
sides of the tank) was positioned approximately 30.5 cm down
from the top of the tank and positioned right at the bottom
end (cap) of the hatching jars to hold them away from the tank
(keeping them upright) (Figures 1, 3). Another wooden support
was placed across the top frame to hold the plastic float valve in
position.

The water distribution manifold–pipe structure, which went
around the top frame and distributed water to each of the jars,
consisted of a series of reducing tees, 90◦ elbows, and enough
PVC pipe cut to desired lengths (Figure 3). The manifold
essentially consisted of a series of pipes, reducing tees, and pipe
connections running around the top frame. A reducing tee was
attached to the pipe above each jar and oriented at a 90◦ angle
facing down to the jar. The final segment of pipe surrounding
the tank was diverted into the tank to direct water overflow back
into the tank. A union ball valve was connected with adapters
to the end of the pipe to control the flow and overhead pressure
of the water delivery system. Construction of the valve portion
of the manifold and parts required are described in Figure 3
and Table 1.
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396 SUTHERLAND ET AL.

FIGURE 4. Side-view schematic (not to scale) of the construction and function
of a priming well. See Table 1 for part details; letter designations correspond to
those in Table 1.

Three priming wells were constructed to aid in the water flow
of the three pump circulation systems (Figure 4). Each priming
well consisted of the following: one piece of PVC pipe, two
reducing tees attached to each end of the pipe and positioned
so that the reducing tees pointed in opposite directions, and two
caps on the top and bottom of each reducing tee. Attached to
one of the reducing tee outlets was one 7.6-cm length of PVC
pipe, one 90◦ elbow, and one 61-cm length of PVC pipe. This
pipe was configured to run parallel to the priming well and was
used to hang the priming well over the tank wall. Each of the
priming wells were connected to the other components of the
water circulating systems by adapters and a union ball valve.
From the union ball valves, other components of the circulating
systems were connected with the “miscellaneous” parts listed in
Table 1. The diameters of these components were determined by
the size of the inputs and outputs of the pumps, filtration systems,
float valve, flow switch, and priming wells. Clear PVC tubing
was used whenever a straight PVC pipe could not be used.

Daily operation and maintenance.—The tank was filled two
different ways, depending on the water supply. The first year,
it was filled with RO water and the second year it was filled
from a municipal (tap) water supply. When the municipal water
was used, enough dechloraminator (Mars Fishcare, Chalfont,
Pennsylvania) was added to the water (according to product
instructions) while the tank was being filled to neutralize the
chlorine and chloramines in 678 L of municipal water. When
the tank was full, each priming well was detached at the union

ball valve and filled with water by submerging them in the tank,
opening the valve, letting them fill with water, closing the valves,
and then hanging them back over the tank and reconnecting them
to their original circulating system.

To activate each circulating system, each pump was plugged
into the 110-V power supply while simultaneously opening the
union ball valve attached to the associated priming well. All
other inline valves were also checked to make sure they were
open at this time, and the outflow pipe back to the primary tank
was monitored to make sure water was successfully pumped
through the system. For the overhead water distribution man-
ifold, the water was initially pumped through the piping with
all the valves to the jars shut off. Once water was flowing, the
individual valves could be opened to provide water flow to each
jar. For the heat pump–chiller system, water was confirmed
to be flowing through the system before plugging in the heat
pump–chiller and thermostat. The thermostat could be adjusted
to activate and test the heat pump–chiller, to ensure that the
temperature was not too high or low, which would burn out the
heat pump–chiller. For the water filtering and UV light system,
the canister filter tank was filled with water (valves closed) prior
to assembling and securing the top. A rubber O-ring on the top
screw ring required cleaning and lubricating with high-vacuum
grease prior to assembly. Just before initiating the pump, the
air release valve on the top of the filter was slightly opened (to
release trapped air as the pump filled the filter) along with all
the valves. As soon as water started to flow from the air release
valve, the valve was quickly closed. After the filter was filled,
the UV light tubes quickly filled and water began to flow back
into the tank. After water was flowing through the filter–UV
light system, the UV lights were plugged in to a 110-V power
supply to activate the lights. At this point, once the desired water
temperature was reached, the system was fully operational and
could accept fish eggs.

Daily maintenance to the system included maintaining the
desired temperature, watching for algae and mold buildup, and
deciding when the system needed to be cleaned. Water pressure
within the overhead water distribution system could fluctuate
over time, so careful monitoring of water flow rates into each
jar was critical and was checked daily so that incubating eggs
were not flushed out of the jars. The water level in the primary
tank also required daily monitoring, especially during warm,
dry conditions, and was maintained to within 2.6–5.2 cm from
the top of the tank.

Initial and operational costs.—The initial construction cost
of the system was approximately US$8,300 (2012). Additional
costs included laboratory equipment to process and treat the
eggs and a one-time electrical cost (of up to $1,000 or more)
to install 220-V, 20-A AC and 110-V, 20-A AC electrical ser-
vice to the egg incubator. Once constructed, the system was
relatively inexpensive to operate. Aside from electricity costs,
miscellaneous consumable supplies and materials (e.g., filters,
charcoal, lubricant, air stones, water treatment, laboratory sup-
plies) generally amounted to less than $100 per season. The
most expensive item to maintain was the UV light system
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TECHNICAL NOTE 397

(approximately $70 per bulb), which required replacement of the
UV bulbs approximately every 9,000 h or 12 months, whichever
came first.

Labor requirements for construction and operation.—Initial
construction required the services of one person for approxi-
mately 1 month to procure equipment, supplies, and materials,
plus two people for an additional 1–2 weeks to construct the
incubator. The initial construction time might be shortened
for subsequent builds, because the routing for the plumbing
was designed during the initial build, which resulted in a few
reconfigurations of the plumbing to eliminate duplication.
Generally, only one person cared for and kept the system in
operation at about 2 h per day after setup. Shutdown at the end
of a season generally took 1–2 people less than 4 h to complete.
The majority of the time was centered on cleaning and drying
of the individual hatching jars and water delivery tubing.

System draining and shutdown.—Draining the system was
relatively easy. If the tank was situated over a floor drain, it could
be drained by opening the drain plug in the bottom of the primary
holding tank. If the tank was located in a place not suited for floor
draining, a small submersible pump and length of garden hose
could be used to drain the tank. After the tank was drained, the
plumbing systems could be disassembled to drain the remain-
ing water from the pipes. The filter cartridge (approximately $50
to replace) and charcoal were removed, cleaned and dried for
storage, and inspected to determine whether replacement was
needed before the next use. After the plumbing had been allowed
to drain and dry out, the system could be partially reassembled
(leaving the priming wells and connections to the primary tank
and frame disassembled for ease of moving and/or storage).
If movement was required, the system was set up into three
components; the tank, the frame, and the pump–filter system.

RESULTS AND DISCUSSION

Portability and Moving the System
Although we defined this system as “portable,” in reality

moving this system was somewhat complicated, and it was not
designed for rapid, frequent moves. Once disassembled, the
components (aside from the tank) were relatively fragile during
transport and subject to damage. The wooden frame, with the
water distribution manifold included, was particularly fragile
and difficult to transport due to its size and configuration. Some
of the PVC pipe that carried water down and into the hatching
jars had to be replaced once due to breakage during relocation.
This transport took over 4 h and three separate trips using a
pickup truck. In addition, the system cannot be placed in just
any location, as the weight, size, power, and water requirements
need to be considered before moving the components into place.

Species Tested
The species tested included, but were not limited to, Lake

Whitefish Coregonus clupeaformis, Walleye Sander vitreus,
Quillback Carpoides spp., Lake Sturgeon Acipenser fulvescens,
Round Goby Neogobius melanostomus, White Sucker Catosto-

mus commersonii, Northern Hogsucker Hypentelium nigricans,
redhorse Moxostoma spp., Johnny Darter Etheostoma nigrum,
and Trout-perch Percopsis omiscomaycus. The species that we
raised were broadcast spawners collected as eggs on egg mats
fished on the river bottom (Roseman et al. 2011). The size of
eggs raised ranged from approximately 1.9 (Johnny Darter and
Walleye) to 3.5 mm (Lake Sturgeon), while the size of the lar-
vae was raised ranged from 4.8 (Johnny Darter) to 22 mm (Lake
Sturgeon). We also collected White Perch Morone americana
eggs but were unable to raise them due to their small diame-
ter (0.7–1.0 mm). The temperatures at which we were able to
successfully raise and hatch eggs ranged from 3◦C to 11◦C.

Disadvantages and Causes of Egg and Larvae Mortality
One of the biggest drawbacks to our fish egg incubator may

be the need for close access to110-V and 220-V (20 A, GFCI
grounded) electric services. A solution to eliminate the need for
the 220-V power could be to use a different heat pump–chiller
that would use 110 V, but these tend to be small and might
not be able to adequately maintain the coldest water temper-
atures. They may also be more expensive to operate in terms
of monthly electricity costs. Because this system contains ap-
proximately 750 L of water, the potential for catastrophic water
damage was great. Joints and hose clamps periodically had to be
regreased and tightened or reglued to minimize water leaking.
Another dilemma to a closed system is that (if not managed
properly) fungus and disease could quickly spread through all
batches of eggs, increasing fish egg and fry mortality. The few
things that need to be replaced in the system that were most im-
portant to maintaining control of fungus and disease are the UV
light bulbs, along with the carbon and paper filters in the canister
filter. Another drawback to the system was that it needed to be
cleaned and dried out approximately every 3 months depend-
ing on the amount of fish eggs and/or larvae in the system and
the water temperature. Care had to be taken during disassembly
to keep track of the individual pipes and hoses used for each
pump system in order to reassemble the system properly. Mark-
ing component parts before disassembly aided in reassembly.
Finally, this system was only designed to handle small batches
of fish eggs (<1,000 eggs per jar). The limit of 21 jars re-
stricted the ability for egg separation based on multiple sites,
fish species, and collection times.

There were several causes of larval and egg mortality in this
rearing system. Many of them had to do with human error, such
as the tank water temperature not being equivalent to the water
source temperature. Other causes of egg mortality were exposure
of eggs to air, egg “bruising” due to water circulation speed in
the hatching jars being too high, low dissolved oxygen in the
tank, failure to remove dead eggs soon enough, frequency and
inaccuracy of disinfecting the eggs and tank, and unbalanced
water chemistry. Increased mortality of the larvae was caused
by some of the factors listed above, along with tears in nets,
larvae getting stuck in the nets, starvation due to leaving them
in the tank for too long, and disinfection occurring late in the
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egg–larvae development process allowing eggs to hatch in the
disinfecting solution.

CONCLUSION
Compared with large egg-rearing systems based in wet lab-

oratories, this self-contained system was truly portable and less
costly to operate than the permanent fixed systems. This system
had the advantage of being able to be set up in relatively remote
locations, close to egg collection points, and was relatively cost
effective for short-term, small-scale studies that do not have the
resources to manage larger, permanent egg incubation systems.
Due to the small size and relatively small amount of water in this
egg incubator system, the system responded quickly to tempera-
ture controls, it provided easy access to eggs for care of the eggs
and larvae, and parts of the system were easy to replace. It was
also comparatively easy to assemble, disassemble, clean, trans-
port and reassemble the system, and very few parts needed to be
replaced after use. Not needing sewer removal of wastes for a
recirculating system greatly reduced the overall cost, as opposed
to a once-through system using municipal or RO water, which
is disposed of as waste water through sewer drains and treated.

Our portable, freshwater, closed-system, fish egg incuba-
tion system was successfully used for three consecutive seasons
(spring 2012, spring 2013, and fall 2013) over a 2-year period
with no major outbreaks of fungus or disease and no catastrophic
failures in system function or design. Over the 2-year period this
portable, freshwater, closed-system, fish egg incubation system
was used, we were successfully able to hatch multiple species of
field-collected freshwater fish eggs and more accurately identify
the resulting larvae.
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Performance of Two Egg Collector Designs for Use
with Mummichogs

Courtnay R. Janiak and Dennis McIntosh*
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Delaware State University, 1200 North DuPont Highway, Dover, Delaware 19901, USA

Abstract
The Mummichog Fundulus heteroclitus is a popular marine baitfish in the species’ natural range along the east

coast of North America from Florida to the Gulf of St. Lawrence. Interest in commercial culture of Mummichogs has
grown over the last two decades, but little research has been conducted to examine species-specific culture techniques;
thus, Mummichog culture has not advanced. Our objectives were to evaluate the performance of two egg collectors
designed to mimic the structures of natural substrates and to maximize labor efficiency. A tray-style collector (TSC)
and a disk-style collector (DSC) were both placed in each of six 5,000-L tanks stocked with approximately 700 adult
Mummichogs of both sexes. The numbers of eggs collected, fertilized eggs, and viable larvae that hatched as well
as the time required to rinse collectors during each biweekly collection were compared between the two designs.
Over the 8-week study, there was no significant difference between designs in terms of the number of eggs collected
or the total rinse time. However, the percentage of unfertilized eggs collected was twice as high for TSCs (mean ±
SD = 8.53 ± 0.59%) than for DSCs (4.42 ± 0.36%). Additionally, larval yield was significantly higher for DSCs
(79.10 ± 12.93%) than for TSCs (72.63 ± 13.95%). Based on these results, we conclude that both designs are efficient
at collecting Mummichog eggs and that the DSC is the more advantageous design for maximizing fertilization rate
and larval yield.

The field of marine baitfish aquaculture is relatively new
and, as such, faces a number of obstacles, including the rela-
tively low market value of wild-caught fish (Oesterling et al.
2004; Ohs et al. 2010), the costs associated with saltwater pro-
duction (i.e., coastal property prices, obtaining or creating salt
water, and elevated maintenance), and a lack of species-specific
culture methods. Of the many marine baitfish species utilized
along the Atlantic coastline of North America, Fundulus spp.
are considered to have the greatest potential as cultured species
(Oesterling et al. 2004) and are recognized by bait distributers
and anglers for their superior hardiness during holding (Adams
et al. 1998). Currently, bait shops rely almost entirely on wild
collections, which vary in availability and quality (Baker-Dittus
1978; Smith and Able 1994; Adams et al. 1998; Goldman et al.
2010). Marine baitfish culture can offer a reliable supply and
consistent product, with the potential to garner higher prices
(Adams et al. 1998).

*Corresponding author: dmcintosh@desu.edu
Received November 8, 2013; accepted May 11, 2014

To date, commercial culture of Fundulus spp. has been lim-
ited. One concern is that fecundity is too low to provide suffi-
cient profit margins for sustaining a business. During the peak
of the spawning season, average daily egg production by 200
mixed-sex Golden Shiner Notemigonus crysoleucas broodfish
is 24,775 eggs (Clemment and Stone 2010). Conversely, the
equivalent number of Fundulus broodfish at a known sex ratio
of 2 females : 1 male yields only 570 eggs/d for Mummichogs
F. heteroclitus (Bradley 2001) or 93 eggs/d for Gulf Killifish F.
grandis held at the same sex ratio (Green et al. 2010).

Despite the attention Fundulus spp. have recently received
as candidates for marine baitfish culture (DiMaggio et al. 2009,
2010; Green et al. 2010; Phelps et al. 2010; Brown et al. 2011,
2012; Coulon et al. 2012; Patterson et al. 2012, 2013; Fisher et al.
2013; Ofori-Mensah et al. 2013), little focus has been directed at
optimizing egg collection techniques to ensure maximum pro-
duction. Strip spawning of Fundulus spp. is effective for quick
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400 JANIAK AND MCINTOSH

access to fertilized eggs (Atz 1986; Palmer and Able 1987; Able
and Palmer 1988; Galleher et al. 2010; Brown et al. 2011, 2012)
but is not feasible for large-scale production of small fish and
also is not necessary, as passive collection of the eggs is quite
easy (Perschbacher et al. 1990, 1995; Bradley 2001; Green et al.
2010). Most of the previous Fundulus production attempts have
involved egg collection with spawning mats (Perschbacher et al.
1990, 1995; Green et al. 2010; Patterson et al. 2013). Green et al.
(2010) found that cured Spanish moss Tillandsia usneoides was
not effective for collecting Gulf Killifish eggs in outdoor pools
since it collected only 13% of the number of eggs collected si-
multaneously from traditional spawning mats. Bradley (2001)
was successful when using an egg collector made from verti-
cally suspended sections of polyvinyl chloride (PVC) pipe with
narrow slits cut along the length; in that study, 194,000 Mummi-
chog eggs were produced in 37 d from 1,800 adult fish stocked at
a ratio of 2 females : 1 male in a recirculating aquaculture system
(RAS). The collector design evaluated by Bradley (2001) was
replicated in Delaware and used in an RAS stocked with spawn-
ing Mummichogs but with little success (Grant Blank, Delaware
State University [DSU], personal communication). However, at
DSU, the PVC collector was presented to fish that were simul-
taneously offered a commercial spawning mat, which they had
been utilizing for several weeks prior. Therefore, those fish may
have exhibited spawning substrate bias based on previous expe-
rience (Able 1984) with the spawning mat, which may explain
the resultant poor performance of the PVC collector design.

Exploration into the embryonic physiology of Mummichogs
(Stockard 1907; Tingaud-Sequeira et al. 2009) and Gulf Killifish
(Coulon et al. 2012) during simulated terrestrial (air) incubation
suggests that air incubation significantly improves development,
leading to larger and better-developed larvae at hatch. In an
effort to explore egg collection methods and the feasibility of
adopting air incubation techniques (Coulon et al. 2012) for use
with Mummichogs, we deployed commercial spawning mats for
egg collection in RASs with spawning adults. The removal of
eggs from the mats for incubation and the subsequent separation
of eggs from mat debris were time consuming and inefficient.
This dilemma is not isolated to our experience; Christopher
Green (Louisiana State University, personal communication)
also expressed a desire to reduce the labor and handling required
to remove and clean Gulf Killifish eggs and has since omitted
the egg removal step by air incubating the embryos directly on
collection mats. Nevertheless, Mummichogs are opportunistic
omnivores (Kneib 1986a; Able et al. 2007) and will burrow into
the loose weave of the spawning mats to consume eggs. Thus,
egg numbers from spawning mat collections may underestimate
the total egg production.

If intensive culture methods for Mummichogs are to be
adopted, egg production must be maximized by preventing
losses due to cannibalism and must be made more efficient
by reducing the handling time prior to incubation. In the present
study, we addressed these issues by examining alternative egg
collector designs. Specifically, we developed two unique designs

based on natural spawning substrates to minimize cannibalism
and reduce collector debris, and we tested their feasibility for
use in Mummichog egg collection.

METHODS
Broodstock facility.—This study was performed at the DSU

Aquaculture Research and Demonstration Facility (ARDF) in
Dover. Adult Mummichogs were obtained locally from a com-
mercial bait fisherman and were supplemented with additional
locally sourced fish that had been held on-site in 10‰ salt water
within an indoor RAS for a minimum of 8 months. Approxi-
mately 700 adults of both sexes (mean = 706 ± 4 adults) were
stocked into each of six tanks in two identical systems. Each
system comprised three 5,000-L, circular fiberglass tanks fitted
with a 1,000-L sump. Water circulation in each system was pro-
vided by one 1.5-hp (1,119-W) centrifugal pump (15UMF-S;
Jacuzzi Brands, West Palm Beach, Florida). Both systems were
equipped with an in-line, 9-kW electric heater (DE9322; PSA
Red Line, St. Barthélémy d’Anjou, France) and were serviced
by a propeller-washed bead filter (PBF-10; Aquaculture Sys-
tems Technologies, New Orleans, Louisiana) and an ultraviolet
(UV) sterilizer (E150S; Emperor Aquatics, Pottstown, Pennsyl-
vania). A common regenerative blower supplied air via eight
7.6- × 3.8-cm ceramic air stones to each tank.

Salinity level was maintained at 10‰ by diluting sterilized,
full-strength seawater with freshwater from a well. Seawater
was collected from the Indian River Inlet, Delaware, and was
stored in holding tanks at the DSU-ARDF prior to use. Raw sea-
water was disinfected by chlorinating with sodium hypochlorite
(10 mg of Cl/L of water), aerating for 24 h, and then removing
residual chlorine with sodium thiosulfate. Dissolved oxygen,
pH, temperature, and salinity were monitored daily in each sys-
tem by using a YSI 556 multiprobe (Yellow Springs Instrument
Co., Yellow Springs, Ohio). Biweekly water samples were mea-
sured for alkalinity (as mg/L CaCO3) by using the Palintest alka-
phot method for the YSI 9100 photometer. Water samples were
also monitored for total ammonia nitrogen (cyanurate method),
nitrite (diazotization method), and nitrate (cadmium reduction
method) by using a Hach DR-2500 spectrophotometer (Hach
Co., Loveland, Colorado). Water temperature was maintained
at 26◦C, and a photoperiod of 14 h light : 10 h dark was used.

Prior to stocking, five samples of 25 fish each were used to
determine adult lengths and weights for purposes of feed calcu-
lations. Broodstock were fed a commercially prepared, 2-mm,
slow-sinking pellet (Finfish Starter with Vpak; 50% crude pro-
tein, 15% crude lipid; Zeigler Brothers, Gardners, Pennsylvania)
at a rate of 1.5–2.0% of total fish biomass per day. Feed rate was
adjusted for mortalities and re-calculated based on the original
sampling weights.

Egg collector designs.—Two unique egg collectors were de-
signed for use in this experiment. The first design, a tray-style
collector (TSC), was constructed from a shallow plastic tub
(25 × 30 × 5 cm) with a lid that was modified by cutting
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MUMMICHOG EGG COLLECTOR DESIGNS 401

FIGURE 1. Illustration of a tray-style collector (TSC) design for the passive
collection of Mummichog eggs. The spawning surface is composed of 4-mm
mesh (top). Cable ties are used to secure the lid (bottom) and are removed when
eggs are retrieved from the collector.

out the center portion, leaving 3-cm margins on all sides. The
opening that was cut into the lid was then fitted with 4-mm,
rigid, black-plastic mesh attached from the inside (Figure 1).
The TSC design was chosen for its similarity to the mat-
like spawning surfaces that Mummichogs are known to utilize
(Taylor 1999; Petersen et al. 2010).

The second egg collector design was a disk-style collec-
tor (DSC), which was composed of evenly distributed disks
suspended on a horizontal axis. Like the TSC, the DSC was

FIGURE 2. Illustration of a disk-style collector (DSC) design for the passive
collection of Mummichog eggs. Three spindles of twenty-five 10-cm disks are
seen from above (top). Disks are evenly spaced at regular intervals of 2.38 mm.
Cable ties are used to secure the lid frame as seen from side view (bottom).

constructed of a shallow plastic tub with a cut-out lid (same
dimensions as the TSC), but with further modifications, includ-
ing removal of the tub bottom and insertion of three spindles
with 25 disks each, such that the disks protruded through the
top and bottom of the plastic tub (Figure 2). Disks were con-
structed of 6.35-mm, black, high-density polyethylene (HDPE)
and were cut to a diameter of 10 cm. Spacers between individual
HPDE disks provided stability to the spindle and regular inter-
vals between the larger disks for egg deposition. Spacers were
made of 2.38-mm gray PVC and were cut to 5 cm in diameter.
A small hole at the center of the disks and spacers allowed a
30-cm-long section of 0.48-cm, nylon all-thread to pass through
so that one spindle was constructed of alternating HDPE disks
and PVC spacers and was fastened tight with nylon wing nuts on
each end. Ends of the spindles were inserted into 0.64-cm holes
drilled on each of the long edges of the plastic tub before the lid
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402 JANIAK AND MCINTOSH

FIGURE 3. Illustration of a universal cradle design used for suspending Mum-
michog egg collectors in tanks (viewed from above, with collector removed; top).
The collector is attached to the short end of a polyvinyl chloride (PVC)-coated,
wire-mesh base by using cable ties. Capped segments of PVC pipe serve as
floats to maintain the collector at 12 cm below the water’s surface (bottom).

was secured. The DSC was designed to mimic the crevice-like
spawning substrates utilized by natural populations of Mummi-
chogs (Able and Castagna 1975; Taylor and DiMichele 1983;
Able 1984; Taylor 1999; Able and Hagan 2003).

Where possible, egg collector elements were held constant
across both designs. This decreased the variability between the
designs to ensure more accurate comparisons. Common features
included utilizing black plastic for both spawning surfaces, em-
ploying the same plastic tubs as the basis for each style of col-
lector, cutting lid openings to the same dimensions, and hanging
the collectors so that spawning surfaces were at an equal depth.

Two collectors, one of each design, were deployed in each
of the six broodstock tanks. Each egg collector was placed in a
cradle that was designed to hold the collector 12 cm below the
surface of the water. Each cradle was held afloat by two capped,
30-cm lengths of 5.08-cm (2-in) diameter PVC pipe secured
by rope to a 26- × 32-cm section of vinyl-coated wire mesh
(Figure 3). Egg collectors were secured to the cradles by the tub
handles using nylon cable ties so that the collectors and cradles
could be easily separated when eggs were being collected.

Egg care.—Eggs were retrieved from collectors twice per
week for 8 weeks to cover the natural periodicity of egg pro-
duction by Mummichogs in the region (Taylor et al. 1979).
Upon retrieval, each collector was rinsed free of eggs and was

promptly re-deployed into the same tank. Eggs were cleaned in
two steps prior to incubation. Primary rinsing entailed direct re-
moval of eggs from collectors, pouring the eggs over a 1.8-mm
nylon screen, and rinsing the eggs with 10‰ salt water until
all small debris was removed. Secondary rinsing involved the
manual removal of larger particulates, such as scales, feces, and
feed. The time taken to complete each rinsing step was recorded.

After rinsing, opaque unfertilized eggs (Armstrong and Child
1965) were removed and counted. Clean fertilized eggs were
placed in air incubation tubs (Coulon et al. 2012) constructed
of 25- × 30- × 5-cm plastic storage bins with loose-fitting
lids. The tubs were lined with two fitted pieces of 2.5-cm-thick,
polyurethane hobby foam (Poly-fil Tru-Foam; Fairfield Process-
ing Corp., Danbury, Connecticut). For incubation, eggs were
spread in a single layer on the bottom piece of foam to minimize
clumping and to optimize oxygen availability (Armstrong and
Child 1965). Tubs were placed into a 0.57-m3 incubator, where
they were held for 11–12 d at 26◦C. A HOBO Pro v2 temper-
ature logger (Onset Computer Corp., Pocasset, Massachusetts)
was also placed in the incubator and was used to record tem-
perature hourly. Every 2–3 d, eggs were misted with filtered,
UV-sterilized, 10‰ salt water to prevent desiccation. Incuba-
tion tubs were randomized within the incubator each time tubs
were removed for egg misting.

After incubation, hatching was initiated by removing the
eggs from the incubation tubs and immersing them in petri
dishes filled with 10‰ salt water. Counts of eggs, hatching
larvae, and deformed hatching larvae were obtained by hand
or by recording digital images with a Coolpix P7000 (Nikon,
Melville, New York) and using ImageJ software version 1.46
(U.S. National Institutes of Health, Bethesda, Maryland).

Statistical analysis.—Counts of unfertilized eggs, larval yield
(hatching embryos), and deformed larvae were standardized as
percentages of the total number of eggs collected and were
arcsine–square-root transformed for comparison. Likewise, to-
tal egg counts were standardized for analysis by dividing the
count by the number of adults in the tank at the time of col-
lection. Differences in these variables and in rinsing times were
evaluated by using nonparametric Wilcoxon rank-sum tests. Wa-
ter quality differences between the two culture systems were
identified using two-tailed t-tests. All statistical analyses were
performed with JMP version 10.0.2 (SAS Institute, Cary, North
Carolina). For all analyses, P-values less than 0.05 were consid-
ered to signify statistical significance. Unless noted otherwise,
results are expressed as mean ± SD.

RESULTS
In total, 170,945 Mummichog eggs were collected from the

six broodstock tanks over the 8-week study period. At each
collection, the mean number of eggs per collector was 988 for
the DSCs, whereas the mean was 791 for the TSCs. However,
the difference in the number of eggs collected in each design
was not significant (Wilcoxon rank-sum test: Z = −1.9338,
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FIGURE 4. Total number (mean ± SD) of Mummichog eggs collected per
tank from disk-style collectors (DSCs) and tray-style collectors (TSCs) for 8
weeks. Asterisks mark stochastic events that occurred during the trial: a 5.8-
magnitude earthquake on August 23, 2011 (*); and landfall of Hurricane Irene
on August 27, 2011 (**).

P = 0.0531). Egg yield decreased significantly over the course
of the study (r2 = 0.21, P < 0.0001), and there was a noticeable
drop in production near two stochastic events that occurred
during the trial: a 5.8-magnitude earthquake on August 23, 2011;
and landfall of Hurricane Irene 4 d later on August 27 (Figure 4).
No power losses or broodstock mortalities were associated with
either event.

Nearly twice as many unfertilized eggs were collected by
the TSCs (8.53 ± 0.59%) as by the DSCs (4.42 ± 0.36%;
Wilcoxon rank-sum test: Z = 5.3459, P < 0.0001). Larval yield
was significantly higher for the DSCs (79.10 ± 12.93%) than
for the TSCs (72.63 ± 13.95%; Wilcoxon rank-sum test: Z =
−4.514, P < 0.0001). The percentage of deformed larvae at
hatch was not significantly different between the DSCs (0.53
± 0.61%) and the TSCs (0.53 ± 0.61%; Wilcoxon rank-sum
test: Z = −0.8595, P = 0.3901).

Eggs in the DSCs were often found in distinct regions: the
outer two spindles of each DSC were nearly always utilized,
and only the outermost disks of the center spindle were utilized.
Eggs were seldom seen in the middle disks of the center spin-
dle. Though not specifically quantified, egg cannibalism by the
adults was not observed during the course of the experiment for
either collector design.

Initial removal of eggs from collectors (primary rinse) took
three times longer for the DSCs (7.51 ± 2.05 min) than for
the TSCs (2.32 ± 0.84 min; Wilcoxon rank-sum test: Z =
−11.9934, P < 0.0001). Alternatively, the rinsing of large par-
ticles (secondary rinse) took significantly longer for the TSCs
(6.28 ± 3.44 min) than for the DSCs (2.17 ± 1.84 min;
Wilcoxon rank-sum test: Z = 8.8529, P < 0.0001). While
deployed in the tanks, the DSCs allowed particulates to pass
through, and only on occasion did feed become wedged be-

TABLE 1. Water chemistry variables (mean ± SD) for the two culture sys-
tems that were used to house Mummichog broodstock. Different letters within
a row indicate significant differences between the two systems (P ≤ 0.05).

Variable System 1 System 2

Temperature (◦C) 25.93 ± 0.53 z 25.46 ± 0.38 y
Salinity (‰) 10.45 ± 0.14 z 10.05 ± 0.23 y
Dissolved oxygen

(mg/L)
7.26 ± 0.63 7.12 ± 0.52

pH 7.59 ± 0.12 7.61 ± 0.14
Total ammonia

nitrogen (mg/L)
0.12 ± 0.04 0.12 ± 0.05

Nitrite (mg/L) 0.11 ± 0.06 z 0.05 ± 0.07 y
Nitrate (mg/L) 6.72 ± 3.13 8.79 ± 3.12
Alkalinity (mg/L) 102.27 ± 21.20 106.59 ± 21.95

tween disks. Much of the debris collected in the TSCs was often
too large to pass through the screen during primary rinsing and
therefore required manual removal. Besides feed, scales were
the most prevalent form of large debris. These were difficult to
discern from eggs due to color and size similarities. In the end,
cumulative rinsing time was not significantly different between
the DSCs (9.68 ± 3.20 min) and the TSCs (8.61 ± 3.76 min;
Wilcoxon rank-sum test: Z = −2.4655, P = 0.0137).

During the course of the experiment, dissolved oxygen, pH,
TAN, nitrate, and alkalinity were not significantly different be-
tween the two culture systems (Table 1). Temperature (two-
tailed t-test: df = 121.27, t = −5.90, P < 0.0001), salinity
(two-tailed t-test: df = 110.92, t = −12.06, P < 0.0001), and
nitrite (two-tailed t-test: df = 41.81, t = −2.61, P = 0.0124) did
exhibit significant differences between systems (Table 1). Given
the small variances and low levels for nitrite, water quality re-
sults were not considered biologically significant, particularly
since treatments were allocated across both systems.

DISCUSSION
Both the DSC and TSC designs were successful at collecting

Mummichog eggs, with no apparent evidence of cannibalism.
The components of both collectors were designed to be rigid and
durable, thus preventing egg consumption by broodstock and
contamination of eggs with collector debris, as were problematic
with the use of traditional spawning mats. Egg collection was
similar between the two designs, suggesting that egg production
by Mummichogs is independent of collector design within the
confines of this study.

However, selection of spawning sites by Mummichogs can
vary according to substrate availability and previous experi-
ence with a substrate (Able 1984). Able (1984) observed that
Mummichogs collected from habitats that lacked Atlantic ribbed
mussels Geukensia demissa did not utilize ribbed mussel shells
as a spawning substrate even when those shells were pro-
vided in laboratory trials. Southern Mummichogs F. heteroclitus
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heteroclitus (Sandy Hook, New Jersey, and southward; Morin
and Able 1983) have a propensity for egg deposition in crevices
much like those provided by the DSC design. Crevice-like
spawning substrates include interstices between the leaf bases
of saltmarsh cordgrass Spartina alterniflora (Taylor 1999; Able
and Hagan 2003); within gaping Atlantic ribbed mussel valves
(Able and Castagna 1975; Taylor and DiMichele 1983; Able
1984); and in hollowed-out, dead stalks of common reed Phrag-
mites australis (Able and Hagan 2003). In areas where Atlantic
ribbed mussels are used as a spawning substrate, eggs are pref-
erentially deposited in vertically upright, gaping valves (Able
and Castagna 1975) with a gape size of 0.5–5.0 mm (Taylor
and DiMichele 1983). The crevices between disks in the DSC
are 2.38 mm, well within this range and slightly larger than the
average egg size of 2 mm (Taylor and DiMichele 1983; Kneib
1986b, 1993; Taylor 1999). Northern Mummichogs F. heterocli-
tus macrolepidus (Morin and Able 1983) utilize more mat-like
substrates similar to the TSCs, including algal mats, sand (Taylor
1999), rock, mud, and gravel (Petersen et al. 2010). Mummi-
chog broodstock for our experiment were collected from the
Delaware portion of Delaware Bay, which is in the range of the
southern subspecies; therefore, we would expect these Mummi-
chogs to show a preference for the DSCs, but they did not. This
suggests that the instinct to reproduce overrides the preference
for substrate type; thus, the DSC design should also work for
Mummichog broodstock collected from northern areas as well.

The TSCs collected twice as many unfertilized eggs as the
DSCs; this result may have been due to differences in the rela-
tive volume available for external fertilization to occur. The DSC
contains crevices where milt and eggs are sequestered, whereas
the TSC contains one large basin where milt may become diluted
or unviable, since sperm activity for teleosts with external fertil-
ization is short lived (Coward et al. 2002). Mummichog sperm
are no longer active after 8 min in a variety of salinities (Palmer
and Able 1987). In situ observations of Mummichog eggs in
a Virginia salt marsh revealed that 8% of deposited eggs were
either dead or unfertilized (Able and Castagna 1975), which
corresponds to the percentage of unfertilized eggs collected by
the TSCs in our study. The minimum amount of unfertilized
eggs taken via strip spawning of Mummichogs from different
salinities was a mean of 9.4% (Palmer and Able 1987), which
is more than double the amount of unfertilized eggs collected
by the DSCs. This suggests not only an increased fertilization
efficiency for the DSC compared with the TSC but also that the
DSC is more effective for facilitating fertilization than natural
spawning or strip spawning.

We monitored the labor inputs required to harvest deposited
eggs from both collector designs to assess the efficiency of each
design with respect to labor inputs. Rinsing the eggs thoroughly
prior to incubation mitigates possible mold and fungus devel-
opment, which is known to occur during air incubation of Gulf
Killifish (Coulon et al. 2012). Primary rinsing of eggs from the
TSC was rapid; we only had to remove the lid of the TSC and
pour the eggs out over a screen to be rinsed. In contrast, primary

rinsing of eggs from the DSC took over three times longer due
to the need to loosen the spindles and the need to apply a con-
centrated rinse on crevices that contained eggs. For intensive
culture, this step can be expedited by loosening the disks and
simply shaking the spindles in a water-filled bucket to release
the eggs. However, by paying close attention to egg deposition
within spindles, we found that eggs were not deposited as fre-
quently in the center spindle as in the outer two spindles and that
eggs were rarely deposited within the middle disks of the center
spindle. Handling time could be further streamlined if cradles
held two spindles instead of three, reducing the collector to only
the most effective spindles.

Although both designs were effective at collecting Mum-
michog eggs and exhibited improvements (e.g., a decrease in
cannibalism) over the use of traditional spawning mats, modi-
fications to these designs may increase efficiency even further.
The lower fertilization rates achieved in the TSCs suggest that
a modification, such as decreasing the overall depth, might im-
prove the ability of the milt to successfully fertilize eggs before
becoming inactive. Another potential modification that would
benefit the TSC design would be to decrease large-debris accu-
mulation by using a smaller mesh for the spawning surface. Even
though conditions within the collectors did not affect the rate
of deformity among hatched embryos, this modification may
alleviate potential issues with water quality around the eggs and
with the accumulation of particulates.

Only minor modifications would be needed to increase the
production efficiency of the DSC design. A reduction in the
number of spindles from three to two removes the unused spawn-
ing area on the collector, and switching to a production-style
rinse (quickly in a bucket) rather than a research-style rinse (ob-
servational, with focused rinsing efforts) could greatly improve
labor efficiency. Among the proposed modifications, altering
the rinsing method and spindle number for the DSC will likely
provide the most pronounced difference in overall efficiency
for Mummichog egg collection. Increasing the number of col-
lection units within the tank can provide more surface area for
spawning, possibly allowing more eggs to be collected.

Egg production declined over the course of the experiment,
likely corresponding with the natural end of the spawning pe-
riod in August and September (Taylor et al. 1979; Kneib 1986a;
Petersen et al. 2010) despite the fact that temperature and light
were held constant for the duration of the trial. Broodstock had
been held in spawning conditions for nearly 2 months prior to
the initiation of this experiment, so the decline in egg produc-
tion may represent natural, seasonal reproductive exhaustion.
Although the lowest number of eggs was collected between the
two stochastic events (earthquake and hurricane), the decline in
egg production had already begun a week before those events,
so the observed precipitous decline was unlikely to have been
caused by either event.

The results of this experiment indicate that alternative egg
collector designs are feasible for use in collecting Mummichog
eggs for subsequent air incubation and that these designs may
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in fact improve the efficiency of egg collection and the over-
all number of eggs collected relative to the use of traditional
spawning mats. Specifically, of the two designs tested, the DSC
design proved highly effective at minimizing debris accumu-
lation, facilitating fertilization, and increasing larval yield. For
commercial adaptation of this collector, simple modifications
to the number of spindles per collector and the rinsing tech-
nique could further increase efficiency by reducing the amount
of labor required for egg collection.

ACKNOWLEDGMENTS
We thank Grant Blank and the student workers at the DSU-

ARDF for their assistance in the laboratory. This study was
supported in part by the U.S. Department of Agriculture and
the National Oceanic and Atmospheric Administration’s Liv-
ing Marine Resources Cooperative Science Center. Reference
to company and trade names does not imply endorsement. Illus-
trations were prepared by C.R.J.

REFERENCES
Able, K. W. 1984. Variation in spawning site selection of the Mummichog,

Fundulus heteroclitus. Copeia 1984:522–525.
Able, K. W., and M. Castagna. 1975. Aspects of an undescribed reproductive

behavior in Fundulus heteroclitus (Pisces: Cyprinodontidae) from Virginia.
Chesapeake Science 16:282–284.

Able, K. W., and S. M. Hagan. 2003. Impact of common reed, Phragmites
australis, on essential fish habitat: influence on reproduction, embryological
development, and larval abundance of Mummichog (Fundulus heteroclitus).
Estuaries 26:40–50.

Able, K. W., S. M. Hagan, K. Kovitvongsa, S. A. Brown, and J. C. Lamonaca.
2007. Piscivory by the Mummichog (Fundulus heteroclitus): evidence from
the laboratory and salt marshes. Journal of Experimental Marine Biology and
Ecology 345:26–37.

Able, K. W., and R. E. Palmer. 1988. Salinity effects on fertilization and larval
mortality of Fundulus heteroclitus. Copeia 1988:345–350.

Adams, C. M., A. M. Lazur, P. Zajicek, and D. Zimet. 1998. An assessment of the
market for live marine baitfish in Florida. Florida Department of Agriculture
and Consumer Services, Bureau of Seafood and Aquaculture, Tallahassee.

Armstrong, P. B., and J. S. Child. 1965. Stages in the normal development of
Fundulus heteroclitus. Biological Bulletin 128:143–168.

Atz, J. W. 1986. Fundulus heteroclitus in the laboratory: a history. American
Zoologist 26:111–120.

Baker-Dittus, A. M. 1978. Foraging patterns of three sympatric killifish. Copeia
1978:383–389.

Bradley, W. K. 2001. Final report: intensive culture of the bait fish Fundulus
heteroclitus. North Carolina Sea Grant, 98-AM-05, Raleigh.

Brown, C. A., F. Galvez, and C. C. Green. 2012. Embryonic development
and metabolic costs in Gulf Killifish Fundulus grandis exposed to varying
environmental salinities. Fish Physiology and Biochemistry 38:1071–1082.

Brown, C. A., C. T. Gothreaux, and C. C. Green. 2011 Effects of temperature and
salinity during incubation on hatching and yolk utilization of Gulf Killifish
Fundulus grandis embryos. Aquaculture 315:335–339.

Clemment, T., and N. Stone. 2010. Golden Shiner egg production during a
spawning season. North American Journal of Aquaculture 72:272–277.

Coulon, M. P., C. T. Gothreaux, and C. C. Green. 2012. Influence of substrate
and salinity on air incubated Gulf Killifish embryos. North American Journal
of Aquaculture 74:54–59.

Coward, K., N. R. Bromage, O. Hibbitt, and J. Parrington. 2002. Gamete physi-
ology, fertilization and egg activation in teleost fish. Reviews in Fish Biology
and Fisheries 12:33–58.

DiMaggio, M. A., D. L. Ohs, S. W. Grabe, B. D. Petty, and A. L. Rhyne. 2010.
Osmoregulatory evaluation of the Seminole Killifish after gradual seawater
acclimation. North American Journal of Aquaculture 72:124–131.

DiMaggio, M. A., D. L. Ohs, and B. D. Petty. 2009. Salinity tolerance of
the Seminole Killifish, Fundulus seminolis, a candidate species for marine
baitfish culture. Aquaculture 293:74–80.

Fisher, C., C. Bodinier, A. Kuhl, and C. Green. 2013. Effects of potassium ion
supplementation on survival and ion regulation in Gulf Killifish Fundulus
grandis larvae reared in ion deficient saline waters. Comparative Biochem-
istry and Physiology Part A 164:572–578.

Galleher, S. N., M. R. Gilg, and K. J. Smith. 2010. Comparison of larval thermal
maxima between Fundulus heteroclitus and F. grandis. Fish Physiology and
Biochemistry 36:731–740.

Goldman, S. F., A. R. Rourk, M. R. Collins, and M. J. M. Reichert. 2010.
Effect of simulated commercial harvest on Mummichogs in tidal creeks in
South Carolina, USA. North American Journal of Fisheries Management
30:921–927.

Green, C. C., C. T. Gothreaux, and C. G. Lutz. 2010. Reproductive output of
Gulf Killifish at different stocking densities in static outdoor tanks. North
American Journal of Aquaculture 72:321–331.

Kneib, R. T. 1986a. Size-specific patterns in the reproductive cycle of the killi-
fish, Fundulus heteroclitus (Pisces: Fundulidae) from Sapelo Island, Georgia.
Copeia 1986:342–351.

Kneib, R. T. 1986b. The role of Fundulus heteroclitus in salt marsh trophic
dynamics. American Zoologist 26:259–269.

Kneib, R. T. 1993. Growth and mortality in successive cohorts of fish larvae
within and estuarine nursery. Marine Ecology Progress Series 94:115–127.

Morin, R. P., and K. W. Able. 1983. Patterns of geographic variation in the egg
morphology of the fundulid fish, Fundulus heteroclitus. Copeia 1983:726–
740.

Oesterling, M. J., C. M. Adams, and A. M. Lazur. 2004. Marine baitfish cul-
ture: workshop report on candidate species and consideration for commercial
culture in the southeast U.S. Virginia Sea Grant, Marine Resource Advisory
Number 77, VSG-04-12, Gloucester Point.

Ofori-Mensah, S., C. C. Green, and F. K. E. Nunoo. 2013. Growth and survival of
juvenile Gulf Killifish Fundulus grandis in recirculating aquaculture systems.
North American Journal of Aquaculture 75:436–440.

Ohs, C. L., S. W. Grabe, S. M. DeSantis, M. A. DiMaggio, and A. L. Rhyne.
2010. Culture of Pinfish at different stocking densities and salinities in re-
circulating aquaculture systems. North American Journal of Aquaculture
72:132–140.

Palmer, R. E., and K. W. Able. 1987. Effect of acclimation salinity on fer-
tilization success in the Mummichog, Fundulus heteroclitus. Physiological
Zoology 60:614–621.

Patterson, J., C. Bodinier, and C. Green. 2012. Effects of low salinity media
on growth, condition, and gill ion transporter expression in juvenile Gulf
Killifish, Fundulus grandis. Comparative Biochemistry and Physiology Part
A 161:415–421.

Patterson, J. T., T. G. Allgood, and C. C. Green. 2013. Intraspecific variation
in reproductive potential with maternal body size in Gulf Killifish Fundulus
grandis. Aquaculture 384:134–139.

Perschbacher, P. W., D. V. Aldrich, and K. Strawn. 1990. Survival and growth
of the early stages of Gulf Killifish in various salinities. Progressive Fish-
Culturist 52:109–111.

Perschbacher, P. W., D. V. Aldrich, and K. Strawn. 1995. Air incubation of eggs
of the Gulf Killifish. Progressive Fish-Culturist 57:128–131.

Petersen, C. W., S. Salinas, R. L. Preston, and G. W. Kidder III. 2010. Spawning
periodicity and reproductive behavior of Fundulus heteroclitus in a New
England salt marsh. Copeia 2010:203–210.

Phelps, R. P., W. H. Daniels, N. R. Sansing, and T. W. Brown. 2010. Production of
Gulf Killifish in the Black Belt region of Alabama using saline groundwater.
North American Journal of Aquaculture 72:291–224.

Smith, K. J., and K. W. Able. 1994. Salt-marsh tide pools as winter refuges for
the Mummichog, Fundulus heteroclitus, in New Jersey. Estuaries 17:226–
234.

D
ow

nl
oa

de
d 

by
 [

D
ep

ar
tm

en
t O

f 
Fi

sh
er

ie
s]

 a
t 1

7:
55

 1
7 

N
ov

em
be

r 
20

14
 



406 JANIAK AND MCINTOSH

Stockard, C. R. 1907. The influences of external factors, chemical and
physical, on the development of Fundulus heteroclitus. Science 25:780–
781.

Taylor, M. H. 1999. A suite of adaptations for intertidal spawning. American
Zoologist 39:313–320.

Taylor, M. H., and L. DiMichele. 1983. Spawning site utilization in a
Delaware population of Fundulus heteroclitus (Pisces: Cyprinodontidae).
Copeia 1983:719–725.

Taylor, M. H., G. J. Leach, L. DiMichele, W. M. Levitan, and W. F. Jacob. 1979.
Lunar spawning cycle in the Mummichog, Fundulus heteroclitus (Pisces:
Cyprinodontidae). Copeia 1979:291–297.

Tingaud-Sequeira, A., C. Zapater, F. Chauvigné, and J. Cerdà. 2009. Adap-
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Abstract
Spawning patterns and reproductive variance of Spotted Seatrout Cynoscion nebulosus dams and sires at two

restoration enhancement facilities in Texas were assessed across a spawning year by using parentage analysis based
on 12 variable microsatellite loci. In total, 72.6% of all dams and sires contributed to at least one spawning event,
although in contrasting patterns. Across all spawning events assayed, more sires contributed to each spawn, on average,
than did dams; dams had considerably higher variance in reproductive success than sires. Dams alternatively had a
higher average contribution to the number of progeny from a single spawn but also a much higher variance in the
number of progeny produced per spawn. The variation in the number of progeny produced per dam and per sire and
the number of actual mating combinations led to an average reduction of 64.3% in the genetic effective population size
(Ne) per spawn relative to the maximum Ne that would be expected if (1) all possible dam × sire mating combinations
occurred at random and (2) all families contained an equal number of progeny. Averaged over all spawns, the actual
number of mating combinations accounted for approximately 83.6% of the total reduction in Ne, while variation
in family size accounted for 16.4% of the total reduction in Ne. Results from this and other studies indicate that
reductions in Ne of hatchery- or farm-raised progeny stem primarily from noncontributing dams, suggesting that
periodic identification and removal of low-contributing dams from broodfish stocks constitute a critical step toward
maximizing the Ne of hatchery offspring used in restoration enhancement.
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The Spotted Seatrout Cynoscion nebulosus is one of the most
targeted and economically important marine fish species in Gulf
of Mexico bays and estuaries and represented the single largest
recreational catch during 2011 (NMFS 2012). In Texas, the
saltwater recreational fishery comprises about 1.2 million fish-
ers (Vega et al. 2011) and has an annual economic impact of
over $2 × 109 (Southwick Associates 2007). Spotted Seatrout
and another estuarine-dependent sciaenid, the Red Drum Sci-
aenops ocellatus, account for almost two-thirds of the saltwater
“fishing days” in Texas and for over $530 million in total fishing
expenditures (USFWS and USCB 2008). Substantial declines
in recruitment and abundance of Red Drum led to development
of hatchery-based restoration efforts by the Texas Parks and
Wildlife Department (TPWD) in the mid-1970s (McEachron
et al. 1995, 1998); today, the program releases between 20 and
30 million hatchery-raised Red Drum fingerlings annually into
eight different Texas bays and estuaries (Vega et al. 2003, 2011).
Evidence for overfishing of Spotted Seatrout, including declines
in the mean size of landings and declines in the estimated spawn-
ing stock, led TPWD to initiate hatchery-based restoration of
Spotted Seatrout in 1993 (Vega et al. 2011).

Production of Spotted Seatrout fingerlings by TPWD takes
place at two principal facilities: the Coastal Conservation Asso-
ciation Marine Development Center (MDC) in Corpus Christi
and Sea Center Texas (SCT) in Lake Jackson. Details of the two
TPWD restoration enhancement hatcheries, including broodfish
maintenance, spawning, egg collection, incubation, and larval
and juvenile rearing, are provided by Colura et al. (1987) and
Vega et al. (1995, 2003). Broodfish are maintained in 13,000-
L, circular spawning tanks, with each tank containing 15–20
broodfish. Female Spotted Seatrout typically are larger at age
than males (Jensen 2009); therefore, TPWD personnel esti-
mate sex based on fish size and attempt to place approximately
10 dams in each spawning tank. Broodfish are fed shrimp,
squid, mackerel, and beef liver and are subjected to a 150-d
photoperiod–temperature maturation cycle. Fertilized (buoyant)
eggs are collected at the effluent of each spawning tank and are
incubated separately for approximately 72 h (under conditions
described by Henderson-Arzapalo 1987) before relocation to
rearing ponds. Larvae remain in rearing ponds for 30 d or until
they reach a target size of 30–35 mm TL. Once the target size is
reached, the ponds are drained and the fish are harvested, trans-
ferred to mobile distribution tanks, and transported to stocking
sites. Adult fish used as broodstock are randomly sampled by
angling from the wild; each year, 25% of the broodfish are
exchanged with wild fish to maintain genetic diversity.

At present, up to 8 million Spotted Seatrout fingerlings are
projected for release annually into five Texas bays or estuaries,
and over 52 million fingerlings have been released since Spotted
Seatrout restoration efforts began. Restoration enhancement of
Spotted Seatrout in U.S. waters also is ongoing in Mississippi
and South Carolina (J. Franks, Gulf Coast Research Laboratory,
personal communication; T. Darden, South Carolina Depart-
ment of Natural Resources, personal communication) and is

under consideration in Florida (M. Tringali, Florida Fish and
Wildlife Research Institute, personal communication).

A continuing challenge to restoration enhancement programs
involving hatchery-raised fish is that releases are often pro-
duced by a small effective number of breeders—that is, individ-
uals that actually contribute genetically to a release population
(Ryman and Laikre 1991). This occurs even when there are
several breeders in a spawning tank because not all breeders
participate in spawning events and not all mating pairs produce
the same number of progeny per mating event. The variance
in reproductive success of individual dams and sires and the
variance in the number of progeny (family size) produced per
mating can lead to a reduction in genetic effective population
size (Ne) of released fish, which in turn can lead to a reduction in
Ne of the “wild” population (Ryman and Laikre 1991; Tringali
and Bert 1998). The latter, termed the Ryman–Laikre effect
(Tringali and Bert 1998), can potentially increase the incidence
of inbreeding and the accumulation of deleterious genotypes,
ultimately leading to a reduction in fitness within the fishery
(Frankham 1995; Higgins and Lynch 2001). An additional is-
sue is that in many marine species, including Spotted Seatrout,
breeders are not easily sexed, so spawning tanks may contain
disproportionate numbers of males and females, thereby also
potentially increasing the variance in family size of hatchery
releases. The possibility of a Ryman–Laikre effect on supple-
mented wild populations has been the subject of recent studies
(Gold et al. 2008, 2010; Hamasaki et al. 2010; Gruenthal and
Drawbridge 2012; Loughnan et al. 2013). Two studies (Gold
et al. 2008, 2010) involving Red Drum in TPWD hatcheries
demonstrated that (1) not all broodfish participated in spawn-
ing events; (2) sires contributed to more spawns, on average,
than did dams; and (3) the variance in the number of progeny
produced per spawn was greater for dams than for sires. The
average Ne for a single spawn of Red Drum was approximately
43% less than the maximum expected Ne, and this decrease in
Ne was due to the reduced number of mating combinations and
the increased variance in family size (Gold et al. 2008).

We used genotypes at 12 nuclear-encoded microsatellites
to assess parentage of progeny from spawning events in eight
Spotted Seatrout spawning tanks at the two TPWD restora-
tion enhancement hatcheries. The objectives of the study were
to assess the productivity of individual dams and sires over a
spawning year and to examine individual broodfish reproduc-
tive success and variance in family size, as they might affect the
Ne of hatchery-released fish. Because we were able to identify
individual mating pairs, the sacrifice or early mortality of only
a few of the reproductively active broodfish permitted gender
identification for all fish that produced progeny.

METHODS
In total, 164 Spotted Seatrout broodfish maintained in eight

13,000-L spawning tanks (four tanks at the MDC and four tanks
at the SCT) were monitored during the study. Each spawning
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REPRODUCTIVE VARIANCE IN HATCHERY SPOTTED SEATROUT 409

TABLE 1. Estimates of Spotted Seatrout effective population size (Ne) per spawn based on three scenarios: (A) all possible dam × sire matings occur, and all
families contain an equal number of progeny; (B) the observed number of dam × sire matings occurs, and all families contain an equal number of progeny; and
(C) the observed number of dam × sire matings occurs, and the size of each family is the same as the observed family size. Tanks were located at the Marine
Development Center (MDC) and Sea Center Texas (SCT). All spawns occurred in 2010.

Scenario Scenario

Tank (date) A B C Tank (date) A B C

MDC 3-1 (May 29) 7.00 6.77 5.83 SCT 3-1 (Aug 31) 14.12 6.00 5.34
MDC 3-1 (Jun 2) 7.00 6.77 5.46 SCT 3-1 (Sep 3) 14.12 6.86 4.69
MDC 3-1 (Jun 6) 7.00 3.67 3.54 SCT 3-1 (Sep 5) 14.12 3.00 2.78
MDC 3-1 (Jun 11) 7.00 3.20 3.05 SCT 3-1 (Sep 8) 14.12 2.67 2.02
MDC 3-1 (Jun 16) 7.00 3.60 3.12 SCT 3-1 (Sep 12) 14.12 6.00 5.58
MDC 3-1 (Jun 17) 7.00 3.67 3.26 SCT 3-1 (Sep 14) 14.12 8.89 5.58
MDC 3-1 (Jun 23) 7.00 6.86 5.29 SCT 3-1 (Sep 18) 14.12 8.00 6.17
MDC 3-1 (Jun 27) 7.00 6.93 5.43 SCT 3-1 (Oct 8) 14.12 4.80 2.89
MDC 3-1 (Jul 2) 7.00 3.50 3.26 SCT 3-1 (Oct 10) 14.12 6.86 6.62
MDC 3-1 (Jul 5) 7.00 3.56 3.43 SCT 3-2 (Jun 19) 21.82 3.33 3.23
MDC 3-2 (May 31) 14.40 3.43 2.92 SCT 3-2 (Jun 23) 21.82 6.00 4.62
MDC 3-2 (Jun 18) 14.40 3.56 3.32 SCT 3-2 (Jun 29) 21.82 3.20 2.81
MDC 3-3 (Jun 25) 14.40 3.56 3.33 SCT 3-2 (Jun 30) 21.82 3.43 3.31
MDC 3-3 (Jun 27) 14.40 3.60 3.37 SCT 3-2 (Jul 8) 21.82 3.33 3.13
MDC 3-3 (Jul 30) 14.40 6.54 5.74 SCT 3-2 (Jul 15) 21.82 3.43 2.45
MDC 3-3 (Jul 31) 14.40 9.00 7.48 SCT 3-2 (Aug 26) 21.82 8.73 7.39
MDC 3-3 (Aug 1) 14.40 6.54 5.64 SCT 3-2 (Aug 29) 21.82 8.00 6.43
MDC 3-3 (Aug 2) 14.40 6.22 3.39 SCT 3-2 (Sep 3) 21.82 10.67 5.59
MDC 3-3 (Aug 7) 14.40 11.08 8.91 SCT 3-2 (Sep 4) 21.82 9.60 6.35
MDC 3-3 (Aug 16) 14.40 6.55 5.27 SCT 3-2 (Sep 11) 21.82 10.91 8.33
MDC 3-3 (Jun 4) 13.75 3.56 3.25 SCT 3-2 (Sep 12) 21.82 3.43 2.94
MDC 3-3 (Jun 25) 13.75 3.50 2.59 SCT 3-2 (Sep 20) 21.82 6.00 2.96
MDC 3-3 (Aug 11) 13.75 6.54 5.93 SCT 3-3 (Aug 31) 8.00 3.00 2.68
MDC 3-3 (Aug 12) 13.75 8.00 4.08 SCT 3-3 (Sep 11) 8.00 2.67 2.03
MDC 3-3 (Aug 14) 13.75 3.56 3.24 SCT 3-3 (Sep 14) 8.00 2.67 2.48
MDC 3-3 (Aug 15) 13.75 6.40 5.32 SCT 3-3 (Sep 27) 8.00 2.00 2.00
MDC 3-3 (Aug 18) 13.75 10.18 7.48 SCT 3-3 (Sep 28) 8.00 2.67 2.66
MDC 3-4 (Jun 23) 15.75 3.43 2.75 SCT 3-3 (Oct 19) 8.00 2.67 2.02
MDC 3-4 (Jul 30) 15.75 8.40 6.88 SCT 3-4 (Jun 12) 8.00 3.00 2.65
MDC 3-4 (Aug 1) 15.75 10.18 7.67 SCT 3-4 (Jun 16) 8.00 3.20 2.90
MDC 3-4 (Aug 4) 15.75 3.33 3.14 SCT 3-4 (Jun 21) 8.00 3.20 2.89
MDC 3-4 (Aug 6) 15.75 3.50 2.99 SCT 3-4 (Jun 23) 8.00 3.20 2.90
MDC 3-4 (Aug 11) 15.75 6.00 5.61 SCT 3-4 (Jun 30) 8.00 6.86 4.94
MDC 3-4 (Aug 12) 15.75 10.67 7.22 SCT 3-4 (Jul 2) 8.00 3.20 2.99
MDC 3-4 (Aug 14) 15.75 10.67 8.87 SCT 3-4 (Sep 4) 8.00 3.20 3.07
MDC 3-4 (Aug 15) 15.75 12.31 7.76 SCT 3-4 (Oct 1) 8.00 3.00 2.60

SCT 3-4 (Oct 6) 8.00 3.20 3.18
SCT 3-4 (Oct 29) 8.00 3.20 3.12

tank contained between 10 and 31 broodfish. The average num-
ber of broodfish per tank was 20.5 ± 2.19 (mean ± SE).
Tissue samples (fin clips) were taken from all broodfish, and
each fish was marked with a PIT tag. Approximately 31,000
progeny representing at least 22% of the total year’s spawning
events for each tank were sampled randomly from each of 6–13

separate spawning events occurring at night between May 29
and October 29, 2010. Spawning dates are described in Table 1
and in Table S.1 (see Supplement in the online version of this
paper). Random samples of 96–192 larvae from each spawning
event were grown in separate tanks until they reached about
2 mm TL; the larvae were then placed individually into separate
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410 PURITZ ET AL.

TABLE 2. Total number of Spotted Seatrout broodfish per tank and the numbers of dams and sires that contributed to at least one spawn (i.e., as evidenced from
genetic analysis of progeny). Tanks were located at the Marine Development Center (MDC) and Sea Center Texas (SCT).

Tank Total broodfish
Dams contributing to at

least one spawn
Sires contributing to at

least one spawn
Noncontributing broodfish

(sex unknown)

MDC 3-1 18 2 14 2
MDC 3-2 16 6 9 1
MDC 3-3 23 5 11 7
MDC 3-4 22 7 9 6
SCT 3-1 24 5 12 7
SCT 3-2 31 12 10 9
SCT 3-3 20 3 6 11
SCT 3-4 10 4 4 2

sample tubes and fixed in a 20% DMSO buffer (Seutin et al.
1991) by TPWD personnel. Fin clips obtained from all 164
broodfish also were fixed in the 20% DMSO buffer.

All broodfish and sampled progeny were genotyped at 12
microsatellite loci (Soc99, Soc133, Soc407, Soc419, Soc516,
Soc532, Soc564, Soc575, Soc566, Soc609, Soc685, and
Soc694). The PCR primers, amplification profiles, and annealing
temperatures are described by Renshaw et al. (2012). Amplifica-
tion products were electrophoresed on 6% polyacrylamide gels
and visualized using an Applied Biosystems, Inc. (ABI), Prism
377 sequencer. Analysis of chromatograms and scoring were
conducted using GeneScan version 3.1.2 (ABI) and Genotyper
version 2.5 (Perkin-Elmer). Assignment of individual progeny
from each spawning tank to a specific mating pair (i.e., PIT tag
x × PIT tag y) was implemented using the program Probmax
version 1.2 (Danzmann 1997). PROBMAX was configured to
not allow mismatches at any loci; otherwise, default settings
were used. Because spawning occurred in separate tanks and
broodfish were not mixed between tanks, the number of possi-
ble parental combinations (parental matrices) for each spawning
tank was limited; the largest was 12 × 10 for tank SCT 3-2.
Once gender was established for all mating pairs (see Results),
the Ne of each spawn was estimated using equations detailed
by Gold et al. (2008). Statistical analysis was performed using
JMP version 10.0 (SAS Institute, Inc., Cary, North Carolina).

RESULTS
Of the 164 broodfish that were monitored at both hatcheries,

119 broodfish contributed to at least one spawning event, as
evidenced from genetic analysis of progeny. The percentage
of nonspawning fish per tank ranged from 6.25% to 55% and
averaged 26.0 ± 5.2% (mean ± SE). The gender of these indi-
viduals was not identified. All 164 broodfish and a total of 8,730
progeny were genotyped at the 12 variable microsatellite loci
(genotypes are available upon request from J. Puritz). The qual-
ity of tissue from fingerlings often prevented full genotyping at
all 12 loci; consequently, only progeny that could be assigned

unequivocally to a mating pair were used in subsequent analy-
ses (7,087 progeny). We assume that some of the mismatches
were due to newly arisen mutations or to scoring errors. Insuf-
ficient funds were available to re-genotype these mismatches
(∼1,600 individuals), particularly given that most could not be
scored easily for all 12 microsatellites. A few broodfish that
had spawned died during the course of the project, and one or
two fish in each tank that had spawned during the year were
sacrificed at the end of the project. Identification of gender for
these fish allowed unequivocal assignment of gender to all fish
that had contributed to a spawn. The number of broodfish in

FIGURE 1. Total number of Spotted Seatrout (A) dams or (B) sires contribut-
ing progeny per spawning tank, mean number of dams or sires contributing per
spawn, and mean percent contribution (secondary y-axis) per dam or sire per
spawn. Tanks were located at the Marine Development Center (MDC) and Sea
Center Texas (SCT).
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REPRODUCTIVE VARIANCE IN HATCHERY SPOTTED SEATROUT 411

FIGURE 2. Heat map representing the contribution (over the time course of sampling) by each Spotted Seatrout dam and sire to each spawning event in each
spawning tank (i.e., as evidenced from genetic analysis of progeny). Each cell represents the percent contribution of the dam (red cells) or sire (blue cells) to each
spawning event within each tank. Darker colors in cells represent a greater contribution. Dates of consecutive spawning events in each spawning tank are shown
in Table S.1 (online). Tanks were located at the Marine Development Center (MDC) and Sea Center Texas (SCT).

each tank and the number of dams and sires that contributed to
at least one spawning event are summarized in Table 2. Sum-
mary data for each spawning tank, including the spawning date,
the dams and sires contributing to a spawn, and the number
of offspring produced from each dam × sire combination, are
provided in Table S.1. The total number of dams and sires per
spawning tank, the mean number of dams and sires contributing
per tank, and the mean contribution per dam or sire per spawn
are depicted in Figure 1. The contribution of each dam or sire
to each spawning event is shown in Figure 2 (and presented in
Table S.1).

Spawning patterns varied between sexes and across tanks.
Across both hatcheries, the mean number of contributing dams
per tank was 5.5 ± 1.1 (mean ± SE; range = 2–12 dams/tank),
and the mean number of contributing sires per tank was
9.4 ± 1.1 (range = 4–14 sires/tank). The mean number of
dams contributing to each spawn was 2.0 ± 0.2 and ranged
from 1.2 (tank SCT 3-4) to 3.0 (tank SCT 3-1); the number of
dams contributing per spawn was correlated with the number

of dams in each tank (r2 = 0.06, P = 0.0343; linear regression,
F-test). The mean number of sires contributing per spawn was
5.9 ± 1.0 and ranged from 1.67 (tank SCT 3-3) to 9.7 (tank
MDC 3-1); the number of sires contributing per spawn was
highly correlated with the number of sires in each tank (r2 =
0.27, P < 0.0001; linear regression, F-test).

The contribution of individual broodfish to all progeny as-
sayed (summed across spawns) from a single tank varied greatly
(Figure 3). Overall, 72.5% of the broodfish contributed to at least
one spawning event, but spawning patterns varied between sexes
and across tanks. Among the broodfish that contributed (i.e., 44
dams and 75 sires), 12 dams (27.3% of 44) and 7 sires (9.3%
of 75) contributed to only one spawning event and, on average,
contributed only 1% of the total progeny (across all spawning
events) surveyed from their respective tanks. Fourteen of the 44
dams contributed less than 5% of the total progeny from their
respective tanks, while 3 of the 44 dams contributed over 50% of
the progeny; one dam contributed over 99% of the total progeny
from tank SCT 3-3. Only two dams (one in tank SCT 3-1 and
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412 PURITZ ET AL.

FIGURE 3. Contribution by Spotted Seatrout broodfish to the total number of
progeny assayed over the entire spawning season: (A) contributions by dams
and (B) contributions by sires. Each bar represents the percent contribution of an
individual broodfish to all progeny sampled from the spawning tank indicated
on the x-axis. The total number of contributing dams and sires is presented in
Table 1. Tanks were located at the Marine Development Center (MDC) and Sea
Center Texas (SCT).

one in tank SCT 3-3) contributed to all spawns that occurred in
a tank, whereas 12 sires (from different tanks) contributed to all
spawns in their respective tanks. The contribution of sires to all
progeny (summed across spawns) from a single tank was less
variable. Nineteen of the 75 sires contributed less than 5% of
the progeny from their respective tanks, 10 sires contributed less
than 1% of the progeny in their tanks, and no single sire con-
tributed more than 36% of the progeny in a given tank. Finally,
the average contribution (percentage of progeny) of an individ-
ual dam to a single spawning event (across all tanks) was 22.6
± 1.5%. In contrast, the average contribution of an individual
sire to a single spawning event (across all tanks) was lower in
both magnitude and variance: 12.2 ± 0.7%.

Variation in spawning frequency, mating pairs, and progeny
contribution of all spawning broodfish led to a decrease in Ne

from the expected Ne for each spawning event (Table 1). The
maximum expected Ne per spawn across both TPWD facilities,
assuming that all possible mating combinations occurred and
that the family size per spawning pair was equivalent (scenario
A), ranged from 7.0 to 21.8 and averaged 13.39 ± 0.59 (mean
± SE). Taking into account the numbers of dams and sires that
actually spawned but still assuming an equivalent family size per
mating combination (scenario B), the Ne per spawn ranged from
2.00 to 12.31 and averaged 5.44 ± 0.31. The reduction in Ne

per spawn, based on contributing dams and sires (and assuming
equivalent family sizes) as compared to the expected maximum
(i.e., scenario A versus scenario B), ranged from 1% to 85.3%
and averaged 56.4 ± 2.41% (mean ± SE). Taking observed
family sizes per spawn into account (scenario C) reduced the
Ne per spawn even further: Ne per spawn ranged from 2.0 to 8.9

and averaged 4.35 ± 0.21. The resulting average reduction in
Ne per spawn relative to the expected maximum Ne (scenario A
versus scenario C) ranged from 16.8% to 88.7%, with a mean of
64.3 ± 1.87%. Overall, the actual number of mating combina-
tions accounted for approximately 83.6% of the total reduction
in Ne per spawn; variation in family size accounted for 16.4%
of the total reduction in Ne per spawn.

DISCUSSION
We sought to use microsatellite genotypes to identify the

gender of individual broodfish within spawning tanks, to use
parentage data to assess productivity of individual dams and
sires over a spawning year, and to examine whether broodfish
reproductive success potentially reduced the Ne of progeny rela-
tive to the theoretical maximum Ne. Our results demonstrated the
following: first, across all of the spawning tanks, approximately
27.4% of the fish did not contribute to any of the assayed spawns.
Second, sex ratios of broodfish that contributed to at least one
spawning event differed from a 1:1 ratio both overall (44 dams
and 75 sires contributed to at least one spawn) and within in-
dividual spawning tanks (on average, 1.7 more sires than dams
contributed to spawns in each tank). Part of this latter difference
undoubtedly stems from the greater number of spawning sires
per tank. Our results emphasize the difficulty in accurately as-
signing gender to Spotted Seatrout based on size alone. Whether
the observed sex ratio of spawning Spotted Seatrout in TPWD
hatcheries is the same as that of spawning fish in the wild is
unknown. Sex ratios in wild Spotted Seatrout vary with age, as
females grow more rapidly than males (Brown-Peterson et al.
1988; Nieland et al. 2002) and enter the directed fishery earlier
than males of the same cohort. However, the sex ratio of fish
under the recreational fishery size limit (>15 in or ∼380 mm)
in Texas bays and estuaries is approximately 1:1 (M. Fisher and
J. Tolan, TPWD, personal communication). One suggestion for
future work might be to identify the sex of spawning fish by
using the approach employed here and then to test spawning
productivity of dams and sires under different sex ratios. Third,
on average, more sires contributed to single spawns than did
dams (6.08 sires versus 2.0 dams). This result is also likely due
in part to the greater number of sires than dams in individual
spawning tanks. Fourth, dams had considerably higher variance
in reproductive success than sires, both in terms of contribution
to individual spawns and in terms of contribution over the entire
spawning season. Finally, the observed number of mating com-
binations and the number of progeny produced per combination
led to an average reduction of 64.3% in Ne per spawn rela-
tive to the maximum Ne that would be expected if all possible
dam × sire mating combinations occurred at random and if all
families contained an equal number of progeny. Approximately
83.6% of the total reduction in Ne per spawn was due to fewer
mating combinations than expected under random mating, and
16.4% of the reduction was due to variation in family size per
combination.
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REPRODUCTIVE VARIANCE IN HATCHERY SPOTTED SEATROUT 413

Results from this study are similar to those of prior studies on
Red Drum (Gold et al. 2008, 2010): not all broodfish participated
in each spawn; sires contributed more, on average, to a spawn
than did dams; and dams had considerably higher variance in
reproductive success than sires. Perhaps the most critical and
comparable result between these prior studies and the present
study is the observed reduction in average Ne per spawn. In
Red Drum, the average reduction in Ne per spawn over a 2-year
period ranged from 43.1% to 45.7%, whereas we found that the
average reduction in Ne per spawn was considerably higher for
Spotted Seatrout (64.3%). In all three studies, the actual number
of mating combinations caused the majority of the observed re-
duction in Ne (75.6%: Gold et al. 2010; 80%: Gold et al. 2008;
83.6%: present study). Furthermore, in all three studies, a major
factor was the higher variance in female reproductive success.
Because Red Drum are considerably larger and easier to sex
when mature, the typical spawning tank at TPWD hatcheries
when the studies by Gold et al. (2008, 2010) were carried out
contained three dams and two sires. The typical spawning tank
for Spotted Seatrout contains 20.5 fish, on average; of those
fish that spawn, the sex ratio per tank is nearly 3 sires : 1 dam.
Given the higher variance in productivity for females relative
to males of both hatchery Red Drum and Spotted Seatrout, the
difference in spawning sex ratio indicates that nonproductive
or low-producing dams do have a large effect on reducing the
Ne per spawn in Spotted Seatrout. Because the proportion of
spawning Red Drum sires was greater than the proportion of
spawning dams, Gold et al. (2008) recommended increasing the
number of sires to three in each spawning tank as well as mon-
itoring and replacing the noncontributing or low-contributing
dams as a strategy to increase the number of mating combina-
tions per spawn. Given the number of low-contributing Spotted
Seatrout dams observed in this study, periodic identification
(through genetic means) and removal of low-contributing indi-
viduals (particularly dams if sex has already been determined)
seem to be a reasonable option. The optimal sex ratio for Spot-
ted Seatrout in spawning tanks is a different issue that cannot be
addressed with the current data. Increasing the number of sires
could potentially increase the Ne per spawn if the proportion
of contributing dams remains similar. However, maintaining or
even increasing the number of productive dams appears to be a
desirable goal given the number of sires that contribute to each
spawn.

Almost all of the published studies on the Ne of hatchery- or
farm-raised progeny in other broadcast-spawning marine fishes
have reported reductions in Ne per spawn, with most such stud-
ies documenting a higher variance in dam productivity. These
include studies on Murray Cod Maccullochella peelii (Rourke
et al. 2009), White Seabass Atractoscion nobilis (Gruenthal and
Drawbridge 2012), and spawned Barramundi Perch Lates cal-
carifer (Loughnan et al. 2013). A large variance in reproduc-
tive success also was documented in farmed Gilthead Seabream
Sparus aurata; however, unlike the other species noted above,
the variance in contribution by sires was twice as large as the

variance in contribution by dams (Chavanne et al. 2014). The
one exception we found was a study of Common Sole Solea
solea wherein the variance in reproductive success was roughly
equivalent between dams and sires (Blonk et al. 2009). Based on
our study and most of the above studies, reduction in the Ne of
progeny in hatchery- or farm-raised populations appears to be
largely due to variance in the reproductive success of broodfish,
especially dams.

The average of 2.0 dams and 5.9 sires contributing to a Spot-
ted Seatrout hatchery spawn seems relatively small in com-
parison with the possible number of spawning adults for this
seasonal aggregate-spawning species. Factoring in the number
of hatchery offspring that are released each year raises some
concern of a Ryman–Laikre effect in wild Spotted Seatrout
populations along the coast of Texas. A number of studies have
evaluated the population structure of Spotted Seatrout, espe-
cially along the Texas coast (King and Pate 1992; Gold and
Richardson 1998; Gold et al. 1999, 2003; Ward et al. 2007;
Anderson and Karel 2010), but little to nothing is known about
the Ne of wild Spotted Seatrout populations. Spawning fish, es-
pecially males, aggregate during the spawning season (Baker
and Matlock 1993; Helser et al. 1993), and Lowerre-Barbieri
et al. (2013) recently reported that the average spawning inter-
val was 2.2 d for male Spotted Seatrout and 9.3 d for females.
The mating system in Spotted Seatrout is not well known, but
based on the findings of Lowerre-Barbieri et al. (2013), it may
approximate lottery polygyny, wherein receptive females ran-
domly encounter males but probably do not have nearly as many
opportunities for mating with different partners as do males. If
so, this may provide a natural basis for the observed differences
in contribution per spawn between dams and sires. In addition,
such a mating system also would reduce Ne relative to that
expected based on census size and random mating. This em-
phasizes the need for future studies that directly estimate Ne in
wild Spotted Seatrout populations, especially those that might
be targeted for restoration enhancement.
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Abstract
We examined the effect of dietary supplementation of leucine on body weight and hepatic insulin-like growth factor

(IGF) and IGF-binding protein (IGFBP) gene expression in juvenile Japanese Amberjack Seriola quinqueradiata.
Crystalline leucine was dissolved in deionized water and added to the basal diet. Deionized water only was added to the
basal diet as a control. The dietary concentration of free leucine was 0.03, 0.85, and 2.43 g/100 g diet for the control, 1%
leucine-supplemented, and 3% leucine-supplemented diets, respectively. A growth trial was conducted for 77 d, after
which the body weight was measured and the fish were then fasted for 3 d and refed. At 3, 9, and 24 h after refeeding,
the liver and muscle were dissected for gene expression analysis. The mean body weight significantly increased in the
1% leucine-supplemented group during the growth trial. The expression of hepatic IGBFP-1 significantly increased at
3 and 9 h after refeeding in the leucine-supplemented groups. The expression of hepatic IGF1 significantly decreased
at 9 h and that of IGF2 significantly decreased at 9 and 24 h after refeeding in the 3% leucine-supplemented group.
The expression of hepatic IGFBP-2, IGFBP-3, and IGFBP-5 were similar among the groups and were only affected
by feeding time. In conclusion, we demonstrated for the first time that leucine supplementation increases body weight
and influences the hepatic growth factor system in Japanese Amberjack.

One of the most important subjects for aquaculture is im-
proved growth of the fish and feed efficiency. Amino acids
have many functional properties including those in the areas
of growth, feed intake, and immunity; therefore, amino acid
supplementation can benefit aquaculture (Li et al. 2009). Re-
cent studies have described the effects of amino acids on growth
and growth factors, i.e., insulin-like growth factors (IGFs), IGF-
binding proteins (IGFBPs), and growth hormone (GH), in some

*Corresponding author: mako-k@nissui.co.jp
Received March 19, 2014; accepted June 9, 2014

cultured fish species; these include dietary supplementation with
lysine in Atlantic Salmon Salmo salar (Hevrøy et al. 2007),
methionine in Atlantic Salmon (Espe et al. 2008) and Rain-
bow Trout Oncorhynchus mykiss (Gaylord et al. 2007), arginine
in Channel Catfish Ictarulus punctatus (Pohlenz et al. 2013),
and arginine with glutamate in Atlantic Salmon (Oehme et al.
2010). Some of these reports discussed the response of growth
and hepatic and muscle growth-related factors to amino acid

415

D
ow

nl
oa

de
d 

by
 [

D
ep

ar
tm

en
t O

f 
Fi

sh
er

ie
s]

 a
t 1

7:
56

 1
7 

N
ov

em
be

r 
20

14
 



416 KAWANAGO ET AL.

supplementation. However, amino acids requirements of
Japanese Amberjack Seriola quinqueradiata (also known as
Buri or Yellowtail) are limited to only four amino acids: argi-
nine, lysine, methionine, and cysteine (NRC 2011).

Branched-chain amino acids (BCAA) have many functional
properties affecting gene transcription and translation initiation,
protein synthesis, and the inhibition of protein breakdown by the
mammalian target of rapamycin pathway (Kimball and Jefferson
2006). In our previous study, we examined the effect of dietary
supplementation with a mixture of crystalline BCAA (a mix-
ture of 1:2:1 for valine : leucine : isooleucine) on growth and
hepatic IGF gene expression in Japanese Amberjack. Dietary
BCAA supplementation at 1% and 2% significantly increased
body weight and postprandial hepatic IGF1 and IGF2 expres-
sion levels in Japanese Amberjack (Kawanago et al., in press).
We concluded that the ability of BCAA to enhance the growth of
Japanese Amberjack results partly from altered IGF1 and IGF2
gene expression.

The expression of IGF1 and IGF2 in Japanese amber-
jack is also nutritionally regulated. The expression of hepatic
IGF1 increases with the feeding ratio and growth in Japanese
Amberjack (Fukada et al. 2012; Kawanago et al. 2014). These
two reports are consistent with findings in other fish species,
such as Nile Tilapia Oreochromis niloticus (Vera Cruz et al.
2006). There is not much information regarding the nutritional
regulation of the expression of IGFBPs in Japanese Amber-
jack. Pedroso et al. (2009a) are reported that the expression
of IGFBP-1, IGFBP-3, and IGFBP-5 increased after fasting
and was restored to the control level by sequential refeeding,
whereas that of IGFBP-2 did not respond. Those authors dis-
cussed the relationship between the increased expression of hep-
atic IGF1 and some IGFBPs; however, the mechanism for this
phenomenon is still unknown (Pedroso et al. 2009a). The ex-
pression of hepatic IGFBPs in Japanese Amberjack respond to
salmon growth hormone (GH) treatment: in vivo, the expression
of IGFBP-1 and IGFBP-2 decreased, whereas that of IGFBP-3
and IGFBP-5 increased after GH treatment; the expression of
IGBFP-1 decreased in vitro after GH treatment (Pedroso et al.
2009b).

Among the BCAAs, leucine has a significant anabolic func-
tion, including the enhancement of protein synthesis through the
mammalian target of rapamycin pathway as described above. In
this study, to elucidate major participant amino acids among the
BCAA on growth promotion, we examined the effect of leucine
supplementation on growth and growth-related gene expression
in Japanese Amberjack. Dietary leucine supplementation sig-
nificantly increased the body weight of Japanese Amberjack. In
contrast to our speculation, the expression of hepatic IGF1 and
IGF2 decreased in the leucine-supplemented group; however,
the expression of hepatic IGFBP-1, which regulates the activ-
ity of IGF1, significantly increased in the leucine-supplemented
group. We also discussed in this study whether hepatic IGFBP-1
can be a possible marker of leucine supplementation.

METHODS
Experiment 1: growth trial.—The experimental diets were

based on a standard commercial extruded diet for Japanese
Amberjack aquaculture for the starter stage with the follow-
ing primary composition: 52.2% crude protein, 14.9% crude
fat, and 2.4% moisture (Nippon Suisan Kaisha, Tokyo, Japan).
The major ingredients were as follows: 74% fish meal, 14%
starch and wheat, and 12% subcomponents, including fish oil
and a vitamin and mineral premix. Crystalline leucine (Wako
Pure Chemical Industries, Osaka, Japan) was dissolved in deion-
ized water, added to the basal diet at either 1.0% or 3.0% (w/v),
and mixed well. The mixture was immediately dried at 65◦C for
3 h. For the control diet, deionized water only was added to the
basal diet. The prepared diets were refrigerated until use, and
the composition of free and total amino acids was analyzed as
described below. The analyzed dietary free leucine content was
0.03, 0.85, and 2.43 g/100 g diet for the control diet and 1%
and 3% leucine-supplemented diets, respectively. The analyzed
dietary total leucine content was 3.7, 4.5, and 6.1 g/100 g diet
for the control diet and 1% and 3% leucine-supplemented diets,
respectively.

Juvenile Japanese Amberjack (average body weight, 22 g)
were distributed evenly into six circular, 1,000-L polycarbonate
tanks and acclimated to the experimental conditions in a flow-
through seawater system for 1 month prior to the dietary exper-
iments. Three experimental groups were randomly assigned to
two duplicate tanks each, and 80 fish were distributed into the
individual tanks (two replicates per experimental group). The
seawater temperature ranged from 23◦C to 27◦C during the ex-
perimental period. At the beginning of the experiments, all of the
fish were anesthetized with 0.015% 2-phenoxyethanol in seawa-
ter and their body weight was measured. The fish were fed the ex-
perimental diets twice daily in the morning (at 0900 hours) and
evening (at 1600 hours) until satiation was apparent, as assessed
visually. After 57 and 77 d, all of the fish were anesthetized with
0.015% 2-phenoxyethanol and their body weight was measured
48 h after the last feeding to avoid the effect of intestinal residues
on the intact body weight. After the body weight measurement
on day 77, all of the remaining fish were returned to the cor-
responding tank to proceed to experiment 2, described below.
The growth performance was evaluated by calculating the feed
conversion ratio from the body weight gain and total feed intake
(g/fish) using the following calculation: [body weight on day 77
(g) − body weight on day 0 (g)] / total feed intake (g). All of the
fish handling procedures were conducted according to the guide-
lines on animal welfare, notification 84, the Ministry of the Envi-
ronment, Government of Japan, 2013 (Ministry of Environment
2013).

Experiment 2: time course study for blood-free BCAA con-
centration and hepatic and muscle IGF and IGFBP gene expres-
sion levels after refeeding.—After experiment 1, the fish were
fed the corresponding experimental diet for a week and fasted
for 3 d to avoid the effect of intestinal residual diet on blood
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LEUCINE AFFECTS GROWTH AND HEPATIC IGFBP-1 417

amino acid concentrations. In Rainbow Trout, the plasma BCAA
concentration 48 h after a single feeding was almost equal to the
prefeeding level (Karlsson et al. 2006). In Japanese Amberjack,
we previously confirmed that 3 d of fasting is enough to diminish
the intestinal contents, and the effect of diet on blood-free amino
acid levels was not observed (M. Kawanago, unpublished data).
All of the experimental fish were refed at 3.1% body weight,
and at 3, 9, and 24 h after refeeding six fish from each exper-
imental group (three fish per tank) were captured and immedi-
ately anesthetized. The blood was collected using a heparinized
syringe. After blood collection, liver and muscle tissues were
immediately dissected and frozen on dry ice for gene expression
analysis. We confirmed that all of the sampled fish had fed by
opening the stomach and visually checking their contents. Unfed
fish were not sampled in this experiment. The plasma-free amino
acid concentration was measured according to Kawanago et al.
(in press).

Quantitative real-time PCR.—Total RNA was isolated from
the liver and skeletal muscle using an RNeasy mini kit
(Qiagen, Valencia, California). The RNA concentration was
measured using a spectrophotometer (model U-1800, Hitachi
High-Technologies, Tokyo, Japan), and the mean A260/A280
value was 2.1, which was sufficient to synthesize complemen-
tary DNA (cDNA) according to the instructions for the kit.
The cDNA was synthesized using a PrimeScript first-strand
synthesis kit (Takara Bio, Shiga, Japan). Quantitative real-time
PCR (qPCR) was performed using the ABI 7500 Real-Time
PCR system (Applied Biosystems, Foster City, California) with
SYBR premix Ex Taq (Takara Bio) detection reagents to val-
idate the effect of the feeding ratio and refeeding time on
gene expression. Gene-specific primers for beta-actin, IGF1,
and IGF2 (Kawanago et al., in press) and IGBFP-1, IGFBP-
2, IGFBP-3, and IGFBP-5 (Pedroso et al. 2009a) were used
as in previous studies. The GenBank accession numbers were
AB179839.1 for beta-actin, AB439208 for IGF1, AB179839
for IGF2, EU650626 for IGBFP-1, EU652919 for IGFBP-2,
EU652920 for IGBFP-3, and EU652921 for IGFBP-5. All of
the PCRs were run in duplicate with a nontemplate control,
confirming that only the specific product was amplified by the
specific primer pairs. All of the PCR data were normalized to
beta-actin using the 2(−Delta Delta C(T)) method (Livak and
Schmittgen 2001). The mean threshold cycle number (Ct) value
of hepatic beta-actin was confirmed to be stable among the
nutritional treatments, including fasting, restricted feeding, and
feeding times (0, 3, 6, 9, and 24 h after feeding) (Kawanago
et al. 2014).

Statistical analysis.—All of the data values are presented
as mean ± SD. The SPSS 15.0J software for Windows (ver-
sion 15.0.1J) was used for two-way and one-way ANOVA, and
Tukey’s multiple variance test was used to assess the differ-
ences among the experimental groups. P < 0.05 was considered
significant.

TABLE 1. Body weight of Japanese Amberjack fed different levels of leucine
(Leu) on days 0, 57, and 77 in experiment 1. The data are expressed as mean
± SD. Asterisks (*) indicate significant differences compared with the control
group as assessed by a one-way ANOVA (P < 0.05).

Body weight (g)

Time Control 1% Leu 3% Leu

Day 0 22 ± 0.1 23 ± 0.7 23 ± 0.6
Day 57 126 ± 20 140 ± 28* 129 ± 19
Day 77 195 ± 22 224 ± 36* 201 ± 8

RESULTS

Growth Performance in Experiment 1
The mean body weight of fish in the 1% leucine-

supplemented groups was significantly higher than that of the
control group on 57 and 77 d (Table 1). The difference be-
tween the two replicated tanks in all three experimental groups
was not significant as assessed by a t-test (P > 0.1). The feed
conversion ratio was similar among the groups; however, there
was a tendency to be higher in amberjack from the 1% leucine-
supplemented group (0.9) compared with the control fish (0.8)
and those from the 3% leucine-supplemented group (0.8). No
fish died during the experimental periods.

Blood-free BCAA Concentration in Experiment 2
The blood-free leucine concentration was significantly higher

at 3 and 9 h after feeding fish in the 3% leucine-supplemented
group than it was in the control group (P < 0.05; Figure 1). The
blood-free valine and isoleucine concentrations were similar
among the three groups at each sampling point.

FIGURE 1. Plasma-free BCAA concentration in Japanese Amberjack after
refeeding in experiment 2. The plasma concentrations of free leucine, valine,
and isoleucine were measured at 3, 9, and 24 h after refeeding in the control
and 3% leucine-supplemented (Leu) groups. The data are expressed as mean ±
SD (n = 4) at each sampling point. Asterisks (*) above bars indicate significant
differences among the sampling times as assessed by a t-test between the groups
(P < 0.05).
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418 KAWANAGO ET AL.

Growth-Related Factor Gene Expression in Experiment 2
The results of the two-way ANOVA assessment of diet, feed-

ing time, and the diet × feeding time interaction showed that
hepatic IGFBP-1 was the only molecule that showed an interac-
tion between diet and feeding time (P < 0.01). The expression
of hepatic IGF1 and IGF2 was affected by diet (P < 0.05) and
feeding time (P < 0.01) but did not show an interaction. The
expression of hepatic IGFBP-2, IGFBP-3, and IGFBP-5 was
affected only by feeding time (P < 0.01) and not by diet.

The expression of hepatic IGF1 was significantly lower in
fish from the 3% leucine-supplemented group at 9 h after refeed-
ing than in the control group (Figure 2A). The expression of hep-
atic IGF1 tended to be lower, but not significantly (P = 0.08),
in the 3% leucine-supplemented group at 24 h after refeeding
than in the control group (Figure 2A). The expression of hepatic
IGF2 was significantly lower in the 3% leucine-supplemented
fish than in the control group at 9 and 24 h after refeeding
(Figure 2B). The expression of hepatic IGF2 was not affected
in fish from the 1% leucine-supplemented group (Figure 2B).
The expression of hepatic IGFBP-1 was significantly increased
at 3 and 9 h after refeeding but not after 24 h in fish from
the leucine-supplemented groups (Figure 2C). The expression
of hepatic IGFBP-2 (Figure 2D), IGFBP-3 (Figure 2E), and
IGFBP-5 (Figure 2F) was not affected by leucine supplementa-
tion. Gene expression of all the six growth-related factors were
not affected by leucine supplementation in skeletal muscle (data
not shown).

The mean delta-Ct values of a total of 54 samples were 4.0,
5.8, 5.9, 6.1, 9.5, and 10.1 for IGFBP-2, IGFBP-1, IGF1, IGF2,
IGFBP-5, and IGFBP-3, respectively in liver tissue. The Ct

values of beta-actin were 19.5 ± 0.4, 19.6 ± 0.4, and 19.7 ±
0.4 for the control and 1% and 3% leucine-supplemented diet
groups, respectively, in the liver tissue. These Ct values did not
differ among the experimental groups.

DISCUSSION
We have demonstrated that dietary leucine supplementation

increases the body weight of Japanese Amberjack. In a previous
study, we reported that dietary supplementation with a mixture
of BCAA (1% and 2%) increased the body weight of Japanese
Amberjack (Kawanago et al., in press). However, which types
of BCAA (leucine, valine, or isoleucine) have the main role in
growth promotion has not been previously investigated.

The dietary leucine requirements have been estimated in
many fish species (NRC 2011). However, leucine requirements
have not been established for Japanese Amberjack, and these
required levels may be relatively higher than those of other fish
species. The dietary total leucine contents of 3.7 g/100 g diet and
4.3 g/100 g diet for the control and 1% leucine-supplemented
groups, respectively, are higher than the previously reported val-
ues for other fish species (Ahmed and Khan 2006; NRC 2011).
Therefore, the estimation of the required levels of leucine should
be investigated to understand the leucine needs of Japanese

Amberjack and to optimize the dietary leucine content for opti-
mal growth.

Excessive leucine causes BCAA antagonism (Yamamoto
et al. 2004) and decreases body weight in Rainbow Trout (Choo
et al. 1991), Lake Trout Salvelinus namaycush (Hughes et al.
1984), and Indian Major Carp Cirrhinus mrigala (Ahmed and
Khan 2006). However, similar to our results, excessive leucine
does not affect the body weight of Rainbow Trout (Rodehutscord
et al. 1997).

A leucine imbalance decreases the blood valine and
isoleucine concentrations in Rainbow Trout (Yamamoto et al.
2004). However, the blood valine and isoleucine concentrations
were not affected by leucine supplementation in the present
study; whether addition of leucine had an influence on the
metabolism of valine and isoleucine cannot be discussed based
only on the blood concentration. Although the total feed intake
did not differ among the groups, the feeding activity (visu-
ally observed) seemed to be lower in the leucine-supplemented
groups, especially during the second meal of the day. Leucine
has an orexigenic effect in rats and mice via central mechanisms
(Cota et al. 2006; Blouet et al. 2009). Thus, it is possible that
leucine could affect the feed intake of Japanese Amberjack.

We first demonstrated that the expression of hepatic IGF1
and IGF2 responded to dietary leucine supplementation in fish.
Contrary to our expectation, dietary leucine supplementation
did not increase the expression of hepatic IGF1 and IGF2 in
fish from the 1% leucine-supplemented group. In addition, the
expression of hepatic IGF1 and IGF2 significantly decreased in
fish from the 3% leucine-supplemented group. In our previous
study, dietary BCAA supplementation increased the expression
of hepatic IGF1 and IGF2 at 3 and 9 h after feeding (Kawanago
et al., in press). The reason for the difference in the effect on
the expression of hepatic IGF1 and IGF2 is still unknown; the
effect of each BCAA on the expression of hepatic IGFs may be
different.

Hepatic IGFBP-1 was the only gene whose expression was
affected by both dietary manipulation and feeding time as as-
sessed by a two-way ANOVA. At 3 h after feeding, the expres-
sion of hepatic IGFBP-1 was affected by leucine supplementa-
tion. The other growth-related factors did not respond at 3 h after
feeding, indicating that hepatic IGFBP-1 may be the fastest-
responding and most sensitive marker of dietary leucine sup-
plementation. The expression of hepatic IGFBP-1 significantly
increased between 3 and 9 h after feeding in all of the exper-
imental groups; however, the other hepatic IGFBPs decreased
between 3 and 9 h after feeding. This difference is also one of the
major features of IGFBP-1 in response to leucine supplementa-
tion in our present study, suggesting that hepatic IGFBP-1 may
play an anabolic role similar to that of IGF1 and IGF2. There-
fore, the increased expression of hepatic IGFBP-1 at 3 and 9 h in
fish after feeding in the leucine-supplemented groups may have
functioned to increase growth in the 1% leucine-supplemented
group. However, significantly increased expression of hepatic
IGFBP-1 along with the decreased expression of hepatic IGF1
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FIGURE 2. Expression of hepatic IGF1, IGF2, IGFBP-1, IGFBP-2, IGFBP-3, and IGFBP-5 in Japanese Amberjack fed different levels of leucine (Leu) after
refeeding in experiment 2. The expression of hepatic (A) IGF1, (B) IGF2, (C) IGFBP-1, (D) IGFBP-2, (E) IGFBP-3, (F) and IGFBP-5 was measured at 3, 9, and
24 h after feeding. The data are expressed as mean ± SD (n = 6) at each sampling point. Different letters above bars indicate significant differences among the
sampling times as assessed by a two-way ANOVA with a post hoc test (P < 0.05).

D
ow

nl
oa

de
d 

by
 [

D
ep

ar
tm

en
t O

f 
Fi

sh
er

ie
s]

 a
t 1

7:
56

 1
7 

N
ov

em
be

r 
20

14
 



420 KAWANAGO ET AL.

and IGF2 may have participated in combination to cause the
lack of effect on growth of fish in the 3% leucine-supplemented
group.

Some amino acids can affect the IGF1 and IGF2 gene ex-
pression and growth in fish. Dietary arginine supplementation
increased growth and the expression of hepatic IGF1 at 2 h after
feeding and decreased the same expression at 18 h after feed-
ing in Channel Catfish (Pohlenz et al. 2013). Supplementation
with arginine and glutamate increased growth but did not affect
the expression of hepatic IGF1 and IGF2 in Atlantic Salmon
(Oehme et al. 2010). Lysine supplementation increased growth
and the expression of hepatic IGF1 5 h after feeding (Hevrøy
et al. 2007), whereas methionine supplementation had little ef-
fect on body weight and did not affect the expression of hepatic
IGF1 and IGF2 in Atlantic Salmon (Espe et al. 2008). Supple-
mentation with methionine or methionine and taurine increased
the blood IGF1 concentration in Rainbow Trout (Gaylord et al.
2007). The effect of amino acid supplementation on IGF1 ex-
pression or IGF1 concentration seems to depend on the amino
acid and fish species; however, decreased expression along
with unaffected growth has been reported only in the case of
Channel Catfish at 16 h after feeding (Pohlenz et al. 2013) and
of Japanese Amberjack for IGF1 (9 h) and IGF2 (9 and 24 h) in
the present study.

The effect of dietary amino acid supplementation on IGFBP-
1 expression has been reported in some fish species. In Atlantic
Salmon, supplementation with dietary lysine over the required
level increased the expression of hepatic IGFBP-1 and hepatic
IGF1 as well as increased growth (Hevrøy et al. 2007). Hepatic
IGFBP-1 has been implicated in the anabolic action of lysine
intake (Hevrøyet al. 2007). However, the expression of hepatic
IGFBP-1 was not affected by increased growth with arginine and
glutamate cosupplementation (Oehme et al. 2010), by decreased
body weight in protein nutrition study (Hevrøy et al. 2008), or by
unchanged body weight in a methionine study (Espe et al. 2008)
in Atlantic Salmon. Hepatic IGFBP-1 is believed to indicate
catabolic conditions or negative growth in fish species because
the expression of hepatic IGFBP-1 increases during fasting.
Increased hepatic IGFBP-1 during fasting has been reported in
many fish species, including Japanese Amberjack (Pedroso et al.
2009b), Atlantic Salmon (Hevrøy et al. 2011), Masu Salmon
Oncorhynchus masou (Kawaguchi et al. 2013), and Channel
Catfish (Peterson and Waldbieser 2009). Only the results of
lysine supplementation in Atlantic Salmon (Hevrøy et al. 2007)
are consistent with our finding that increased hepatic IGFBP-1
expression accompanies increased growth. However, to clarify
the relationship between growth and IGFBP-1, IGF1, and IGF2,
the blood concentrations of IGFBP-1, IGF1, and IGF2 also need
to be determined in Japanese Amberjack.

Some endocrine factors, including glucagon, dexametha-
sone, and insulin with growth hormone, increase the expression
of IGFBP-1 in primary cultures of salmon hepatocytes (Pierce
et al. 2006). In rats, leucine stimulated glucagon, insulin, and so-
matostatin release (Leclercq-Meyer et al. 1985). A somatostatin

analog stimulated the expression of IGFBP-1 in human hepG2
cells (Ren et al. 1992). In Barfin Flounder Verasper moseri,
amino acids have an insulinotropic effect (Andoh 2007). The
GH release from an isolated pituitary from Mozambique Tilapia
Oreochromis mossambicus was inhibited by incubation in a cul-
ture medium supplemented with amino acids (including leucine)
(Rodgers et al. 1992). Treatment with recombinant salmon GH
decreased the expression of IGFBP-1 in the liver of Japanese
Amberjack in vivo and in vitro (Pedroso et al. 2009b). Assum-
ing that increased blood leucine concentration affected blood
GH concentration, hepatic IGFBP-1 could have been affected
in the present study. The mechanisms of the effect of leucine
on the expression of IGFBP-1 should be investigated, includ-
ing whether the effect of leucine is direct or indirect via some
endocrine factors in vitro, similar to the study of Pedroso et al.
(2009b).

We used the beta-actin gene for normalization because the
stability of the Ct value of beta-actin has been confirmed in
many cases of dietary manipulation in Japanese Amberjack
(Kawanago et al. 2014). A nutritional study of IGF1 and IGFBP
was conducted by Fukada et al. (2012) and Pedroso et al. (2009a,
2009b) using 18S rRNA for normalization; the Ct value of 18S
rRNA was stable among dietary manipulations, including re-
stricted feeding, fasting, and refeeding after fasting treatment
and in an in vitro study. However, the normalization method in
qPCR has not been well studied in Japanese Amberjack, and an
integrative approach to verifying normalization genes should be
investigated in Japanese Amberjack using normalization deter-
mination tools such as BestKeeper software (Pfaffl et al. 2004)
or geNorm software (Vandesompele et al. 2002).

The sampling time after feeding is thought to be important
in evaluating the effect of amino acids on anabolic gene expres-
sion. The expression of hepatic IGF1 and IGF2 were highest
at 3 h after a single feeding and gradually decreased over time
in Japanese Amberjack (Kawanago et al. 2014). The increased
expression of hepatic IGF1 and IGF2 in BCAA-supplemented
fish lasted from 3 to 9 h after feeding and was accompanied by
an increased blood-free BCAA concentration (Kawanago et al.,
in press). In Atlantic Salmon, the importance of measuring the
amino acid concentration when evaluating gene expression was
discussed previously (Hevrøy et al. 2008), as was the selection
of sampling time during an active metabolic status (5 h post-
prandial in Atlantic Salmon) (Hevrøy et al. 2007; Espe et al.
2008; Hevrøy et al. 2008). In the study with arginine, hepatic
IGF1 expression in Channel Catfish showed its peak 2 h after
feeding with the highest blood arginine concentration (Pohlenz
et al. 2013). We agree with the importance of sampling time and
simultaneous measurement of the blood amino acid concentra-
tion and gene expression.

CONCLUSION
Dietary leucine supplementation at 1% significantly in-

creased the body weight of Japanese Amberjack. The expression
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of hepatic IGFBP-1 significantly increased in fish from the
1% leucine-supplemented and 3% leucine-supplemented groups
at 3 and 9 h after feeding. However, significantly increased
expression of hepatic IGFBP-1 in combination with the de-
creased expression of hepatic IGF1 and IGF2 may have been
responsible for the lack of effect on growth in the 3% leucine-
supplemented diet group. We conclude that the increased ex-
pression of hepatic IGFBP-1 may have contributed to the en-
hanced growth observed in the Japanese Amberjack fed the 1%
leucine-supplemented diet.
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Physiological Responses of Yellow Perch to Hypoxia,
Air Exposure, and Bleeding
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Abstract
The North American Yellow Perch Perca flavescens is a promising candidate species for aquaculture. To evaluate

potential problems resulting from husbandry practices, we measured changes in the levels of blood glucose, pH, pO2,
pCO2, hematocrit, Na+ , K+ , Ca2 + , and Cl− in response to hypoxia, blood withdrawal, and exposure to air at five time
intervals over 24 h. Results were examined against resting or baseline values. Hypoxic conditions induced significant
decreases in blood pH, pO2, and Na+ concentration and increases in K+ , blood glucose, and hematocrit. Bleeding led
to significant decreases in blood Na+ , Cl−, and hematocrit and a nearly five-fold increase in blood glucose. Blood pH,
pO2, and hematocrit decreased and pCO2, K+ , and glucose decreased at 2 h after air exposure, were over-compensated
for at 6 h, and returned slowly to levels near baseline through 24 h; Na+ and Ca2 + concentrations decreased and
remained low through 24 h. Further research defining responses to culture practices and correlations with growth
rate, disease resistance, and other critical traits in Yellow Perch is warranted. Our findings suggest that commercial
production would benefit from adoption of practices that minimize disturbance to cultured Yellow Perch, as well as
development of culture stocks more tolerant of culture conditions.

Yellow Perch Perca flavescens (Family Percidae, Order Per-
ciformes) is a freshwater fish found in lakes and ponds in North
America. It is considered an excellent-flavored panfish and is
economically important to recreational and commercial fish-
eries in the United States and Canada. Following crashes of
wild populations in the Great Lakes and steady declines in com-
mercial catches (Clapp and Dettmers 2004; Wilberg et al. 2005),
the market price of this fish increased significantly (spiking to
over US$30/kg for fillets, Walleye Direct 2014), attracting in-
creasing interest from the aquaculture community. A developing
aquaculture industry is contributing to the supply of both North
American (Malison 2003; Hart et al. 2006) and Eurasian Perch
P. fluviatilis (Toner and Rougeot 2008); aquaculture products are
particularly valued because of better freshness, year-round avail-
ability, and absence of concerns regarding micro-contaminants
associated with wild-caught products from the Great Lakes and
elsewhere (Malison 2003).

*Corresponding author: ehallerm@vt.edu
1Present address: Institute of Animal Science, Agricultural Research Organization, Bet Dagan 50250, Israel.
2Present address: Department of Biology, Claflin University, Orangeburg, South Carolina 29115, USA.
Received January 24, 2014; accepted May 29, 2014

Although aquaculture and research facilities aim to control
environmental conditions, cultured fish may experience acute
stress due to culture practices or mechanical failures. Although
the effects of culture practices on physiological responses have
been well researched for some aquaculture species (Barton and
Iwama 1991; Conte 2004), work on Yellow Perch is relatively
limited in scope. Cultured Yellow Perch can encounter handling
and air exposure stress when they are caught, weighed, graded,
and moved between tanks (Eissa and Wang 2013). Blood of-
ten is sampled from fish for purposes of physiological, bio-
chemical, genetic, and health-related studies (Wedemeyer and
Yasutake 1977; Barton and Iwama 1991). Both wild and cul-
tured Yellow Perch may experience hypoxia. Disturbances such
as cleaning tanks and adjusting feeders have reduced growth
and lowered condition factors of Yellow Perch when these ac-
tivities were carried out more frequently than necessary for
husbandry (Head and Malison 2000). Stress or poor husbandry
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424 CNAANI ET AL.

and management often result in outbreaks of diseases (Malison
2003).

The response of fish to stress has been characterized in terms
of primary, secondary, and tertiary responses (Wedemeyer et al.
1990). In the primary response, the endocrine system releases
adrenocorticotropic hormone, which enters the circulatory sys-
tem and stimulates the interrenal cells of the head kidney to
produce cortisol and adrenaline. In the secondary response,
these stress hormones activate pathways that result in alter-
ations in blood chemistry and hematology, increased glucose,
and changes in blood ion concentrations. For example, during
hypoxic conditions, blood acidosis reduces blood oxygen sat-
uration levels, and together with any increases in hematocrit,
enhances blood oxygen-carrying capacity and uptake from the
hypoxic environment. In freshwater fishes, however, the require-
ments for gas exchange during hypoxia may conflict with the
demand to maintain osmoregulation. When demands for oxy-
gen uptake increase blood perfusion and decrease perfusion
distance in the gill, an accompanying increase in diffusive water
and ion movements potentially leads to osmoregulatory stress
(Sakamoto and McCormick 2006). In a study of several fish
species, Gonzalez and McDonald (1994) found that Na+ losses
after exhaustive exercise exceeded expected levels due to the in-
creased oxygen uptake. The hypoxia-tolerant Amazonian Oscar
Astronotus ocellatus maintained homeostasis of ion-regulation
balance during severe hypoxia (Wood et al. 2007), but in the
hypoxia-intolerant Rainbow Trout Oncorhynchus mykiss, ion
flux responses depended on the length and severity of hypoxia,
a negative Na+ and K+ balance occurring during prolonged
hypoxic exposure (Iftikar et al. 2010). Largemouth Bass Mi-
cropterus salmoides subjected to acute hypoxia (2 mg O2/L)
showed decreased plasma K+ and increased glucose (Van-
landeghem et al. 2010). If a fish is unable to acclimate to a
stress, whole-animal tertiary responses may include decreases
in growth rate, disease resistance, and reproductive success or
may exhibit other manifestations.

Previous studies on the response of Yellow Perch to stress
included characterization of the ontogeny of cortisol secretion
in embryos, larvae, and fingerlings (Jentoft et al. 2002). The
corticosteroid response of Yellow Perch to lipopolysaccharide
injection was distinct from that to handling alone, and its mag-
nitude was affected by rearing density (Haukenes and Barton
2004); cortisol concentration increased for up to 6 h after injec-
tion (Haukenes et al. 2008). The serotonergic system was acti-
vated after handling stress, but no correlations with the sustained
elevations of plasma cortisol associated with inflammatory chal-
lenge were observed (Haukenes et al. 2011). Handling-induced
cortisol secretion in juvenile Yellow Perch was affected by accli-
mation temperature and level of salinity (Eissa and Wang 2013).
Although research with Yellow Perch on secondary stress re-
sponses has been limited, work with the related Eurasian Perch
has shown strong primary and secondary stress responses to
culture-related stressors, including transport and handling (Ac-
erete et al. 2004), movement of shadows above tanks, simu-

lated cleaning of tanks (Strand et al. 2007), handling (Milla
et al. 2010), and confinement (Douxfils et al. 2011). Against
this background, our research characterized the secondary re-
sponse of adult Yellow Perch to three stressful situations nor-
mally encountered during aquaculture production or in research
facilities: (1) short-term hypoxia, (2) handling and air exposure,
and (3) bleeding.

METHODS
Three experiments were conducted to characterize physio-

logical responses of Yellow Perch to acute hypoxia, bleeding,
and response over time to net-catch and air exposure. These
studies were approved by the Virginia Tech Institutional Animal
Care and Use Committee and were carried out in compliance
with the U.S. regulations governing biological research with
vertebrates.

Acute hypoxia.—Yellow Perch were grown together in a
1,000-L tank at the Virginia Tech Aquaculture Center. Forty fish
(weight 153 ± 36 g [mean ± SD]) were transferred into eight
100-L aquaria (n = 5 per tank). Aquaria were connected to a sin-
gle biofilter in a recirculating water system. Fish were fed with
commercial pellets (45% protein, 12% fat; Melick Aquafeed,
Inc., Catawissa, Pennsylvania), salinity was maintained near
physiological optimum at 2–3‰, and water temperature was
maintained at 23–25◦C.

After 1 month of acclimation, air supply and water flow
were shut down to four tanks (with 30-min intervals between
tanks). Oxygen levels were monitored using a YSI-55 dissolved
oxygen meter (YSI Inc., Yellow Springs, Ohio). After 5 h, when
dissolved oxygen levels decreased to 1 mg/L, blood samples
were collected from the caudal peduncle. After blood collection,
all fish were transferred into new, oxygenated tanks.

Handling time-course experiment.—Following 2 weeks ac-
climation to a 500-L tank, 36 fish (weight 250 ± 41 g) were
used in a time-course stress response experiment using a pro-
tocol similar to that described by Cnaani and McLean (2009).
Briefly, individuals from a control group (time 0) of 6 fish were
randomly taken from the tank, and blood samples were collected
from the caudal peduncle of each. Subsequently, the remaining
fish were netted and subjected to 1 min of air exposure and then
were placed back in the tank. Blood samples were collected at
1, 2, 4, 6, and 24 h postexposure to air (n = 6 per time point).
Sampled fish were removed from the tank.

Fish bleeding.—Twelve fish (197 ± 16 g) were removed
from a stock reared in a 1,000-L tank. Fish were placed in twelve
100-L aquaria (one fish per aquarium) as described above. After
2 weeks of acclimation, each fish was weighed and 0.2 mL of
blood was collected from the caudal peduncle. Sampled fish
were returned to their aquaria and additional blood samples
collected after 2 h.

Blood analyses.—Blood analyses were conducted as previ-
ously described in other stress response studies (Cnaani et al.
2013). Samples were collected with a 1-mL syringe with a
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STRESS RESPONSE IN YELLOW PERCH 425

23-gauge needle washed with lithium heparin. The whole-blood
samples for each fish were analyzed immediately after collec-
tion for quantification of whole-blood glucose, gases, and elec-
trolytes. Blood glucose was measured using a Precision Xtra
Blood Glucose Monitor (Abbott Laboratories, Alameda, Cali-
fornia). Blood electrolytes and gases—concentrations of chlo-
ride ions (cCl−), calcium ions (cCa+ + ), potassium ions (cK+ ),
and sodium ions (cNa+ ), partial pressures of oxygen (pO2) and
of carbon dioxide (pCO2), hematocrit, and pH—were measured
using an ABL80 FLEX Analyzer (Radiometer, Copenhagen,
Denmark). The temperature of the sensor cassette measuring
chamber is maintained at 37.0◦C during sample analysis, sys-
tem cycles, and manual quality control (Radiometer America
2014).

Statistical analyses.—For the acute hypoxia experiment,
mean values for the fish in a tank were analyzed using a t-test,
comparing replicates (tanks) within or between treatments (hy-
poxia and control). For the time-course experiment, a one-way
analysis of variance (ANOVA) was conducted with the six time
intervals as classes and the fish within each group as replicates.
Post hoc comparisons between groups were performed using the
Tukey–Kramer honestly significant difference test (α = 0.05).
For the bleeding experiment, a t-test comparing replicates (fish)
within treatment (first or second bleeding) was conducted.

RESULTS AND DISCUSSION

Hypoxia
Within 5 h of shutting off the water flow and air supply, aquar-

ium oxygen concentrations declined from 7.6 ppm to 1 ppm. In
control tanks, oxygen concentrations were maintained within
the range of 7.6–7.3 ppm (Figure 1). There was no mortality af-
ter this experiment. Relative to controls, Yellow Perch subjected
to hypoxia exhibited higher blood glucose concentration, lower
blood oxygen concentration, lower pH, higher hematocrit, and
lower blood Na+ and higher blood K + concentrations. No sig-
nificant differences were found in CO2 pressure in the blood or
in concentrations of blood Cl− and Ca2 + (Table 1).

In freshwater fishes, the requirements for gas exchange dur-
ing hypoxia may conflict with the demand to maintain osmoreg-
ulation. Stressed fish passively lose ions at the gills, as an in-
crease in functional branchial blood flow or surface area to
promote oxygen uptake results in loss of ions to the environ-
ment. In contrast, decreased blood flow or surface area to reduce
ion loss will negatively affect the gills’ oxygen-uptake ability
(Evans et al. 2005). There is little research on the relationship
between hypoxia and ion regulation in freshwater fishes. In a
study on several fish species, including Yellow Perch, Gonza-
lez and McDonald (1994) found that Na+ losses after exhaus-
tive exercise exceeded the expected levels due to the increased
oxygen uptake, probably due to distortion of the paracellular
tight junctions, which are the primary site of diffusive ion loss.
The Amazonian Oscar, a highly hypoxia-tolerant fish, maintains
homeostasis of ion-regulation balance during severe hypoxia

FIGURE 1. Dissolved oxygen levels in aquaria over the 5-h hypoxia experi-
ment. The solid line marks aquaria where water and air supply were shut down
and the dashed line marks control aquaria with continuous water and air supply.

(Wood et al. 2007). In Rainbow Trout Oncorhynchus mykiss, a
fish with low tolerance for hypoxia, ion flux responses appear
to depend on the length and severity of hypoxia, with a negative
Na+ and K+ balance occurring during prolonged hypoxic ex-
posure (Iftikar et al. 2010). In the current study, Yellow Perch
exposed to hypoxic conditions exhibited significant changes in
monovalent cation concentrations, including a 5% decrease in
blood Na+ and a 21% increase in blood K+ . Yellow Perch
have a much higher tolerance to hypoxia (avoiding hypoxia at
1.5–3.0 mg/L; Suthers and Gee 1986) than Rainbow Trout (ex-
hibiting changes in many physiological indicators for oxygen
below approximately 5 mg/L; reviewed by Davis 1975), but
rarely encounter severe hypoxic conditions as experienced by
the Amazonian Oscar in nature. The response of the Yellow
Perch Na+ balance to hypoxia was intermediate between those
of Rainbow Trout and Amazonian Oscar, with a relatively low,
but nonetheless statistically significant, decrease. On the other
hand, the K+ balance in response to hypoxia was in the opposite
direction, with a relatively high increase in Yellow Perch com-
pared with the loss of K+ ions in Rainbow Trout. As expected,
following hypoxic environmental conditions, Yellow Perch ex-
perienced a significant decrease in blood oxygen pressure, and
although an increase in CO2 pressure was anticipated, a large
variance in this parameter was observed. However, even without
increased CO2 pressure, blood pH decreased. The observed aci-
dosis might be related to ion regulatory pathways, as there were
significant changes in concentrations of monovalent cations.
Na+–H+ exchange is a major mechanism for ion uptake and
proton secretion in freshwater environments (Claiborne et al.
2002); thus, retention of blood H+ might decrease Na+ uptake.
The effects of pH and oxygen tension on the K+ flux path-
way have been demonstrated for Rainbow Trout red blood cells
(Berenbrink et al. 2000). While the mechanism itself was not
studied in our experiments, both the hypoxia and air exposure
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426 CNAANI ET AL.

TABLE 1. Hematological parameters (mean ± SD) for Yellow Perch held under normoxic (control) and hypoxic conditions for 5 h; N.S. = not significant.

Parametera Control Hypoxia Sum of squares F-ratio P-value

Glucose (mg/dL) 102.7 ± 21.8 237.0 ± 54.2 46,310 21.1 <0.01
pH 7.29 ± 0.09 7.09 ± 0.13 0.16 6.5 <0.05
pO2 (mm Hg) 37.8 ± 8.7 14.5 ± 3.9 1,351 23.7 <0.01
pCO2 (mm Hg) 26.0 ± 11.1 33.3 ± 15.8 1,221 0.6 N.S.
Hematocrit (%) 30.1 ± 2.1 33.8 ± 1.7 49 7.3 <0.05
Na+ (mmol/L) 153.0 ± 1.3 145.6 ± 0.9 119 85.5 <0.01
K+ (mmol/L) 3.91 ± 0.57 4.76 ± 0.43 2.97 5.8 <0.05
Ca2 + (mmol/L) 1.61 ± 0.15 1.68 ± 0.07 0.09 0.8 N.S.
Cl− (mmol/L) 131.9 ± 3.2 130.9 ± 3.6 71 0.2 N.S.

adf = 7 for each parameter.

practices resulted in elevation of K+ that was correlated with
decreased blood pH and oxygen pressure (Table 1; Figures 2
and 3).

Bleeding
Following bleeding of about 0.1% of their body mass, blood

Na+ and Cl− concentrations and hematocrit decreased and glu-
cose concentration increased in the Yellow Perch. No significant
differences were found in pH, gas pressures, or blood K+ or
Ca2 + concentrations (Table 2).

Fish bleeding is a common procedure in many laboratories
investigating physiology, endocrinology, and health. Although
commonly regarded as a stressful procedure, and while re-
searchers often sample a considerable amount relative to the
total volume of fish blood, there is a general lack of knowledge
relating to the physiological effects of bleeding procedures. The
significant reduction in hematocrit, to approximately half of the
baseline level, is particularly interesting. For fish, it is estimated
that blood volume is approximately 3.5% of body weight (Duff

FIGURE 2. Yellow Perch response to air exposure stress over 24 h as reflected
in blood oxygen, carbon dioxide, and pH levels. Values with different lower-
case letters are significantly different (α = 0.05) between time points, considered
separately for each measured parameter.

et al. 1987). Thus, in this study, by collecting 0.2 mL of blood
from 200-g fish, we sampled approximately 3% of the total
blood volume. Even if we consider some internal hemorrhage
during the bleeding procedure, it is unlikely that the fish lost
half of their erythrocytes. Fluid efflux into the vascular sys-
tem, thereby reducing the relative content of erythrocytes in the
blood, would be a more likely scenario. In a study of fluid trans-
port after hemorrhage conducted in Rainbow Trout (Olson et al.
2003), hematocrit levels decreased to levels similar to those we
observed 1 h after bleeding.

The bleeding procedures also resulted in 7% and 9% re-
duction in Na+ and Cl+ concentrations, respectively. These
changes also could be a result of fluid absorbance into the
vascular system, or, as we saw in the time-course experiment
(Figure 3), a stress-related reaction. While there was a 14%
increase in K+ levels, a trend supporting the stress-related sce-
nario (as shown in the other experiments), this change was
much lower than what we observed following hypoxia and air

FIGURE 3. Yellow Perch response to air exposure stress over 24 h as reflected
in blood sodium (Na+ ), calcium (Ca+ + ), and potassium (K+ ) levels. Values
with different lower-case letters are significantly different (α = 0.05) between
time points, considered separately for each measured parameter. Units of Ca2 +
concentration were converted from mmol/L to 10 µmol/L to fit on the same
y-axis as Na+ concentration.
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STRESS RESPONSE IN YELLOW PERCH 427

TABLE 2. Effect of bleeding and rebleeding, 2 h later, on hematological parameters (mean ± SD) of Yellow Perch; N.S. = not significant.

Parameter 1st bleeding 2nd bleeding df Sum of squares F-ratio P-value

Glucose (mg/dL) 49.9 ± 7.0 243.8 ± 94.9 22 315,291 45.4 <0.0001
pH 7.28 ± 0.09 7.26 ± 0.16 21 0.32 0.1 N.S.
pO2 (mm Hg) 62.7 ± 40.1 78.4 ± 42.9 23 39,438 0.9 N.S.
pCO2 (mm Hg) 11.3 ± 9.2 16.2 ± 13.4 21 2,671 1.0 N.S.
Hematocrit (%) 26.2 ± 5.9 14.0 ± 2.8 20 1,207 32.5 <0.0001
Na+ (mmol/L) 150.8 ± 6.8 140.6 ± 5.0 22 1,355 16.5 <0.001
K+ (mmol/L) 3.99 ± 0.84 4.54 ± 1.21 20 21 1.5 N.S.
Ca2 + (mmol/L) 1.45 ± 0.33 1.23 ± 0.41 22 3.27 2.1 N.S.
Cl− (mmol/L) 133.6 ± 7.6 121.7 ± 8.6 23 2,290 13.0 0.001

exposure stress and was not significant due to large variances.
Therefore, we cannot conclude if there is an ion disturbance due
to vascular response, general stress response, or an interaction
between them.

Air Exposure
The time-course response following 1 min of exposure to

air is outlined in Figures 2–4. The change in levels of blood O2

pressure was positively correlated with blood pH, but negatively
correlated with blood CO2 pressure (Figure 2). The response of
Yellow Perch to air-exposure stress in our time-course experi-
ment was rapid, but short-lasting. In most of the measured pa-
rameters, disturbance from baseline homeostasis was observed
within an hour after air exposure, was at the highest level dur-
ing the first 2 h, and later was either maintained or declined
to baseline levels (Figures 2 and 4). Other studies in several
fish species that followed stress response through time mostly
focused on endocrinological, metabolic, and immunological pa-
rameters (Arends et al. 1999; Cnaani et al. 2004; Jentoft et al.
2005; Cnaani and McLean 2009). Eissa and Wang (2013) mea-
sured cortisol in Yellow Perch before, 10 min after, and 24 h
after handling; the cortisol concentration spiked after handling,
the spike decreasing by 50% within 24 h, the concentration and
the degree of return to baseline being affected by both acclima-
tion temperature and salinity. Until the present study, there was
a lack of research on time-course effects of stress on gasses and
hydromineral balance in Yellow Perch.

Changes in concentrations of the measured blood gases were
negatively correlated with one another, reduction in O2 pressure
occurring at the same time-point as elevation in CO2 pressure.
Blood pH was highly correlated with O2 pressure and nega-
tively correlated with CO2 pressure (Figure 2). As there were
no changes in the environmental conditions through the ex-
periment, oxygen availability was constant. Thus, the observed
changes are probably the result of stress-related metabolic re-
actions. Immediate stress response is highly energy demanding
(Wendelaar Bonga 1997), which is consistent with the high
blood glucose concentrations observed in this experiment (Fig-
ure 4). This high energy consumption usually resulted in acido-
sis, caused by slow removal of lactic acid and CO2; this, due

to the Bohr effect, reduces oxygen affinity to hemoglobin and
consequently reduces blood O2 pressure.

Concentrations of Na+ and Ca2 + decreased following air
exposure and, unlike other measured parameters, remained low
even after 24 h (Figure 3). While other measured parameters
showed the strongest stress response within 1 h and returned
to baseline levels 6–24 h after stress, the reduction in Na+

and Ca2 + represented a slower and more prolonged response
to stress, reaching lowest levels 4–6 h after stress and fail-
ing to recover even after 24 h. Poststress decreases in plasma
ions and slower recovery than for other stress-related parame-
ters also were found in Walleye Sander vitreus, another percid
species. Juveniles subjected to a 30-s net handling showed a
spike in plasma cortisol concentration 1 h later and a decrease
in plasma osmolality from 3 to 24 h later (Barton and Zitzow
1995). Similar responses have been found in several salmonid
species (McDonald and Milligan 1997).

FIGURE 4. Yellow Perch response to air exposure stress over 24 h as reflected
in blood glucose and hematocrit (Hct) levels. Values with different lower-case
letters are significantly different (α = 0.05) between time points, considered
separately for each measured parameter.
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428 CNAANI ET AL.

Conclusion
In this study, hematological parameters of adult Yellow Perch

were clearly influenced by different aquaculture-related stres-
sors. For holding conditions, which were at or above optimum
for the species, our results provide baseline data for key gases
and electrolytes in Yellow Perch blood and the ranges in which
they fluctuate in response to stress.

In all three experiments, we observed blood Na+ decrease
and K+ increase in response to stress. This pattern might be
associated with activity of Na+ -K+ -ATPase, an ion exchanger
that transfers K+ from the blood into cells and secretes Na+

from the cell into blood and plays a major role in osmoregu-
lation. Reference levels for blood O2 and CO2 were consistent
with those recorded for Yellow Perch before, during, and after
anesthesia and surgery (Hanley et al. 2010). In both studies, there
was a large variation among fish in concentrations of dissolved
blood gases. In contrast to our results (Figure 2), Hanley et al.
(2010) did not find correlations between blood O2, CO2, and
pH. Furthermore, they also measured blood lactate and found
that after surgery, although blood pH recovered to baseline lev-
els, blood lactate levels remained high. Thus, there are probably
other factors that influence blood buffering capacity and pH
fluctuations.

Our results add to a growing body of research findings show-
ing that Yellow and Eurasian perches are sensitive to distur-
bance and can be stressed by ordinary culture practices (Head
and Malison 2000; Jentoft et al. 2002; Malison 2003; Acerete
et al. 2004; Strand et al. 2007; Milla et al. 2010; Douxfils et al.
2011; Eissa and Wang 2013). Against this background, fish
culturists can advance perch culture by adopting practices that
minimize disturbance of cultured fish, developing fish stocks
that are more tolerant of culture conditions, or both. The ef-
fects of stress on osmoregulation and consequent influences on
physiology should be further studied by aquaculture scientists.
Aquaculturists should minimize the frequency and intensity of
disturbances to cultured Yellow Perch. Noting that different
stocks of Yellow Perch differ in terms of growth rate and fatty
acid levels (Rosauer et al. 2011), as well as disease resistance
(Olson et al. 2013), we suggest that Yellow Perch stocks also
may differ in terms of response to culture-related stressors. This
hypothesis is supported by the results of Douxfils et al. (2011),
who evaluated the impact of the domestication process on the
physiological stress response of cultured F1 and F4 Eurasian
Perch juveniles challenged by confinement in a culture sys-
tems and exposure to Aeromonas hydrophila; the F4 juveniles
displayed higher lysozyme activity and agglutination response
than F1 juveniles, suggesting higher immune capacity in do-
mesticated fish. We note that domestication and selection have
been associated with changes in many traits, including stress
response, in a variety of aquaculture species. Selection for high
and low cortisol response showed heritability for the trait in At-
lantic Salmon Salmo salar and Rainbow Trout (Fevolden et al.
1991), as related to levels of lysozyme in Rainbow Trout and

mortality in Atlantic Salmon. Selection of Rainbow Trout for
low stress response improved survival following furunculosis
challenge but decreased survival following vibriosis challenge
(Fevolden et al. 1992). Rapid growth rate in Rainbow Trout was
correlated with a rapid decrease in poststress cortisol concen-
trations (Weil et al. 2001). Variations in resting levels of stress
response indices were associated with growth performance in
selected lines of Rainbow Trout (Lankford and Weber 2006;
Weber and Silverstein 2007). These findings suggest that se-
lection for low stress response could yield Yellow Perch stocks
better adapted for production in aquaculture systems. Further
research defining tertiary stress response traits and correlations
with growth rate, disease resistance, and other critical traits is
warranted.
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Abstract
We evaluated the effect of stocking size on growth performance, biomass, production, yield, and survival of the

caridean shrimp Macrobrachium americanum, a freshwater prawn, cultured in cages held in a pond system. The
experiment was conducted using 15 cages of 3 m3 placed inside an earthen pond of 1,422 m2 or surface area. Seventy-
five prawns were stocked for 180 d at sizes of 5, 15, 25, 35 and 45 g, and the initial stocking density was adjusted to 1.7
individuals/m3 for all size groups. Growth performance, biomass, production, yield, and survival were significantly
affected by stocking size. The mean final weight fluctuated from 21.3 g for the 5-g stocking size to 82.1 g for the 45-g
stocking size, whereas prawns initially stocked at 35 g obtained a biomass of 277.8 g and at 45 g obtained a biomass
of 246.3 g and a yield >82.0 g/m3. The specific growth rate decreased with stocking size from 0.78%/d for the 5-g
group, to 0.33%/d for the 45-g group. Annual production fluctuated from 28.0 kg/ha for the 5-g group to 88.7 kg/ha
for the 45-g group, and yield was from 560.0 kg/ha for the 5-g group to 1,640 kg/ha for the 45-g group. Survival varied
from 80.0% for the 5-g group to 60.0% for the 45-g group. The results showed that prawn production in caged-pond
systems cultured at lower stocking sizes during the juvenile-adult phase is feasible.
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EFFECT OF STOCKING SIZE ON CARIDEAN SHRIMP 431

Caridean shrimp M. americanum, a freshwater prawn, are
distributed in western basin rivers from the Gulf of Califor-
nia, Mexico, to northern Peru and the Galapagos and Cocos
islands (Holtschmit 1988). Several native species of the genus
Macrobrachium such as M. tenellum and caridean shrimp have
a high potential for aquaculture (Ponce-Palafox et al. 2002).
Caridean shrimp is a large species that reaches up to 23.5 cm
in total length (Kensler et al. 1974), that ensures a significant
commercial value throughout its range. This freshwater prawn
can reach a total length of 30 cm and a total weight up to 250 g in
natural conditions. In addition, it has a thin shell, good presen-
tation, and acceptable flavor (Ponce-Palafox et al. 2002). Many
studies on the technological aspects for caridean shrimp culture
have been conducted. For example, there are reports on larvae
and postlarvae rearing under laboratory conditions (Monaco
1975; Holtschmit and Pfeiler 1984), its development and repro-
duction in controlled systems (Garcı́a-Guerrero 2009; Garcı́a-
Guerrero 2010), the rearing of prawn juveniles under labora-
tory conditions (Arana-Magallón and Ortega-Salas 2005), and
the adaptation of wild juveniles to culture conditions (Smither-
man et al. 1974; Garcı́a-Guerrero and Apun-Molina 2008). Fur-
thermore, the feasibility of polyculture has been tested with
red tilapia (Mozambique Tilapia Oreochromis mossambicus ×
Wami Tilapia O. urolepis) in recirculating aquaculture systems
(Rojo-Cebreros et al. 2013). However, studies on the growth of
juvenile M. americanum in earthen ponds and cage systems are
scarce (Smitherman et al. 1974; Arana-Magallón 1977). The
objective of this study was to evaluate the effect of stocking
size on growth performance, biomass, production, yield, and
survival of caridean shrimp reared in a cages in an earthen pond
system.

METHODS
Local and experimental structure.—The experiment was

conducted in an earthen pond (1,422 m2 surface area) located
at the San Cayetano Aquaculture Center, Fisheries Department,
Nayarit State Government (21◦27′24.23′′ N; 104◦49′29.67′′ W),
where 15 bottom cages, each with a capacity of 3 m3 (3 × 1 ×
1 m high), were utilized. The cages were built with polyethylene
mesh (0.7-mm diameter) and iron frames. Circular trays (50-cm
diameter) made of polyethylene screen were used as feeders and
fixed inside the cages, as well as synthetic mesh (raffia bags)
as refuges. The cages were tied to stakes, placed on the pond
bottom at a depth of 1 m, and covered with a polyethylene screen
to avoid predators and prawn escape. Water exchange (5% of
the pond water) was performed nightly from 1900–2100 hours
to assure adequate water circulation.

Water parameters.—Water temperature and dissolved oxy-
gen (Yellow Springs Instruments YSI-85) were measured twice
daily (0900 and 1700 hours) inside the cages. Water trans-
parency (Secchi disk) and pH (Bernauer F-1002) were measured
daily. Samples of water were collected twice daily (0900 and
1700 hours) for 1 month at the water subsurface and inside the

cages to determine alkalinity, ammonia (N–NH4
+ ), nitrite (N–

NO2), nitrate (N–NO3), and total phosphorous (total P). All the
analyses were conducted using a YSI 9000 photometer (Yellow
Springs Instruments) according to APHA (2005).

Experimental procedures.—We stocked 75 caridean shrimp
of different sizes (5, 15, 25, 35, and 45 g) in 15 cages (1.7
shrimp/m3 or 5 shrimp/cage) using a completely randomized
design with three replicates per tested stocking size. Animals
were fed twice daily with a commercial diet (Nutripec Camaron-
ina XT, Agribrands, Purina, Mexico; 35% crude protein was 8%
lipid and 12% moisture; size was 2–2.5 mm × 6–7 mm). The
daily feed ratio was gradually adjusted from 5% at the beginning
of the experiment to 2% at the end of the experiment, based on
demand and after monitoring the feeding trays. All prawns were
weighed and measured monthly to evaluate growth and to adjust
the amount of feed supply.

After 180 d of culture, the prawns were individually counted,
measured and weighed to determine mean final length (cm),
mean final weight (g), weight gain (g/week), biomass (g), pro-
duction (g/m3), yield (kg/ha per year), specific growth rate
(SGR;%/d), feed conversion ratio (FCR;%) and survival (%),
where FCR (%) = total dry feed (g)/ total wet weight gain (g)
and SGR (%/d) = 100 × [(logeW2 − logeW1)/t2 − t1)], where
W2 and W1 are mean body weights (g) at times t2 and t1 (d).

A regression analysis was applied for each growth rate versus
final weight and production versus stocking size relationship of
all caridean shrimp (Bhujel 2008). The relationships between
final weight versus growth rate and stocking size versus produc-
tion produced the following quadratic equation:

Production = β0 + β1d + β2d2, (1)

where β2 is a quadratic coefficient (other than 0), β1 is the linear
coefficient, β0 is the intercept, and d is density (Bhujel 2008).

The maximum density (dmax) is

dmax = β1/2β2, (2)

where dmax = maximum density. Maximum production is

Productionmax = β0 + (β2
1/2β2) − (β1/2). (3)

Final optimum weight for growth (WoptGR) was calculated
from the first-order derivative of the parabolic regressions (i.e.,
when dGR/dW = 0; Bhujel 2008). In addition, optimum stock-
ing size for growth (SSoptB) was calculated from the first-order
derivative of the parabolic regressions (i.e., when dB/dSS = 0).

Statistical analysis.—Prawn performance data were ana-
lyzed using Kolmogorov–Smirnov two-sample and Bartlett’s
tests to assess normality and homoscedasticity, respectively.
Because the requirements of these tests were satisfied by both
shrimp performance and water quality data, a paired t-test was
used to compare the morning and afternoon means of the water
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432 PONCE-PALAFOX ET AL.

TABLE 1. Mean ( ± SE) pond-water variables measured in the pond system
used to culture caridean shrimp during a 180-d trial period. Within a row,
different letters indicate significant differences (P < 0.05).

Water variables Morning Afternoon

Temperature (◦C) 27.0 ± 1.2 z 28.8 ± 1.2 z
pH 8.5 ± 0.2 z 8.6 ± 0.1 z
Secchi disk transparency (cm) 82.5 ± 0.5
Dissolved oxygen (mg/L) 8.2 ± 1.6 z 8.6 ± 0.6 z
Alkalinity (mg CaCO3/L) 110.0 ± 0.90 z 135 ± 1.3 y
N-NO3 (mg/L) 1.58 ± 0.15 z 1.32 ± 0.35 z
N-NO2 (mg/L) 0.55 ± 0.07 z 0.42 ± 0.09 z
N-NH3 (mg/L) 0.19 ± 0.05 z 0.15 ± 0.08 z
P total (mg/L) 0.56 ± 0.09 z 0.38 ± 0.10 y

variables. All data from all treatments were subjected to one-
way analysis ANOVA (Montgomery 2012), where significant
main-factor effects were identified; differences among treat-
ments were tested using Tukey’s multicomparison test. The re-
sults were evaluated at the 5% significance level. Values ex-
pressed as percentages were square-root-arcsine transformed
prior to analysis but presented as nontransformed for easier re-
view. The analyses were conducted using Statistica package v10
(StatSoft, Tulsa, Oklahoma).

RESULTS
There were no differences in measured water quality met-

rics among the treatments. During the summer, water tempera-
ture remained at approximately 27.9◦C. During the cold season,
mean temperatures were 26.4◦C in November and 25.0◦C in

FIGURE 1. Monthly mean weight of caridean shrimp cultured at different
stocking sizes in cages held in a pond system during a 180-d trial period.

December, and a minimum gradient was registered. The dis-
solved oxygen values were higher during the grow-out phase
(9.2–9.6 mg/L). Values for pH oscillated slightly and remained
close to 8.5. The remaining water metrics remained stable during
morning and afternoon sampling events (Table 1).

There were significant differences (P = 0.02) in the mean
final weight among treatments (Figure 1; Table 2). The 35 g and
45 g groups obtained the highest mean ( ± SE) values (76.1 ±
7.3 g and 82.1 ± 9.7 g, respectively). A significant increase
(P = 0.03) in SGR was observed for the 5 g (0.78 ± 0.04%/d)
and 15 g (0.66 ± 0.07%/d) groups compared with the other

TABLE 2. Mean ( ± SE) values of growth performance (GR = growth rate, SGR = specific growth rate, FCR = feed conversion rate), biomass, production, and
survival in a pond system where different stocking densities of caridean shrimp were cage-cultured. Within a row, different letters indicate significant differences
(P < 0.05).

Stocking size (g)

Parameters 5 15 25 35 45

Initial length (cm) 6.6 ± 0.2 9.6 ± 0.1 10.7 ± 0.1 11.8 ± 0.1 13.8 ± 0.1
Initial weight (g) 5.0 ± 0.9 15.0 ± 1.8 25.0 ± 2.2 35.0 ± 3.1 45.0 ± 3.3
Final length (cm) 11.9 ± 1.2 x 15.5 ± 2.4 y 15.7 ± 1.9 y 16.8 ± 2.2 zy 18.0 ± 3.5 z
Final weight (g) 21.3 ± 2.6 x 52.1 ± 7.1 y 63.2 ± 8.2 y 76.1 ± 7.3 z 82.1 ± 9.7 z
Biomass (g) 85.2 ± 7.1 w 208.4 ± 6.2 x 230.7 ± 6.0 y 277.8 ± 5.9 z 246.3 ± 5.2 y
Production (g/m3) 28.0 ± 9.1 x 69.3 ± 6.9 y 73.5 ± 5.1 y 88.7 ± 6.5 z 82.0 ± 4.8 z
Annual yield

(kg/ha)
560.0 ± 19.7 x 1,386.0 ± 37.8 y 1,470.0 ± 29.9 y 1,774.0 ± 11.3 z 1,640.0 ± 15.2 z

Daily length gain
(mm/d)

0.30 ± 0.02 z 0.33 ± 0.04 z 0.27 ± 0.02 y 0.28 ± 0.01y 0.23 ± 0.03 x

GR (g/week) 0.63 ± 0.10 x 1.45 ± 0.11 y 1.49 ± 0.09 y 1.62 ± 0.05 z 1.48 ± 0.10 y
SGR (% /d) 0.78 ± 0.04 z 0.66 ± 0.07 y 0.50 ± 0.08 x 0.42 ± 0.05 x 0.33 ± 0.06 w
FCR 1.7 ± 0.1 z 1.6 ± 0.2 z 1.8 ± 0.1 z 1.9 ± 0.3 zy 2.2 ± 0.2 y
Survival (%) 80.0 ± 2.5 z 80.0 ± 2.0 z 73.0 ± 1.3 y 73.0 ± 1.6 y 60.0 ± 2.1 x
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TABLE 3. Equations and allometric factors (b) obtained in caridean shrimp
cultured at different stocking sizes in cages held in a pond system.

Treatment b a
(g) (slope) (intercept) r2

5 2.2559 0.0805 0.9819
15 2.4329 0.0700 0.9617
25 2.4354 0.0788 0.9792
35 2.1841 0.1581 0.9727
45 2.387 0.8660 0.9777

treatments. The same significant trend (P = 0.04) was observed
for the growth rate, biomass, production, yield and FCR for the
35-g and 45-g groups, which obtained the higher values. The
lower FCR and was observed for the 5-g (1.7 ± 0.1) and 15-g
(1.6 ± 0.2) groups. The same stocking density groups exhibited
higher survival (80.0 ± 2.5%) at the end of the experiment.

Values for fitting the length–weight equation for each stock-
ing size are presented in Table 3, showing a high correlation
(r2 > 0.96) for all groups. The resulting parabolic regressions
(Figure 2) indicated that the optimum final weight for maximum
growth increased with harvest size and was estimated to be 76 g.
For the stocking size and production relationship (Figure 3), we
found that the optimum for maximum production increased with
stocking sizes up to 35 g and was estimated (mean ± SE) to be
88.7 ± 6.5 g/m3 (P = 0.01). Because space did not increase in
a cage, growth ceased when the maximum production reached
approximately 88.7 ± 6.5 g/m3 (or 1,774.0 ± 11.3 kg/ha per
year, extrapolating), and final density was 1.4 individuals/m3

(Table 4).

FIGURE 2. Changes in the growth rate (GR) of caridean shrimp cultured cages
held within a pond system. The line represents the least-squares second-order
polynomial fit to the data: GR = −0.0004W2 + 0.0537W − 0.3254. Error
bars = 1 SE; n = 10 for each data point.

FIGURE 3. Changes in the production (P) due to the different stocking size
(SS) of caridean shrimp cultured in a caged-pond system. The line represents
the least-squares second-order polynomial fit to the data: P = −0.1964SS2 +
13.441SS + 28.918. Error bars = 1 SE; n = 10 for each data point.

DISCUSSION
All the measured variables fell within the recommended

range for the cultivation of freshwater prawns (New 2002).
The temperature dropped during November December, coin-
ciding with a reduction in the growth rate, probably inducing a
decrease in prawn feed intake. Caridean shrimp tolerate a wide
range of varying environmental conditions (Ponce-Palafox et al.
2002), but among all the measured environmental variables, only
the temperature seemed to have a direct influence on caridian
shrimp performance. The water quality was appropriate for the
growth rate, biomass, production, yield, and survival achieved
in this work.

The results showed that the culture of caridian shrimp in a
caged-pond system is a production alternative for this species at
the tested stocking size. The daily water exchange was a useful
culture tool to improve its growth, even at the limited production
surface area, which agrees with several reports for giant river

TABLE 4. Density of caridean shrimp cultured at different stocking sizes in
cages held within a pond system. Superscript values were obtained by extrapo-
lating the power equation, adjusting the weight (W) density = 87.992 W−0.998;
R2 = 0.9998.

Weight (g) Density (shrimp/m3)

5 17.7
15 5.9
25 3.5
35 2.5
45 2.0
55 1.6a

65 1.4a

75 1.2a

85 1.0a

95 0.9a

aDensities of <2 shrimp/m3 were counted as 1 shrimp/m3, for practical purposes.
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prawn M. rosenbergii (D’Abramo et al. 2000; Cuvin-Aralar
et al. 2007). Most of the studies related to growth for caridian
shrimp were performed with postlarvae and early juveniles un-
der laboratory conditions (Garcı́a-Guerrero and Apun-Molina
2008), adjusting an initial density of 98–196 individuals/m2 (up
to 2.7 g in weight). The mean weight obtained in this work
after 120 d of culture (51.0 g) is higher than that obtained by
Rojo-Cebreros et al. (2013) for caridian shrimp (41.2 g) in clear-
water plastic tanks, with an initial density of 5 individuals/m2 at
25.3 g stocking size. The growth rate registered for the 5-g group
(0.30 mm/d) is similar to that found by Arana-Magallón and
Ortega-Salas (2005) for 2-g juveniles (0.36 mm/d) for the same
prawn species cultured in laboratory conditions with clear wa-
ter at 33◦C. However, the growth rate is higher than the growth
rate of 0.1 mm/d found by Holtschmit (1988). The differences
exhibited among these studies can be partially explained by the
differences in the culture conditions, such as food, stocking size,
and the type of culture system.

Arana-Magallón and Ortega-Salas (2004) found that post-
larvae growth of 2–3 g weight was isometric (3.02–3.05); in
our study, the allometric growth condition (2.89) was reached
with animals from 5 to 85 g, demonstrating that the prawns
presented relatively good growth for all stocked sizes. How-
ever, when analyzing the relationship per each stocking size,
the slope of the length–weight relationship decreased (Table 2),
possibly indicating a change in condition caused by a varia-
tion in growth rate. The best growth condition was presented in
stocking sizes of 15 g and 25 g. By comparing the length growth
of caridian shrimp from this work with that reported by Murthy
et al. (2013) for giant river prawn, it is possible to conclude
that caridean shrimp grow faster (0.33 mm/d) but acquire less
weight (0.23 g/d) than the giant river prawn (0.31–0.33 g/d).

The lowest survival (60%) recorded in the 45-g group was
due to the smaller space of the cages and greater initial biomass.
It is possible that the reduction in survival, growth rate and
specific growth rate were attributable to the intensity of com-
petition for food and space, which is a reported characteristic
in this species (Garcı́a-Guerrero and Apun-Molina 2008). It is
well known that freshwater prawns of the genus Macrobrachium
show territorial behavior (New et al. 2000), and at high density
storage, even when food is available, growth may be negatively
affected due to stress caused by aggressive behavior (Wick-
ins and Lee 2002). The negative effect of crowding on growth
rates in crustacean culture systems has been previously reported
(D’Abramo et al. 1989, 2000; Ranjeet and Kurup 2002). At
high densities, the stress level is higher, causing the prawn to
become more sensitive to environmental changes and increasing
mortality (Marques et al. 2010). The trend of reduced growth
and survival with increasing densities is consistent in this work.
Survival generally tends to be high at low densities. We found
that the absolute potential growth rate did not increase in direct
proportion to the increase in weight of the prawn, rather at a
slower rate. This indicates that the relative growth rate, that is,

the growth per unit weight, decreases with the increase in the
weight of the prawn.

New (1988) reported a FCR of 1.8–3.0 for giant river prawn
in pond culture systems. This may be acceptable using dry di-
ets. The FCR of caridian shrimp (1.6–2.2) we found agree with
those found by Siddique et al. (1999) in pond culture systems
for giant river prawn (1.73–2.12) cultured at low density (1.5
individuals/m3). The presence of feeders (trays) in cages im-
proved the FCR. In addition, the apparent FCR for prawns was
significantly better in the lowest stocking size and had a ten-
dency to increase with increasing stocking size.

Cabrera et al. (1979) found that caridian shrimp showed a
growth rate lower than that exhibited by giant river prawn and
longarm river prawn M. tenellum under laboratory conditions.
Arana-Magallón and Ortega-Salas (2005) found that caridian
shrimp requires a substrate and a vertical space to increase
growth after reaching a weight of 2 g. Garcı́a-Guerrero and
Apun-Molina (2008) suggested that prawn juveniles can be suc-
cessfully grown in captivity, although lower densities should be
used. The density we used was low (1.7 org/m3); however, the
growth rate was influenced by weight, biomass, and production
by means of a stocking-size parabolic relationship (Figures 2,
3). The maximum growth rate was obtained at 76 g, and max-
imum production was found in a stocking size of 35 g; this
suggests that culturing can begin with a stocking density of 17.7
org/m3 of animals weighing 5 g (Table 4) and ultimately reach a
density of 1 shrimp/m3 with individuals weighing 85 g. Nonethe-
less, according to the market size demand, we recommend an
initial stocking size of 25 g for harvesting individuals of 63 g
in the culture period of this study (180 d). These results show
that caridean shrimp grow best in cages within pond systems
rather than indoor synthetic tanks. Most likely, the presence of
natural food associated with the periphyton and benthos that
developed on the substrate (polyethylene screens), such as the
cage wall and bottom, contributed to the improved growth rates
(Uddin et al. 2006). Finally, the results suggest that the culture
of caridean shrimp caged within pond systems at lower stocking
densities during the juvenile–adult phase is feasible.
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Holtschmit, K. H. 1988. Manual técnico para el cultivo y engorda del lan-
gostino malayo. [Technical manual for Malaysian shrimp growth.] Fide-
icomiso Fondo Nacional para el Desarrollo Pesquero, Secretarı́a de Pesca,
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ERRATUM

Please make the following corrections in a recent issue of this journal:

Volume 76(3), July 2014: “Production and Enrichment of Chironomid Larva with Different Levels of Vitamin C and Effects on
Performance of Persian Sturgeon Larvae,” by Ali Hamidoghli, Bahram Falahatkar, Majidreza Khoshkholgh, and Ahad Sahragard,
pages 289–295.

Page 291. The second sentence of the Results section, the average total biomass of chironomid larva should read as
follows:

. . . 10.1 g (SE, 0.0) for C0, 9.7 g (SE, 0.4) for C100, and 10.2 g (SE, 0.3) for C1000. . . .

Table 1. Row 3, column 1, the value for biomass should be:

10.2 ± 0.3
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