
JOURNAL OF THE
WORLD AQUACULTURE SOCIETY

doi: 10.1111/jwas.12478

A Comparison of the Effects of Two Prey Enrichment Media on
Growth and Survival of Pacific Bluefin Tuna, Thunnus orientalis,

Larvae

Maria S. Stein 1, Daniel Margulies, and Jeanne B. Wexler

Early Life History, Inter-American Tropical Tuna Commission, 8901 La Jolla Shores Drive, La
Jolla, California, 92037, USA

Vernon P. Scholey

Achotines Laboratory, Inter-American Tropical Tuna Commission, Las Tablas, Los Santos,
Republic of Panama

Katagiri Ryo, Tomoki Honryo, and Tsukasa Sasaki

Oshima Branch, Aquaculture Research Institute, Kinkdai University, Oshima 1790-4,
Kushimoto, Wakayama, 649-3633, Japan

Angel Guillen

Aquatic Resources Authority of Panama, Panama, 0819-05850, Republic of Panama

Yasuo Agawa and Yoshifumi Sawada

Oshima Branch, Aquaculture Research Institute, Kinkdai University, Oshima 1790-4,
Kushimoto, Wakayama, 649-3633, Japan

Abstract
Three experiments were conducted to investigate the growth, survival, and standardized cohort

biomass of Pacific bluefin tuna, Thunnus orientalis, larvae fed nutritionally enhanced prey during the
first week of feeding using two commonly used, commercially available enrichment media, AlgaMac
Enrich and Marine Glos. T. orientalis larvae exhibited exponential growth in standard length and dry
weight. The daily specific growth rates in length and weight are the first reported for T. orientalis larvae
and the averages ranged from 3.8 to 4.1% and 27.5%, respectively, for larvae in the AlgaMac treatment
and from 4.1 to 6.1% and 31.5%, respectively, in the Marine Glos treatment. Average daily growth rates
in length ranged from 0.16 to 0.23 mm/d for larvae in the AlgaMac treatment and from 0.17 to 0.27 mm/d
for those in the Marine Glos treatment. Daily growth rates in length were similar to those reported for
other tuna larvae reared in the laboratory but slower than most published estimates for larval tunas
in situ at similar water temperatures. Mean prey number per gut was positively associated with mean
prey level in the tank. Both enrichment media appear to be good sources of nutritional improvement of
planktonic prey for T. orientalis larvae.
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The Pacific bluefin tuna, Thunnus orientalis,
one of the largest species of tunas, inhabits
temperate waters (Bell 1963), but spawns in the

1 Correspondence to: mstein.ocean@gmail.com

tropics, and the larvae and juveniles also inhabit
tropical and subtropical waters of the Pacific
Ocean. In the eastern Pacific Ocean, T. orientalis
occur from Guadeloupe Island, Baja California,
and Southern California with occasional forays
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as far north as Shelikoff Strait, Alaska, in the
central Pacific Ocean from the equator to 40∘N
latitude, and in the western Pacific Ocean from
Sakhalin Island south to southwestern Australia
and New Zealand (Collette and Nauen 1983;
Bayliff 1994). Spawning of T. orientalis occurs
in the warm seas of the northwestern Pacific
Ocean between the Philippines and the Ryukyu
Islands of Japan and in the Sea of Japan; spawn-
ing generally occurs at sea-surface tempera-
tures >22.0 C (Tanaka et al. 2006; Masuma et al.
2008). T. orientalis is a high-value species in
global fresh-fish markets, particularly in the
sashimi and sushi markets of Japan, and it is
being intensively studied in aquaculture pro-
grams throughout Japan (Masuma et al. 2008).
Since the early 1990s, the catch of T. orien-
talis in the Pacific Ocean has been dominated
by young-of-the-year and juveniles of 0–3 yr
(ISSF 2013). Bayliff (2001, 2002) reported that
increases in the catch at this age would likely
decrease productivity of the adult fishery, based
on yield-per-recruit and cohort analyses. Recent
stock assessments (ISC 2012, 2014) have indi-
cated that spawning biomass is near historically
low levels, and the most recent stock assessment
conducted in 2016 is equally pessimistic (ISC
2016).

Identifying the environmental and biological
processes that influence vital rates (e.g., sur-
vival and growth) of early life stages is cru-
cial to an understanding of prerecruit survival
of marine fish species. Recruitment and cohort
strength are often strongly linked to prejuvenile
survival (Bailey and Houde 1989). Several bot-
tlenecks to successful production of T. orientalis
in full-life-cycle aquaculture systems occur dur-
ing the prejuvenile stages. These bottlenecks can
include low feeding success, reduced growth,
and poor nutrition during the first 2 wk of life
(Masuma et al. 2008). Tunas such as T. orien-
talis exhibit reproductive modes characterized
by very high batch and annual fecundities and
early life histories characterized by fast growth
potential, high metabolic rates, and high natu-
ral mortality rates (Tanaka et al. 1996; Margulies
et al. 2007a). This type of early life history
has strong potential for recruitment control dur-
ing prejuvenile stages, although the relatively

long juvenile stage of T. orientalis and other
long-lived tuna species cannot be ruled out as a
recruitment-control life stage (Houde 1989).

Studies of the early life history of T. orientalis
have been conducted in recent decades in Japan,
aided by captive spawning and rearing programs
(Miyashita et al. 2001; Miyashita 2002; Sawada
et al. 2005; Masuma et al. 2009). Studies of in
situ distribution, growth, and survival of T. ori-
entalis larvae have also been carried out in the
western Pacific Ocean (Tanaka et al. 2006; Satoh
et al. 2013). There is strong interest worldwide
in refining understanding of early life history
processes of T. orientalis and other bluefin tuna
species, not only for resource management pur-
poses but also to develop improved aquaculture
practices leading to successful full-life-cycle
production (Masuma et al. 2008).

Growth during the larval stage can be an
important determinant of prerecruit survival in
marine fishes (Miller 2007). Laboratory growth
of T. orientalis larvae during the first 30 d
after hatching has been described by Kaji et al.
(1996), Miyashita et al. (2001), and Miyashita
(2002) in terms of either growth in length or
growth in wet weight in order to estimate a
length–weight relationship, but there are no pub-
lished studies of growth rates or survival of T.
orientalis larvae focused specifically on the first
1–2 wk of feeding, a crucial period for feed-
ing success and cohort survival during the early
life history of a species that spawns in warm
seas (Houde 1989). The first 2 wk of feeding
and growth are also crucial in the success of
full-life-cycle aquaculture programs for T. orien-
talis (Masuma et al. 2008).

As part of a multiyear comparative study of
the early life histories of T. orientalis and yel-
lowfin tuna, Thunnus albacares, the effects of
two enrichment media used to produce nutri-
tionally enhanced prey for T. orientalis larvae
were experimentally compared, and the effects
of those preys on the growth and survival of
the larvae were investigated. Nutritional enrich-
ment of planktonic prey is routinely used in
rearing of high-growth, high-metabolism marine
fish larvae such as tunas, in order to boost the
highly unsaturated fatty acid (HUFA) content
of the prey to near-equivalent levels found in
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wild planktonic prey (Tocher et al. 2008). Alga-
Mac (Aquafauna Bio-Marine, Hawthorne, CA,
USA) and Marine Glos (Nisshin Marinetech Co.,
Yokohama, Japan) are both popular commercial
products commonly used to increase HUFA con-
tent in rotifers for rearing of Thunnus spp. lar-
vae (Nakagawa et al. 2011; Kurata et al. 2015;
Margulies et al. 2016). The specific objective
of these laboratory experiments was to compare
the efficacies of two common enrichment media
used successfully in the past to enhance the nutri-
tional value of planktonic prey of tuna larvae by
(1) estimating feeding incidence and the daily
instantaneous growth and specific growth rates
in length and dry weight of T. orientalis larvae at
variable food levels and (2) estimating survival
and standardized cohort biomass (i.e., a larval
cohort weight index) of T. orientalis larvae dur-
ing the first week of their feeding.

Materials and Methods

Collection of Eggs

The experiments were carried out at the Aqua-
culture Research Institute of Kindai University’s
(KU) Oshima Branch, in the Wakayama Pre-
fecture of Japan (Fig. 1). Oshima is a small
island in the Pacific Ocean 1.8 km offshore from
the southern-most point of Honshu. Scientists
at KU completed the life cycle of T. orien-
talis in 2002 (Sawada et al. 2005) and maintain
multiple broodstock populations in sea pens in
the waters between Oshima and Kushimoto, the
nearest coastal town on the mainland. Brood-
stock are also held in an enclosed bay of Amami
Island, northeast of Okinawa and 380 km south
of Kyushu. Amami Island is bordered by the East
China Sea to the west and the Pacific Ocean to
the east.

Three experiments were conducted in total;
two experiments during July–August 2011
and one experiment in July 2012. Fertilized
T. orientalis eggs were collected from sea
cages off the coast of Amami Island by KU
staff and air shipped to Oshima Station as per
KU’s standard egg collection and shipping
protocols (Sawada et al. 2005). The brood-
stock was made up of 64–74 fish between
4 and 5 yr old over the time period of these

collections. The broodstock diet consisted of
approximately 90% finfish (Scomber spp.) and
10% squid during the spawning season and was
consistent between years. Eggs were received
at Oshima and stocked into an incubation tank
(1600 L) equipped with a 500-μm mesh egg
net (85× 85× 69 cm) suspended in the water.
Water temperature during shipment ranged
from 23.9 to 25.8 C (mean= 24.7 C, s= 0.98,
N = 3) and after arrival, eggs were incubated at
24.0–25.0 C.

Physical Systems

Hatching occurred between 27 and 32 h after
the observed spawning time, depending on the
water temperatures throughout spawning, trans-
portation, and incubation. Six circular experi-
mental tanks, three replicate tanks for each treat-
ment, of approximately 1016 L volume were
stocked with yolk-sac (YS) larvae shortly after
hatching. Larval stocking densities ranged from
13.1 to 15.1 YS/L. Experimental tanks were
plumbed with a flow-through system, and intake
water flow rates were set to allow 2.5 daily
water exchanges. The seawater entering the
experimental tanks first received sand filtra-
tion and ultraviolet treatment. Temperature was
controlled in each tank via a sensor feedback
system connected to both hot and cold water
inflow systems. Water temperature was gradu-
ally increased from the time of hatching to the
time of first feeding (FF) and the target tank
temperature was maintained at a mean of 27.5 C
(range of daily mean 27.1–28.0 C) during all
three experiments. A mean experimental temper-
ature of 27.5 C was chosen to represent a com-
mon developmental temperature for T. orientalis
larvae in the western Pacific Ocean (Miyashita
et al. 2001). A mean salinity of 31.4 g/kg (range
of 30.0–32.4), mean percent oxygen saturation
of 109.9% (range of 91.0–139.4%), mean dis-
solved oxygen of 7.3 mg/L (range of 6.0–9.1),
and a mean pH of 8.11 (range of 7.79–8.24)
were recorded in the experimental tanks over the
course of the trials. FF occurs in T. orientalis
larvae when their eyes are fully pigmented and
the mouth is open and fully functional (Mar-
gulies et al. 2001; Miyashita et al. 2001). The
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Figure 1. Map of Japan indicating Oshima and Amami Branches of Kinkdai University’s Aquaculture Research Institute
(created using ArcMapTM of Esri).

average standard length (SL) of FF T. orien-
talis larvae of this cohort was 3.38 mm (s= 0.22,
N = 269) and the mean dry weight at FF sampled
from the 2012 experimental season was 25.5 μg
(s= 0.0038, N = 60). The larvae in these exper-
iments reached FF between 51 and 59 h after
hatching, or 2.1–2.4 d after hatch (d.a.h.), which
we will refer to as 2 d.a.h. from this point for-
ward.

Three single, florescent light bulbs were
hung above each tank (range of 22.26–27.82
μmol/sec/m2 light intensity at 30 cm depth from
the water’s surface) and the photoperiod was
maintained on a 12 h light; 12 h dark cycle
beginning at the time of FF and through the
duration of the experiments.

The two trials that took place in 2011 were
conducted for 8.2 and 8.4 d of feeding (10.2 and
10.4 d.a.h.), respectively, while the single trial in
2012 was conducted for 7 d of feeding (9 d.a.h.).
The first week of feeding was selected for study
because this stage is a time of very high mor-
tality and rapidly changing vital rates for Thun-
nus larvae (Margulies et al. 2007b). All three
trials began at FF (2 d.a.h.). Larvae in all tri-
als were fed enriched rotifers for the first 7 d of
feeding. Enriched Artemia (San Francisco Bay

strain, second instar stage) was introduced as an
additional prey item beginning on the eighth day
of feeding in the 2011 experiments, when rotifer
concentrations were successively decreased on
each of the final days. Food levels were measured
by taking the mean of two 100-mL water sam-
ples from each tank three times per day with food
levels adjusted accordingly to maintain nomi-
nal levels (Table 1). Within each trial, food was
maintained at consistent levels for each enrich-
ment treatment. The food level was adjusted
between trials in order to examine the effects of
prey enrichment on vital rates under relatively
lower and higher food conditions. The over-
all range of food levels (1900–3500 rotifers/L)
was chosen based on the Inter-American Tropi-
cal Tuna Commission’s (IATTC) previous work
with T. albacares (Margulies et al. 2016) and
was considered to represent mid-level food con-
centrations (i.e., neither food-limiting nor an
excessive concentration that would likely never
be encountered in the wild).

Microturbulence was created in each exper-
imental tank via aeration by six air diffusers
on the floor of each tank. Turbulence condi-
tions were maintained at appropriate levels for
each stage of larval development, according
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Table 1. Mean number of prey items in the gut of Pacific bluefin tuna larvae, Thunnus orientalis, sampled during the
experiments from each enrichment treatment (mean± 2 SEM).

Mean number of prey items in the gut for each experiment by treatment

2011 Expt. 1a 2011 Expt. 2b 2012 Expt.c

Day of experiment Day after hatch ALG-E MG-M ALG-E MG-M ALG-E MG-M

1 2 3.2 (±1.6) 4.2 (±1.5) 3.0 (±1.1) 4.0 (±1.4) 10.2 (±2.9) 7.9 (±2.5)
3 4 7.6 (±1.2) 7.0 (±1.4) 3.8 (±2.1) 5.9 (±1.8) 14.5 (±2.6) 12.5 (±2.9)
5 6 6.4 (±2.3) 7.8 (±1.8) 7.1 (±1.6) 7.1 (±1.7) 15.1 (±3.0) 14.5 (±3.0)
7 8 7.7 (±1.7) 6.9 (±1.9) 9.6 (±2.2) 6.9 (±2.1) 17.4 (±6.0) 17.0 (±6.0)
9 10 5.9 (±1.8) 6.6 (±3.5) 8.2 (±1.6) 7.0 (±2.0) – –

ALG-E=AlgaMac Enrich treatment; MG-M, Marine Glos-Modified treatment.
aMean food concentration: 2600 (±317) rotifers/L.
bMean food concentration: 1900 (±118) rotifers/L.
cMean food concentration: 3500 (±474) rotifers/L.

to protocols developed by the IATTC research
group with T. albacares (Margulies et al.
2007b). Turbulence levels were quantified based
on surface measurements of a neutrally buoyant
drogue. The lowest level possible (<0.5 cm/sec)
was used during the YS stage and an increased
level of approximately 5.9 cm/sec was used once
larvae reached the FF stage (2 d.a.h.).

Algal concentrations of Chlorella sp. (Super
Chlorella V-12; Chlorella Industry Co., LTD,
Tokyo, Japan) were also maintained in each
experimental tank to aid in visual contrast of prey
and added at concentrations in order to create
similar conditions to those of rearing protocols
previously developed by the IATTC (Loew et al.
2002; Margulies et al. 2007b). Cell counts in
the same tanks under similar conditions ranged
between 310,000 and 420,000 cells/mL. The
algal density was maintained by visually judging
the clarity at a set point at depth in each tank. The
algae were added to each tank via a calibrated
drip line above the tanks and the cell density of
the algae added was the same for all tanks. The
volume and clarity of algae added to each tank
was based on the IATTC’s previous experience
with green water additions for T. albacares larval
rearing.

Enrichment

Prey items were enriched with one of two
different products to enhance their nutritional
value. The IATTC research group routinely
uses AlgaMac enrichment products produced

by Aquafauna Bio-Marine, Inc. for rearing T.
albacares larvae in the laboratory (Margulies
et al. 2016). Aquafauna Bio-Marine developed
a custom blend, AlgaMac Enrich (ALG-E),
designed to increase uptake efficiency of the
available essential HUFA, specifically docosa-
hexaenoic acid (DHA), during the rotifer enrich-
ment process. Since these trials, the company
now offers ALG-E as one of its standard com-
mercially available products, with the addition of
taurine and ascorbyl palmitate, which were not
included in the formula at the time of these tri-
als. The ALG-E treatment will be referred to as
ALG-E for the purposes of this paper. Marine
Glos (Nisshin Marinetech) is frequently used
to boost the HUFA content of prey for rearing
of T. orientalis larvae in the laboratory (Naka-
gawa et al. 2011; Kurata et al. 2015). Salmon egg
oil (Seoka et al. 2008) and taurine (Matsunari
et al. 2013) have also been used as diet enrich-
ments to enhance growth and survival in larval
fish. Because of this history, Marine Glos sup-
plemented with salmon egg oil and taurine was
chosen as the second enrichment medium used
in these trials. This treatment will be referred
to in this paper as MG-M (short for Marine
Glos-Modified).

The rotifers for these trials were enriched in
conical tanks at a concentration of 50 million
rotifers per 100 L of water volume (or 500
rotifers/mL). The tank water for the MG-M
enrichment was maintained at 25.0 C. The
ALG-E enrichment tank water temperature was
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maintained at 27.5 C. Salmon egg oil (1.5 g
100 L−1 water), taurine (40 g 100 L−1 water),
and Super V-12 chlorella (50 mL 100 L−1 water)
were added to the MG-M enrichment tank
18 h prior to harvest, followed by Marine Glos
(150 mL 100 L−1 water) 9 h prior to harvest.
ALG-E (15 g 100 L−1 water) was added to the
ALG-E enrichment 9 h prior to harvest.

Artemia (second instar) was introduced as a
prey item after the seventh day of feeding in
addition to rotifers. The Artemia was enriched
with ALG-E in the amount of 1 g per 330,000
cycsts, 12 h prior to harvest in all treatments.

Sample Analyses

Samples of 15 larvae were removed and fixed
in 5% formalin from each tank on the first day
of feeding (2 d.a.h.) and every 2 d thereafter
for growth analysis during both of the 2011
trials. Preserved specimens were measured to the
nearest 0.1 mm total length (TL) and SL using
a calibrated Nikon Eclipse 80i (Tokyo, Japan)
stereo microscope.

Samples of 15 larvae were removed on the first,
fourth, and eighth days of the experiment (after
7 full days of feeding, or 2, 5, and 9 d.a.h.) dur-
ing the 2012 trial and were measured fresh to the
nearest 0.1 mm TL and SL using image capture
analysis and measuring software (MeasurePRO
Version 1.0; Shodensha, Inc., Osaka, Japan) with
a stereo microscope (Olympus SZX12) fitted
with a 5 MP digital camera (model number
HDCE-50B; Shodensha, Inc.). Dry weights were
obtained on the same fresh specimens follow-
ing measurements on the final day of sampling.
Larvae were rinsed in a series of distilled water
baths to remove salts and particulate matter.
Larvae were placed in preweighed aluminum
pans, dried in a drying oven (DS44; Yamato-
HiTEC, Inc., Northbrook, IL, USA) at 60 C for
48 h, then removed from the oven and desic-
cated for 48 h, and then weighed to the near-
est 0.1 μg on a Mettler Toledo ultra microbal-
ance (model XP2UV) (Margulies 1989; Mar-
gulies et al. 2007a). Weight on the first day of
feeding (2 d.a.h.) was given an assigned value
of 25.5 μg, based on a mean of 60 dry weights
from a different cohort of the same age due

to lack of equipment on the first day of this
experiment. The microbalance was only avail-
able for the 2012 trial, and subsequently only
growth in length was analyzed in each of the
2011 trials.

Samples of 5–10 larvae were collected from
each tank at 2-d intervals and fixed in 5% forma-
lin for later gut analysis. During processing, the
alimentary tract of each fixed larva was teased
apart in glycerine and the number and identity
(rotifer or Artemia) of prey were recorded (Mar-
gulies et al. 2001).

Proximate Analysis of Enriched Rotifers

Rotifers from each treatment were collected
after a full enrichment cycle with a fine mesh
collection net and vigorously washed with tap
water. The collection was then strained and
compressed to release the excess water before
being packaged and stored in an ultra-freezer
at −80 C for later nutritional analysis. Each
analysis was conducted in triplicate. Proximate
composition of rotifers enriched with each for-
mula was analyzed by standard methods (AOAC
1995). The carbohydrate content was measured
by the phenol-sulfuric acid method (Hodge and
Hofreiter 1962).

Lipid for fatty acid analysis was extracted
according to Folch et al. (1957). The fatty acid
methyl esters were formed by using methanolic
2 M NaOH solution and methanolic 2 M HCL
solution according to Yoshinaka and Satoh
(1989) and analyzed with a gas chromatograph
(GC-4000; GL Science, Inc., Tokyo, Japan)
equipped with an Ultra Alloy® capillary col-
umn (30 m× 0.25 mm interior diameter; Frontier
Laboratories, Fukushima, Japan) and a flame
ionization detector. Tricosanoic acid methyl
ester (Sigma-Aldrich, St. Louis, MO, USA) was
used as an internal standard. The column oven
temperature was increased from 180 to 240 C
at a rate of 4 C/min and then the temperature
was maintained at 240 C for 20 min. The car-
rier gas was nitrogen, and source and column
head pressure were 5 and 1 kerosene-gas oil
fractions per cm2, respectively. The final tem-
peratures for the injector and detector were 260
and 290 C, respectively. Peak quantification
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was performed using EZChrom Elite compact
software Ver. 1.65 (Agilent Technologies, Santa
Clara, CA, USA).

Data Analyses

The mean final SL for each treatment of all
three trials and the mean final dry weights
between treatments in the 2012 trial were com-
pared, using the Fmax test for homogeneity of
variance followed by either Student’s t test or
Mann–Whitney U test, when appropriate (Zar
1996). Regression analysis was performed on
length and weight data versus age expressed as
d.a.h. and the residuals were examined to deter-
mine the best description of the growth rela-
tionship. All statistical programs were run in
Microsoft Excel and XLSTAT 2012 (Microsoft
Office 2010; Addinsoft, Paris, France).

An exponential model best described the rela-
tionships in both length and weight at age; there-
fore, the instantaneous daily growth in length
of all experiments and weight of the 2012
experiment was calculated based on lengths and
weights measured on the first and final days of
the experiment (2 and 9–10 d.a.h.), using the
following expressions: Lt = L0eGt, where Lt = SL
at t days, G= instantaneous daily growth coef-
ficient, and L0 =SL at time zero, or 2 d.a.h.,
and Wt =W0eGt, where Wt = dry weight at t
days, G= instantaneous daily growth coefficient,
and W0 = dry weight at time zero, or 2 d.a.h.
(Ricker 1975; Margulies 1989). Specific growth
rates (%/d) were calculated in both dry weight
and SL as 100(eG − 1) (Ricker 1975; Margulies
1989). Instantaneous daily growth and specific
growth rates in length were calculated based
on lengths measured at 2 and 10 d.a.h. for
the 2011 experiments and at 2 and 9 d.a.h.
for the 2012 experiment. In most cases, spe-
cific growth rates (percentages) were arcsine
transformed for Student’s t test comparison
between treatments. Mann–Whitney U compar-
isons were made instead of Student’s t test when
more appropriate (α= 0.05) (Zar 1996). Aver-
age daily growth rates in terms of mm/d were
also calculated for all of the length-at-age data
for each treatment of each experiment through
differentiation of the exponential equation fitted
to the data.

Prey number per larva was compiled by tank
and day. Data were then analyzed by ANOVA
(α= 0.05) and pooled by treatment for each day
followed by the Student’s t test to determine
differences in mean prey number between treat-
ments (Zar 1996). A Pearson’s correlation test
was used after a log10-transformation of the
data to analyze the relationship between prey
number larvae per gut and mean food level for
each treatment.

Expected mean survival in laboratory trials
was calculated based on the following relation-
ships (Ricker 1975): Nt=N0e−Zt and Z =F +M,
where Nt = number of survivors at t days after
the first day of a specific trial, N0 = initial num-
ber of larvae for that trial, t= number of days of
the trial, and Z = instantaneous total mortality
rate. Z is equal to the sum of F, the sampling
mortality, and M, the natural mortality rate. The
number of larvae processed for either growth or
gut analysis was considered the sample mortal-
ity (F), and all other mortality was considered
natural mortality (M) (Margulies 1989). In the
first experiment in 2011, one of the replicate
tanks in the MG-M treatment was terminated
early due to low survival and a final survival
estimate of 0.01 was estimated for this tank
in order to calculate expected survival, which
requires a positive value.

Standardized cohort biomass (i.e., a “larval
cohort weight index”) takes into account both
the expected survival and absolute growth in
weight (mean final weight) estimated for each
tank, standardized by the number of larvae orig-
inally stocked in each tank. Standardized cohort
biomass is an estimate of the weight of a cohort
at the end of the study period, standardized
by the initial number of larvae in the cohort.
Cohort biomass is a component of cohort pro-
duction estimates and provides a comparison of
the relative contributions of survival and growth
to the final weight of the cohort. The stan-
dardized cohort biomass for each tank on the
final day of the 2012 trial was estimated as:

Bs =
(wt)(Nt)

N0
, where BS = standardized cohort

biomass (μg/larva), Wt= mean dry weight of lar-
vae at t (final) days, Nt = number of larvae at t
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(final) days, and N0 = initial number of larvae at
time 0 (Ricker 1975).

Proximate composition (% dry weight) and
fatty acid composition (% total fatty acids, dry
basis) are presented as mean± 2 SEM, N = 3,
for each enrichment formula. A Student’s t test
was performed between the two treatments for
each fatty acid to test for differences between the
means.

Results

Survival

Survival of T. orientalis larvae after approx-
imately 1 wk of feeding ranged from 0.1 to
11.5% in individual tanks during all experiments
(Fig. 2). The mean survival of each treatment
ranged from 1.4 to 7.5%. There were no sig-
nificant differences (P> 0.05) in mean survival
between the ALG-E and MG-M treatments for
each experiment (Fig. 2).

Growth

Mean lengths at 2 d.a.h. were similar between
treatments in each of the experiments (ANOVA,
P> 0.05). In the first experiment in 2011, lar-
vae in the ALG-E treatment exhibited a specific
growth rate in SL of 3.8± 0.4%/d (mean± 95%
confidence interval [CI]) after 8 d of feeding
and growth (2–10.2 d.a.h.) (Fig. 3). The specific
growth rate in the MG-M treatment was similar
at 4.1%/d± 0.3% (mean± 95% CI). The growth
rates were not significantly different (U = 620,
df= 72, P> 0.05). The average daily growth
rates were 0.1611 mm/d (SEM= 0.0094, N = 5)
and 0.1676 mm/d (SEM= 0.0099, N = 5) for the
ALG-E and MG-M treatment groups, respec-
tively. The final mean SL in the ALG-E treat-
ment (4.6± 0.1 mm, mean± 2 SEM) was also
not significantly different (U = 575.5, df= 73,
P> 0.05) from that in the MG-M treatment
(4.7± 0.1 mm, mean± 2 SEM) (Fig. 4).

Greater growth rates in SL were attained
in the second 2011 experiment after 8.4 d of
feeding and growth (2–10.4 d.a.h.) when the
larvae were fed at a lower mean daily food level
than that of the previous experiment (Table 1).
Specific growth rate in the ALG-E treatment
was 4.9± 0.3 and 5.6± 0.3%/d (mean± 95%

Figure 2. Expected survival of Thunnus orientalis larvae
for 2011 experiment 1 (10.2 days after hatch [d.a.h.]),
2011 experiment 2 (10.4 d.a.h.), and the 2012 experiment
(9 d.a.h.). Bars indicate mean expected survival by treat-
ment while circles represent the expected survival of indi-
vidual tanks. Open bars and circles represent AlgaMac
Enrich treatment while solid bars and circles represent
Modified Marine Glos treatment. Error bars are ± 95%
confidence limits.

CI) in the MG-M treatment (Fig. 3). A sig-
nificant difference between treatments was
indicated (t= 3.59, df= 178, P< 0.001). The
average daily growth rates were 0.2155 mm/d
(SEM= 0.0167, N = 5) and 0.2449 mm/d
(SEM= 0.0212, N = 5) for the ALG-E and
MG-M treatment groups, respectively. The final
mean SL in the ALG-E treatment (4.9± 0.1 mm,
mean± 2 SEM) was also significantly less
than that in the MG-M treatment (5.2± 0.1,
mean± 2 SEM) (t= 3.17, df= 178, P< 0.015)
(Fig. 4).

Growth in SL was greater in the 2012 exper-
iment than in either of the 2011 experiments
(Fig. 3) when the mean daily food level was
higher (Table 1). Mean specific growth rates
after 7 d of feeding and growth (2–9 d.a.h.) were
5.5± 0.4%/d (mean± 95% CI) for the ALG-E
treatment and 6.1± 0.4%/d (mean± 95% CI)
for the MG-M treatment. A significant differ-
ence in growth rates was indicated (t= 2.29
df= 88, P< 0.05). The average daily growth
rates were 0.2302 mm/d (SEM= 0.0253, N = 3)
and 0.2678 mm/d (SEM= 0.0335, N = 3) for the
ALG-E and MG-M treatment groups, respec-
tively. The final mean SL for the ALG-E treat-
ment was 5.1 mm± 0.1 (mean± 2 SEM), while
the mean SL for the MG-M treatment was
greater at 5.5 mm± 0.2 (mean± 2 SEM), and
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Figure 3. Specific growth rate in standard length (SL) and dry weight for each experiment with days after hatch (d.a.h.)
indicated. Specific growth rates were calculated based on lengths and weights measured on the first day of feeding (2 d.a.h.)
and at 9–10.4 d.a.h. for AlgaMac Enrich (ALG-E) treatment and Modified Marine Glos (MG-M) treatment. Solid symbols
are individual tank means while open symbols are overall treatment means. Error bars represent ± 95% confidence limits.

the means were significantly different (t= 3.70,
df= 88, P< 0.001) (Fig. 4).

Daily growth in weight was analyzed for
the first time in the 2012 experiment. Daily
specific growth rate in weight averaged 27.5 and
31.5% in the ALG-E and MG-M treatments,
respectively (95%CI: ±1.5%, ±2.5%) (Fig. 3).
The difference in growth rate was statistically
significant (U = 1275.5, df= 85, P< 0.01).
Final mean dry weight in the ALG-E treat-
ment (144.3± 11.1 μg) was significantly lower
than in the MG-M treatment (189.8± 22.0 μg,
mean± 2 SEM) (U = 1275.5, df= 85, P< 0.01)
(Fig. 4).

Growth analyses indicated that exponential
models best described the length and weight
data at age in all three experiments (Fig. 5).
Regression results in weight are not presented
here due to the lack of sampling points in dry
weight.

Standardized Cohort Biomass

The standardized cohort biomass was analyzed
for the 2012 experiment, and the means were
not significantly different between enrichment
treatments (t= 0.754, df= 4, P> 0.05) (Fig. 6),
although the absolute mean of 5.5± 2.1 μg/larva
of the ALG-E treatment was 1.5 times that
of 3.7± 1.1 μg/larva in the MG-M treatment
(mean± 2 SEM).

Gut Contents Analysis

A positive correlation between mean food level
and mean number of prey per gut was found in
each treatment (MG-M, rs(6)= 0.8214, ALG-E
rs(8)= 0.4000) (Table 1). Mean number of prey
per gut increased with larval age in the majority
of cases. No significant differences were found
in the mean number of prey per gut between
the treatments on any of the sampling days (Stu-
dent’s t test, α= 0.05). All prey items consumed
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Figure 4. Mean standard length (SL) on the final day of
each experiment and mean dry weight for 2012 experiment
only. Days after hatch (d.a.h.) indicated for each experi-
ment. Solid symbols are individual tank means while open
symbols indicate overall treatment means. ALG-E repre-
sents the AlgaMac Enrich treatment and MG-M the Mod-
ified Marine Glos treatment. Error bars are ± 2 SEM. LS
taken on samples fixed in 5% formalin during both 2011
trials and on fresh specimens in 2012. No correction for
fixative shrinkage applied to data.

during the experiments were rotifers. Because of
the absence of Artemia in the stomach samples
and for ease of presentation, the calculations of
daily mean food levels were based on the rotifer
concentrations only.

Proximate Composition and Fatty Acid
Analyses

The proximate composition analysis revealed
similar composition of rotifers enriched with
each of the two formulas (Table 2). No signifi-
cant differences in the mean values of eicosapen-
taenoic acid (EPA) or DHA levels were found
(Table 3).

Table 2. Proximate composition of rotifers cultured with
two enrichment products (% dry weight, N= 3).

ALG-E MG-M
Constituent Mean (±2 SEM) Mean (±2 SEM)

Crude proteina 71.8 (±5.2) 69.5 (±3.8)
Crude lipid 12.2 (±3.4) 14.5 (±1.0)
Crude carbohydrate 6.2 (±0.5) 6.7 (±0.4)
Ash 6.1 (±0.2) 5.8 (±0.4)

ALG-E=AlgaMac Enrich treatment; MG-M=Marine
Glos-Modified treatment.

aN factor= 6.25.

Table 3. Fatty acid composition of total lipids extracted
from the enriched rotifers (dry basis, % total fatty acids,
N= 3).

ALG-E MG-M
Fatty acid Mean (±2 SEM) Mean (±2 SEM)

C14:0 2.36 (±1.2) 1.91 (±0.4)
C14:1 0.34 (±0.2) 0.20 (±0.1)
C15:0 0.73 (±0.1) 0.66 (±0.4)
C15:1 0.17 (±0.0) 0.29 (±0.2)
C16:0 30.45 (±9.5) 38.75 (±8.6)
C16:1 1.30 (±0.5)* 2.82 (±0.1)*
C17:0 0.94 (±0.3) 1.04 (±0.2)
C17:1 0.70 (±0.5) 1.02 (±0.8)
C18:0 9.19 (±2.9) 10.38 (±2.1)
C18:1n9 2.14 (±0.1)* 4.43 (±0.4)*
C18:2n6 9.41 (±9.7) 8.53 (±16.6)
C18:3n6 0.35 (±0.1) 0.40 (±0.1)
C18:3n3 4.20 (±3.7) 6.91 (±5.0)
C20:0 0.69 (±0.3) 0.69 (±0.1)
C20:1n9 0.70 (±0.0) 1.22 (±0.5)
C20:2 4.84 (±1.1) 5.35 (±2.3)
C20:3n6 2.98 (±2.9) 2.38 (±1.3)
C20:3n3 1.23 (±0.4) 1.26 (±0.3)
C20:4n6 1.94 (±0.6) 1.75 (±0.8)
C20:5n3(EPA) 2.35 (±1.0) 2.27 (±1.8)
C22:0 3.33 (±2.0) 0.77 (±0.2)
C22:1n9 5.66 (±3.6)* 0.53 (±0.2)*
C22:2 3.37 (±3.8) 0.63 (±0.7)
C23:0 2.19 (±0.6)* 0.59 (±0.1)*
C22:5n6 3.34 (±3.0) 1.50 (±0.9)
C24:0 0.59 (±0.5) 1.58 (±1.6)
C22:6n3(DHA) 1.46 (±0.6) 1.57 (±0.1)
C24:1n9 3.06 (±3.6) 0.57 (±0.3)
ΣSFA 56.38 50.46
ΣMUFA 11.08 14.06
ΣPUFA 32.54 35.47
ΣPUFA n-3 12.00 9.24
ΣPUFA n-6 14.56 18.01
ΣHUFA 10.72 13.30

ALG-E=AlgaMac Enrich; DHA= docosahexaenoic
acid; EPA= eicosapentaenoic acid; HUFA= highly
unsaturated fatty acid; MG-M=Modified Marine Glos;
MUFA=Monounsaturated fatty acid; PUFA= Polyunsatu-
rated fatty acid; SFA=Saturated fatty acid.

*Mean values are significantly different at P< 0.05.
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Figure 5. Mean standard length (SL) versus days after hatch for all three experiments and mean dry weight versus days
after hatch for the 2012 experiment. ALG-E, AlgaMac treatment, indicated by solid symbols and MG-M, Modified Marine
Glos treatment, indicated by open symbols. Error bars are ± 2 SEM.

Figure 6. Final standardized biomass (μg larva−1 tank−1)
for each treatment in the 2012 experiment. Days after
hatch (d.a.h.) of experiment indicated. Open symbols
indicate treatment means while solid symbols are indi-
vidual tank values. ALG-E, AlgaMac Enrich treatment;
MG-M, Modified Marine Glos treatment. Error bars are
± 2 SEM.

Discussion

Because ALG-E and MG-M are the most com-
monly used enrichment products for prey in rear-
ing and experimental investigations of tuna lar-
vae, it is instructive to compare the performance
of these products. Overall performance of the
ALG-E and MG-M enrichment types was simi-
lar, and both enrichment media appear to be good
sources of nutritional improvement of plank-
tonic prey for T. orientalis larvae; the MG-M
treatment, however, appears to promote more
rapid growth in weight, and in length in two of
the three trials, after the first week of feeding.
Both enrichment types seem equally good, with
subtle differences, in promoting larval survival
and cohort biomass. Each enrichment type was
applied over slightly different enrichment peri-
ods, based on manufacturer’s recommendations,



STEIN ET AL.

and enrichment period could have subtle effects
on larval vital rates as well.

Nutritional Analysis

The rotifers enriched with both the MG-M
and the ALG-E formulae were fairly similar
in fatty acid composition. The level of essen-
tial fatty acids (EFA) as a percentage of total
fatty acids attained with both of these enrich-
ment products seems to be sufficient for nor-
mal growth and development of T. orientalis
larvae during the first week of feeding. This
is further supported by a history of success-
ful experimental studies at KU that used simi-
lar enrichment protocols for larval rearing (Nak-
agawa et al. 2011; Kurata et al. 2015). Alga-
Mac products have been used successfully by
the IATTC when rearing T. albacares larvae at
the Achotines Laboratory in Panama (Margulies
et al. 2016). The enrichment protocols of both
treatments resulted in a substantial increase in
DHA as a percentage of the total fatty acid in
rotifers when compared to the level in unen-
riched rotifers, which is near zero (Bell et al.
2003). Natural prey of larval tunas, such as
copepod nauplii, copepodites and adults, gen-
erally contain much higher DHA content than
the levels reported in this study (McEvoy et al.
1998), suggesting that a further increase in the
DHA levels through manipulation of the enrich-
ment protocol could support even faster growth
and/or higher survival. However, increasing the
lipid content of the enrichment product could
decrease the amount of available carbohydrates
and result in slow-swimming, sluggish rotifers,
which are not optimal for the feeding of lar-
val tunas (Margulies et al. 2016). Therefore, the
benefits of boosting the EFA should be balanced
with the potential adverse effects on prey behav-
ior, or changes in DHA levels should be offset by
changes in other fatty acids in order to maintain
an optimal lipid:carbohydrate:protein ratio.

Survival

Survival of tuna larvae in artificial rearing set-
tings has been reported to be relatively low com-
pared to other fish species (Miyashita 2002).
Instantaneous daily mortality rates of patches of

T. orientalis larvae tracked in situ have been esti-
mated to be higher than those of other marine
species (Satoh et al. 2008). The overall mean
survival for each treatment in our experiments
(1.4–7.5%) was not unreasonably low, espe-
cially in the first 10 d.a.h., which is a period
of very high mortality for tuna larvae (Mar-
gulies et al. 2016). Multiple factors are thought
to contribute to larval mortality of tuna in rear-
ing systems during the early larval stages, such
as malnutrition, suboptimal physical conditions,
including increased bacterial loads, and surface
adhesion (Margulies et al. 2016; Honryo et al.
2017).

Standardized Cohort Biomass

Standardized cohort biomass is an estimate
of the relative increase in weight of a lar-
val cohort. Standardized cohort biomass for the
2012 experiment mirrored survival. The 2012
results suggest that overall cohort biomass of
T. orientalis after the first week of feeding is
dominated by relative survival, which was 50%
higher in the ALG-E treatment, over growth, at
least in the laboratory. These results agree with
similar patterns of cohort biomass versus sur-
vival and growth exhibited by T. albacares lar-
vae during the first week of feeding (Margulies
et al. 2016). The results also suggest that there
may be a trade-off in early larval production
between growth and survival. This relationship
is likely stage-specific, however, as vital rates
fluctuate with larval development (Houde 1997;
Margulies et al. 2007b). Changes in growth may
dominate the relationship if growth becomes
more rapid and the mortality rate decreases at
later stages of development. This type of infor-
mation may be important when attempting to
maximize or estimate larval cohort production,
which is useful in the development of larval
aquaculture or in the assessment of prerecruit
survival patterns of larval populations in nature.
It should be noted that our laboratory results
occurred in the absence of biological factors
such as predation. Growth rate may play a much
more intrinsic role in the survival of a cohort via
greater predation on slower-growing larvae dur-
ing the early stages in nature, at least prior to
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the onset of piscivory and cannibalism, which is
the developmental stage at which growth of tuna
larvae typically becomes strongly exponential
and density effects of growth appear to diminish
(Tanaka et al. 1996; Margulies et al. 2016).

Gut Contents

The number of prey per gut was not a con-
sistent indicator of larval growth or survival
in T. orientalis larvae. Previous work with T.
albacares larvae at this age has shown simi-
lar ambiguity between number of prey per gut
and growth and survival (Margulies et al. 2007b;
D. Margulies, IATTC, unpublished data). There
was, however, a positive correlation between
daily mean food level and mean number of prey
per gut for both treatments. Average rotifer con-
centration in the water column during the 2012
experiment was 0.6 to 0.9 times higher than
in experiments 1 and 2 of 2011, respectively.
This was reflected in the mean number of prey
per gut/day in the 2012 experiment, which was
2–3.8 times higher than those of the 2011 tri-
als. The weakness of number of prey per gut
as an index of overall growth and survival sug-
gests that a more complicated relationship exists
between feeding and these vital rates, possibly
involving other physical and biological factors
that may influence the behavior, physiology, and
metabolic processes of larvae during feeding
such as the energetic costs of foraging under var-
ious physical or trophic conditions.

Prey Level

The mean daily growth rate for both treatments
was influenced by the prey level of each trial;
however, the growth rate in length did not always
change proportionately with food level. In the
2012 experiment, for which mean prey levels
were 84% greater than the lowest prey level
of the second 2011 trial, mean specific growth
rate increased approximately 11% in length.
Compared to the first 2011 trial, specific growth
rate in the 2012 trial increased proportionately to
food level (35% increase in food level and 46%
increase in daily growth in length). These results
suggest that the specific growth rate in length
(%/d) of T. orientalis larvae is not highly variable

within the mean food level range of 1900 to 3500
rotifers/L.

Growth

This study presents the first estimates of daily
instantaneous growth and specific growth rates
in length and dry weight of T. orientalis larvae.
Laboratory growth of T. orientalis larvae was
moderate to rapid in both enrichment treatments,
exhibiting an exponential pattern in length and
dry weight that is fairly typical of growth of
larval tunas. Laboratory growth in length of
larvae of the tuna genera Thunnus, Katsuwonus,
Auxis, and Euthynnus is generally linear or
curvilinear during the first 7–10 d of feeding
and is usually estimated at <0.35 mm/d (Tanaka
et al. 1996; Wexler et al. 2001; Sawada et al.
2005; Margulies et al. 2007b; Masuma 2013).
Growth rate estimates in weight for tuna larvae
are rare, but the estimates of specific growth
rates in dry weight reported for T. albacares
larvae during the first week of feeding in the
laboratory (range of 20–35%/d) (Margulies
et al. 2007b) are consistent with the estimates
for T. orientalis in this study (treatment means
of 27.5–31.5%/d). As previously noted, Alga-
Mac enrichment products were used in the
studies contributing to the growth estimate for
T. albacares (Margulies et al. 2016).

Three studies, Kurata et al. (2012, 2015) and
Sawada et al. (2000), reported length-at-age
data for T. orientalis larvae reared using rotifers
enriched with Marine Glos products. From
the length-at-age data reported in the Kurata
et al. (2012, 2015) and Sawada et al. (2000)
studies, we calculated specific growth rates
in SL of 4.7–7.2%/d for larvae ranging from
7–10 d.a.h.. This estimated range of specific
growth in SL is comparable, though slightly
higher, than that obtained in this study. The
food levels in the Kurata et al. and Sawada et al.
studies were much higher (0.4- to 9-fold) than
those in our study and there were significant
differences in stocking density, both of which
may influence growth rates in tuna larvae at this
stage of development.

Kaji et al. (1996) reported a weight–length
relationship for T. orientalis larvae reared
from 2 to 30 d.a.h. in the laboratory using a



STEIN ET AL.

different enrichment product. We estimated a
specific growth rate in weight, using Kaji et al.’s
weight–length relationship, W = 0.000229 L4.77

(r2 = 0.922). This analysis yielded an estimate
after the first 7 d of growth of approximately
34.2%/d, which is comparable to, although
slightly faster than, the estimated specific
growth rate in the current study.

Multiple in situ studies have been conducted
and some published growth information for lar-
vae of T. orientalis exists for comparison to our
laboratory growth estimates. Tanaka et al. (2006)
and Satoh et al. (2008) estimated a growth
rate of 0.3–0.5 and 0.4 mm/d, respectively, for
15-day-old T. orientalis larvae collected in the
northwestern Pacific Ocean compared to our
rates of 0.17–0.27 mm/d for 10-d-old larvae in
this study. Although dry weight data is scarce
in the literature, García et al. (2006) published
dry weight-at-age data from previously frozen
T. thynnus larvae collected in the Mediterranean
Sea, from which we estimated specific growth
rates of approximately 7.8%/d in length and
36.3%/d in weight after 7 d of growth, com-
pared to our fastest growth rates of 5.5–6.1%/d
in length and 27.5–31.5%/d in weight in our
2012 experiment. In situ estimates of early lar-
val growth are often higher than laboratory esti-
mates, often attributable to the rapid removal
of slower-growing or malnourished individu-
als from in situ larval populations (Margulies
1993), which can influence the size distribu-
tion at age of a cohort (Pepin 1988; Wexler
et al. 2007). Additionally, it is well documented
that wild plankton, specifically copepods that
likely comprise the majority of the natural diet
of T. orientalis larvae (McEvoy et al. 1998; Bell
et al. 2003), have relatively high fatty acid pro-
files compared to the enriched cultured prey of
our study. Therefore, comparisons between esti-
mates of in situ growth and laboratory growth
should be made with caution, but the compar-
isons do provide some perspective on the scope
and variability of larval tuna growth.

T. orientalis larvae, like the larvae of other
tuna genera, are fast growing, with exponential
growth patterns in SL and dry weight during the
first week of feeding. Both enrichment products
tested in this study (ALG-E and MG-M) appear

to provide high-quality nutritional enhancement
of planktonic prey during the first 7–9 d of
feeding of larvae (2–10 d.a.h.), which is pre-
sumably a period of high metabolic demand
required to support exponential growth. Survival
had a stronger influence than growth rate on
larval standardized cohort biomass during the
first week of feeding, although the relationships
among growth and survival and feeding inci-
dence and growth are not clear. Further studies
should be conducted to elucidate these relation-
ships, including the interactive effects of water
temperature, food level, and larval density on
growth and survival of T. orientalis larvae during
the first 7–10 d of feeding.
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