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Abstract. The aim of the study was to determine the influence
of the size and form of Artemia sp. feed on the rearing indices
of Atlantic sturgeon larvae. In the experiment, the nauplius
sizes used were 480 µm (group AD), 430 µm (group AM), and
430 µm frozen nauplii (group AI). After three weeks of
rearing, the sturgeon from group AD had the highest mean
body weight of 0.131 g that was statistically significantly
different from groups AM (0.071 g) and AI (0.033 g). The
longest total length was noted in group AD (2.8 cm) and was
statistically different from the others (P � 0.05). Specific
growth rate in groups AD and AM was 14.7 and 11.8% d-1,
respectively, and these values differed statistically from those
in group AI at 7.8% d-1. The highest survival rate was recorded
in group AD at 60.6%, while the lowest was noted in group AI
at 15.6%, and the differences between these two groups were
statistically significant. The results of the experiment
indicated that a feed of live 480 µm Artemia sp. nauplius
significantly accelerated the growth rates and increased the
survival rates of Atlantic sturgeon larvae.
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Introduction

The Atlantic sturgeon, Acipenser oxyrinchus

(Mitchill), is one of the largest fishes currently occur-

ring in the Baltic Sea catchment area. Thanks to res-

toration and strict conservation measures, this

species once again inhabits European waters

(Stak�nas and Pilinkovskij 2019). Work to recon-

struct the Baltic population of Atlantic sturgeon in

Poland was initiated almost twenty years ago

(Kolman et al. 2011, Kapusta et al. 2016, Purvina et

al. 2019); This endeavor corresponds largely to the

framework of the action plan developed by the Baltic

Sea Environment Protection Commission

(HELCOM) (Gessner et al. 2019) and the principles

of the program entitled the “Pan-European Action

Plan for Sturgeons” adopted by the European Com-

mission (Friedrich et al. 2018). The success of the

measures taken requires long-term cooperation

among the countries and organizations involved to

achieve a stable Atlantic sturgeon population in the

Baltic Sea. One of the measures key to achieving the

goals of these programs is optimizing breeding
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programs and especially improving feeding tech-
niques for Atlantic sturgeon juvenile stages (Mohler
2003, Kolman et al. 2011, Gessner et al. 2019).

The success of rearing larvae depends primarily
on using appropriate feed that is efficiently digested, is
of the proper size, and provides nutrients to support
optimal growth and survival (Hamre et al. 2013,
Kandathil Radhakrishnan et al. 2020). Most larval
sturgeon require live feed during initial rearing in re-
circulating aquaculture systems (RAS) (Chebanov et
al. 2011, Gisbert et al. 2018). Research indicates that
the best live feed for Atlantic sturgeon larvae is
Artemia sp. nauplii (Mahler 2003, Piotrowska et al.
2013). Hatched nauplii can also be administered in ei-
ther frozen and dried forms (Mohler et al. 2000,
Szczepkowska et al. 2009, Cobo et al. 2014). Addi-
tionally, they can be enriched with unsaturated fatty
acids (UFA), which affects larval survival significantly
(Kamaszewski et al. 2014, Kolman et al. 2018). When
rearing this demanding species, attention should also
be paid to elements of the feeding strategy, such as
feeding frequency, feed type (live or frozen), and feed
size (Mohler et al. 2000, Szczepkowski et al. 2010,
2011, Kolman and Kapusta 2018).

Using frozen feed is a common practice in the
breeding programs of many fish and crustacean spe-
cies (Soares et al. 2006, Nascimento et al. 2020). The
advantage of this type of feed is that it permits stock-
ing and preparing quantities of it prior to planned
rearing cycles, which can facilitate the process and
reduce costs (Ferreira et al. 2017, Stañczak et al.
2017, Valentine et al. 2017). Currently, there is scant
information in the available literature on the possibil-
ity of using frozen Artemia sp. nauplii (Mohler et al.
2000). Therefore, it is important to investigate the in-
fluence this type of feed has on larval rearing effec-
tiveness in this species.

The size of live feed can influence larval growth
(Petkam and Moodier 2001), survival (Busch et al.
2011), and pigmentation (Olsen et al. 1999) in many
fish species. Feeding larvae with feed of an inappro-
priate size can significantly affect rearing results (Van
Hoestenberghe et al. 2015). Knowledge of the diet of
larval and juvenile Atlantic sturgeon in its natural
habitat is very limited. According to research by

Bogacka-Kapusta (2011), juvenile Atlantic sturgeon
inhabiting natural environments preferred smaller
prey even though its maximum mouth opening size
indicated the possibility of catching larger prey. In
other sturgeon species, food choice is influenced by
seasonal availability, and sturgeon can adapt to and
feed on the food that is available (Miller 2004). In the
literature lacks information on the preferred live feed
size for sturgeon reared in RAS, although the initial
rearing of Atlantic sturgeon using Artemia sp. nauplii
is well described. (Mohler 2003, Kolman et al. 2018,
Piotrowska et al. 2018). Using live feed of an appro-
priate size for the size of the mouth can significantly
reduce mortality and stimulate the growth of cul-
tured fish (Busch et al. 2011).

The aim of this study was to determine if the size
and form (live or frozen) of Artemia sp. nauplius feed
could limit the growth and survival of larval Atlantic
sturgeon.

Materials and methods

Fish

The experiment was conducted at the Department of
Sturgeon Fish Breeding (DSFB) in Pieczarki, Inland
Fisheries Institute in Olsztyn. The study material was
obtained from a wild population of Atlantic sturgeon
inhabiting the Saint John River (Canada). Artificial
spawning was performed at the hatchery of Acadian
Sturgeon and Caviar, Inc. (Saint John, Canada) that
is located in Carter’s Point, New Brunswick, Canada.
Fertilized eggs packed in polyethylene bags with wa-
ter, oxygen, and activated charcoal were transported
to DSFB and incubated in McDonald hatching jars
placed in tanks with working volumes of 2 m3 that
were part of a RAS. Mass hatching occurred after five
days of incubation at 18°C.

Rearing experiment

On the third day post hatching (DPH), 540 Atlantic
sturgeon larvae were selected at random and
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transferred to nine tanks with working volumes of
0.05 m3 each that were part of a RAS. The system
was equipped with oxygen generators and an SDK
CN 3.2 biofilter (SDK, Poland) filled with synthetic
RK Bioelements–Light at a total volume of 1.5 m3

(RK Plast A/S, Denmark). Larval behavior was ob-
served daily to determine when the melanin plugs
were ejected and feeding began. On the ninth DPH,
the 21-day experiment began. The duration of the ex-
periment was determined based on the optimal pe-
riod during which the larvae can be fed only Artemia

sp. nauplii (Mohler 2000). There were three experi-
mental groups in which the larvae were fed live feed
AF Artemia sp. with sizes of 480 µm (group AD) and
± 430 µm (group AM) and frozen AF Artemia sp.
with a size of 430 µm (group AI). Each of the feed
variants tested was performed in three replications.
The starting size of each group was 60 individuals
with an average body weight of 0.006 g and an aver-
age total length of 1.0 cm. The size of given nauplii
was based on the manufacturer’s data. The AF
Artemia sp. cysts (INVE, Aquaculture, Belgium) were
incubated according to the manufacturer’s instruc-
tions. Frozen feed was prepared weekly from freshly-
hatched 430 µm nauplii, which were divided into
daily feed rations and stored at -20�C (Mohler et al.
2000). Before feeding, the frozen feed was thawed at
room temperature. The daily feed ration was calcu-
lated with cyst dry weight at 10% of fish biomass.
Live and frozen feed was administered twice daily
with a 10 ml pipette. Every morning, unconsumed
feed and dead larvae, in which the degree intestinal
tract fullness was determined, were removed from
the tanks.

Rearing conditions

During the experiment, the mean water flow was
1.07 l min-1, and the mean water temperature was
21.1�C. The oxygen concentration at the tank out-
flows did not decrease below 6.4 mg l-1. Water pH
was within the range of 7.9–8.1 (CyberScan 5500,
Eutech Instruments, USA). The concentration of total
ammonia nitrogen (TAN = NH4

+-N + NH3-N) at the

tank outflows did not exceed 0.07 mg l-1 and that of
nitrites (NO2-N) did not exceed 0.067 mg l-1

(Aquamate UV-Vis Plus spectrophotometer, Eng-
land). Light intensity at the surface of the tanks
ranged from 87.1 to 391.1 lx (L-100 precision
luxmeter, Sonopan, Polska).

Data analysis

All the fish from the tanks were weighed at the begin-
ning and end of the experiment to determine their
biomass. Individual measurements of body weight
(± 0.001 g) and total length (± 0.1 cm) were taken of
45 specimens at the beginning of the experiment and
of all fish at the end of it. Based on the data gathered,
the following rearing indices were calculated: spe-
cific growth rate SGR (% d-1) = 100 × (ln BW2 – ln
BW1) × t-1; Fulton’s condition factor CF = 100 ×
BWm × TL-3; body weight coefficient of variation CV
(%) = 100 × SD × BW-1; stock survival P (%) = 100
(FN × IN-1); where: BW1 and BW2 – initial and final
body weight (g), BW – body weight (g), BWm – mean
body weight (g); t – rearing time (days); TL – total
length (cm); SD – standard deviation of body weight;
IN – initial number of fish (individuals) and FN – final
number of fish.

Statistical analysis was performed using
Statistica 12.0 Pl (StatSoft Inc.). The homogeneity of
variance was checked using Levene’s test. One-way
analysis of variance (ANOVA) was used to determine
the significance of differences among the mean val-
ues of breeding indices in the analyzed groups. If sta-
tistically significant differences were found, further
analysis was performed using Tukey’s test at a signif-
icance level P � 0.05. The results were expressed as
the mean values of the groups ± SD.

Results

Feeding Atlantic sturgeon larvae feeds of different
sizes and forms significantly influenced their growth.
The fish from group AD had a significantly higher
mean body weight and mean total length in
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comparison to the other groups (P � 0.05; Table 1).

The specific growth rates (SGR) of fish fed live

Artemia sp. nauplii differed significantly from the

group fed frozen feed (P � 0.05; Table 1). Survival in

the groups fed either live or frozen feed was 15.6%

(group AI), 33.9% (group AM), and 60.6% (group

AD). Significant differences were confirmed in sur-

vival between groups AD and AI (P � 0.05; Fig. 1).

The different feed sizes and forms of live feed did not

influence the condition factor or the coefficient of

variation of fish body weight.

Increased mortality was observed in all the
groups analyzed immediately after feeding began
(Fig. 2). The highest mortality was recorded between
12 and 18 DPH. It was highest in the group fed
frozen Artemia sp. nauplii at a maximum of 13.3% of
the fish stock daily. On the final day of the experi-
ment, group AI had the highest number of specimens
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Table 1
Selected rearing indices of Atlantic sturgeon (A. oxyrinchus) larvae fed Artemia sp. nauplii of the following sizes: 480 µm (group
AD), 430 µm (group AM), and 430 µm frozen (group AI) (mean values ± SD; n = 3)

Parameters

Group

AD AM AI

Initial body weight (BW, g) 0.006 ± 0.001a 0.006 ± 0.001a 0.006 ± 0.001a

Final body weight (BW, g) 0.131 ± 0.018a 0.071 ± 0.005b 0.033 ± 0.015c

Initial total length (TL, cm) 1.0 ± 0.1a 1.0 ± 0.1a 1.0 ± 0.1a

Final total length (TL, cm) 2.8 ± 0.1a 2.4 ± 0.1b 1.8 ± 0.2c

Body weight coefficient of variation (CV, %) 55.4 ± 5.2a 44.3 ± 11.9a 49.3 ± 18.5a

Specific growth rate (SGR, % d-1) 14.7 ± 0.6a 11.8 ± 0.3a 7.8 ± 2.0b

Fulton’s condition factor (CF) 0.58 ± 0.04a 0.54 ± 0.04a 0.51 ± 0.02a

Groups with the same letter index in the same row do not differ significantly statistically (P > 0.05)
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Figure 1. Effect of the size and form of Artemia sp. nauplii feed on the survival of Atlantic sturgeon (A. oxyrinchus) larvae during a 30 day
rearing period. Experimental groups: AD – 480 µm Artemia sp. nauplii, AM – 430 µm Artemia sp. nauplii, AI – 430 µm frozen Artemia sp.
nauplii. Data are mean values ± SD; n = 3. Groups means with different letters are significant different (P < 0.05).



that had starved to death among all deaths. Their
share of the total number of dead larvae was 93.5%,
while in the other groups it was 90.2% (group AD)
and 74.2% (group AM). Conversely, the proportion of
fully fed individuals in the groups was 6.5% in AI,
9.8% in AD, and 25.8% in AM.

Discussion

Sturgeons are among the most endangered fish spe-
cies (IUCN 2020). The decline in natural populations
is the result of the influence of long-term human ac-
tivity on aquatic ecosystems, primarily industrial de-
velopment, agriculture, land drainage, river
regulation and development, and intense fisheries
(Kolman et al. 2011). Therefore, stocking remains
one of the basic tools in maintaining sustainable pop-
ulations, especially those included in restoration pro-
grams. Rearing stocking material in hatcheries is one
of the key elements of the restoration plan for the Bal-
tic Sea Atlantic sturgeon population. Providing the
appropriate feed for reared fish guarantees not only

high fish growth rates, but also higher fish survival
rates (Kolman and Kapusta 2018). Many factors in-
fluence which prey larval fish choose including char-
acteristics of the fish species (mouth size, larval size)
and the prey species (size, mobility, nutritional value)
(Busch et al. 2011, Ma et al. 2015, Estévez et al.
2019, Nascimento et al. 2020).

Prey size

The Atlantic sturgeon, like most species of the genus
Acipenser, is a typical benthophage. In its natural
range of occurrence its prey includes benthic organ-
isms, inter alia, crustaceans (Gammaridae,
Assellidae, Anthuridae) and insect larvae
(Chironomidae, Trichopterai, Ephemeroptera,
Ceratopogonidae, Simuliidae) (Bogacka–Kapusta et
al. 2011, Hilton et al. 2016). The composition of the
natural diet of sturgeon changes depending on the
developmental stage, season of the year, and feeding
ground location (Guilbart et al. 2007, McLean et al.
2013). Under controlled conditions for larval stur-
geon rearing, the most frequently used feed is
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Figure 2. Effect of the size and form of Artemia sp. nauplii feed on the daily mortality of Atlantic sturgeon (A. oxyrinchus) larvae during
a 30 day rearing period. Experimental groups: AD – 480 µm Artemia sp. nauplii, AM – 430 µm Artemia sp. nauplii, AI – 430 µm frozen
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Artemia sp. nauplii that are either freshly hatched
(instar I) or enriched (instar II) (Kamaszewski et al.
2014, Kolman et al. 2018, Piotrowska et al. 2018).
Artemia sp. cysts from America, Asia, Australia, and
Europe are currently available on the market (Lavens
and Sorgeloos 2000), which differ in nutritional con-
tent and size (Sorgeloos et al. 2001). Depending on
the Artemia species, the nauplii range in size from
400–600 µm, while a specially selected type ranging
in size from 660 to 790 µm is recommended for
larger larval fish (Camarago et al. 2005). For larval
marine fishes, which have very small mouth open-
ings and ingest prey whole, nauplius size is especially
important. Correlations between nauplius size and
larval fish mortality indicates that 20% of larvae
starve if nauplii larger than 480 ìm are used in the
first stages of rearing, which is why it is essential to
choose the appropriate nauplius size depending on
the developmental stage of the cultured larval fish
(Léger et al. 2000). In the current experiment, nauplii
(instar I) of 430 µm and 480 µm were used, and the
fish fed 480 µm nauplii achieved substantially better
growth and survival rates. Using feed that is too small
resulted in lower growth and survival rates probably
because this feed did not meet fish energy require-
ments. Petkam and Moodie (2001) reported similar
results rearing larval bighead catfish, Clarias

macrocephalus (Günther). In the natural environ-
ment, as larval fish grow they choose larger prey
(Busch et al. 2009) that provide more energy (Gill
2003). According to Busch et al. (2011), providing
feed of a small size can stimulate growth and survival
only to a certain stage of rearing, and in the case of
larval cod, Gadus morhua, (L.) this was until 20
DPH. In the present study, it was revealed that
nauplius size (430 µm) became a limiting factor for
survival and growth from 15 DPH. Larvae from
group AM consumed a larger quantity of nauplii to
compensate for the small size of this feed. The conse-
quence of this was that inactive larvae ate excessively
and mortality increased. The share of overfed dead
specimens in this group was 25.8%, while in the
other groups it was lower at 9.8% (AD) and 6.5% (AI).
Gisbert and Williot (1997) reported that the share of
dead Siberian sturgeon, Acipenser baerii (Brandt),

larvae with feed in their stomachs was 70–75%. The
deaths of overfed larvae is typical in Atlantic stur-
geon, which can stem from the larvae being unable to
digest the large quantities of Artemia sp. nauplii in
their digestive tracts (Szczepkowski et al. 2010,
Piotrowska et al. 2018). Ma et al. (2015) reported
that continuous feeding at high prey density can be
detrimental to fish since it overstimulates the fish to
feed increasing the time it takes to void the intestines
and reducing digestive efficiency.

High losses during the initial period of rearing
sturgeon species is usually attributed to nutritional
problems. According to Chebanov and Galich
(2013), one of the primary causes of high larval mor-
tality at the beginning of feeding is the underdevel-
oped digestive system. During this stage, Kolman et
al. (2018) observed a sudden increase in the activity
of hydrolytic enzymes in Atlantic sturgeon larvae.
Mortality stabilizes later and is associated with fully
developed and functioning digestive systems
(Ostaszewska et al. 2011). Mortality dynamics in the
present experiment was characteristic for larvae of
this species (Szczepkowski et al. 2010, Kolman et al.
2018, Piotrowska et al. 2018). Until 15 DPH, the lar-
vae that died had not yet begun feeding, while in
a later stage of rearing, those that died either starved
or overate. In the group fed large nauplii, mortality
were lower, which could be explained by, among
other factors, the more advantageous energy profile
of the larger feed.

The small size of larval Atlantic sturgeon in com-
parison with other sturgeon species influenced the
choice of the size range of the first feed. Its mean
body weight of 0.006–0.008 g is smaller than that of
larval sterlet, Acipenser ruthenus (L.), which is
0.010–0.012 g (Kolman et al. 2018). According to
Kolman and Kapusta (2018), sturgeon size has a sig-
nificant influence on dietary composition. The results
of long-term studies indicated a correlation between
the optimum size of feed and mouth opening size
(Cunha and Planas 1999, Yúfera and Darias 2007,
Azfar Ismail et al. 2019). Mouth size in sturgeons is
relatively large in relation to body size, but, despite
this, in comparison to other fish of a similar body size
they prefer feed of a smaller size (Miller 2004). The
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mechanism of ingesting feed in sturgeons depends

on the species. The mouths of predatory sturgeons

open to the front, while those of benthic feeding stur-

geons are directed downward (Zarri and Palkovacs

2019). However, this type of feeding limits maximum

prey size and is not effective for catching large or

highly mobile prey (Miller 2004). Thus, sturgeons in-

gest food selectively depending on prey size and pre-

fer small, benthic invertebrates of low mobility

(Carroll and Wainwright 2003). Even large adults of

most sturgeon species prefer very small prey (Miler

2004, Hilton et al. 2016). Atlantic sturgeon mouth

size relative to body size is the smallest among stur-

geon species (Sulak et al. 2016), while the white stur-

geon, Acipenser transmontanus Richardson, 1836,

has a substantially larger mouth that permits it to in-

gest larger prey (Vecsei and Peterson 2004). In many

species of larval marine and freshwater fish the range

of the ratio of mouth size to prey size is 25–60%

(R�nnestad et al. 2013, Nass et al. 2016). According

to Azfar Ismai et al. (2019), larval feed must not be

too small or too large. As long as prey size does not

interfere with the larval swallowing mechanism

(Caroll and Wainwright 2003), feeding larger nauplii

(of higher individual energy content) to larvae is ben-

eficial since they expend less energy ingesting

a smaller quantity of larger nauplii. In the present ex-

periment the larvae had no difficulty ingesting both

nauplius sizes; however, using the smaller nauplii

limited larval weight gain and body length growth.

Live and frozen feed

Frozen feed is usually used for the several to a dozen
or more days during the beginning stage of rearing
when larvae cannot yet digest formulated feed or
prior to release as stocking material (Williot et al.
2005). The frozen feeds used most frequently in stur-
geon rearing are Artemia sp. nauplii, Chironomidae

sp. larvae, and Copepoda sp. microcrustaceans
(Mohler et al. 2000, Kynard et al. 2014, Aloisi et al.
2019). Using live and frozen Artemia sp. nauplii in
the rearing of lake sturgeon, Acipenser fulvescens

(Rafinesque), and Atlantic sturgeon did not lower

survival, but it did limit body weight and total length
(Mohler et al. 2000, Valentine et al. 2017). Larval At-
lantic sturgeon fed frozen feed were 35% smaller
than those fed live feed (Mohler et al. 2000). In the
present experiment, the larvae fed frozen Artemia sp.
nauplii were also 25% smaller, but larval survival
was significantly lower in comparison to the groups
fed live feed. Although the Atlantic sturgeon larvae
ingested the frozen nauplii, they probably did not
meet their nutritional requirements. Sharma and
Chakrabarti (2009) reported that the confirmed de-
crease in fat and protein contents of 4 and 7%, re-
spectively, in thawed zooplankton significantly
reduced growth and survival rates of larval Catla

catla (Hamilton). Grabner et al. (1981) demonstrated
that within 10 minutes most zooplankton nutrients
are flushed out if they are thawed improperly. Hamre
et al. (2013) also indicated that thawed Artemia sp.
nauplii can inhibit the growth of reared fish, which
was also observed in the current study.

Feeding larvae with live feed stimulates then to
feed (Conceição et al. 2010, Kandathil
Radhakrishnan et al. 2020). It has been demon-
strated that the olfactory organs develop in the em-
bryonic phase. However, the ability to receive taste
stimuli does not develop until the initiation of exoge-
nous feeding (Kasumyan 2018). This is how the be-
haviors influencing the search for and capture of food
begin to take shape in the larval stage; thus, using
feed with an inappropriate taste or smell can nega-
tively affect larvae and lead to variation in size or in-
creased mortality (Kolman and Kapusta 2018). The
reaction of fish to feed can be triggered by some
amino acids (Kasumyan and Taufik 1994,
Kasumyan 2018), the quantities of which can be re-
duced in frozen feeds (Grabner et al. 1981), and fish
can also be less responsive to such feeds. In the natu-
ral environment, larval Atlantic sturgeon are
benthophagous (Kynard and Horgan 2002) so frozen
Artemia sp. nauplii can be more readily available to
feeding larvae than are mobile nauplii. Additionally,
the energy expended on catching feed is low in com-
parison to that of actively swimming prey. The results
of the present study indicated that frozen feed can
limit larval growth rates, which were significantly
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lower in larvae fed frozen feed (7.8 % d-1) than in
those fed live feed. According to Mohler et al. (2000),
an SGR coefficient of 6.45–7.32 % d-1 did not guar-
antee adequate larval Atlantic sturgeon growth that
would permit them to attain the minimal size re-
quired to begin feeding on formulated feed. However,
the growth rates of larvae fed live feed in the current
study were from 11.8 to 14.7%. The effects of rearing
were comparable to our previous studies of Atlantic
sturgeon (Kolman et al. 2008, Szczepkowski et al.
2010, Piotrowska et al. 2018).

The results of the current study indicated that the
size and form of the administered live food signifi-
cantly affect the rearing parameters of Atlantic stur-
geon larvae. The best results gave use of live Artemia

sp. nauplii with a size of 480 µm. Frozen Artemia sp.
nauplii can be used as backup feed if live feed is un-
available. The findings of the current study provide
basic information on the topic of feeding strategies.
Further research is required on the possibility of us-
ing frozen feed and also on the maximum size of
Artemia sp. nauplii that could be used in the rearing
of Atlantic sturgeon larvae. This will permit optimiz-
ing rearing technologies for this species in RAS.
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