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Conservation potential of North American
large rivers: the Wabash River compared
with the Ohio and Illinois rivers
Mark Pyron1* , Rebecca Logsdon Muenich2 and Andrew F. Casper3

Abstract
Background: Large rivers are ecological treasures with high human value, but most have experienced decades of
degradation from industrial and municipal sewage, row-crop agricultural practices, and hydrologic alteration. We
reviewed published analyses of long-term fish diversity publications from three intensively managed large river
ecosystems to demonstrate the conservation potential of large river ecosystems.
Results: We show how the incorporation of recent advances in river concepts will allow a better understanding of
river ecosystem functioning and conservation. Lastly, we focus on the Wabash River ecosystem based on high
conservation value and provide a list of actions to maintain and support the ecosystem. In the Wabash River, there
were originally 66 species of freshwater mussels, but now only 30 species with reproducing populations remain.
Although there were multiple stressors over the last century, the largest change in Wabash River fish biodiversity
was associated with rapid increases in municipal nutrient loading and invasive bigheaded carps.
Conclusions: Like similarly neglected large river systems worldwide, the Wabash River has a surprising amount of
ecological resilience and recovery. For instance, of the 151 native fish species found in the 1800s, only three species
have experienced local extinctions, making the modern assemblage more intact than many comparable rivers in
the Mississippi River basin. However, not all the changes are positive or support the idea of recovery. Primary
production underpins the productivity of these ecosystems, and the Wabash River phytoplankton assemblages
shifted from high-quality green algae in the 1970s to lower less nutritional blue-green algae as nutrient and
invasive species have recently increased. Our recommendations for the Wabash River and other altered rivers
include the restoration of natural hydrology for the mainstem and tributaries, nutrient reductions, mechanisms to
restore historical hydrologic patterns, additional sediment controls, and improved local hydraulics.
Keywords: River conservation, Freshwater fishes, Long-term

Background
Large river ecosystems have under-appreciated socioeconomic importance because they are key sources of
water for agriculture and society, are transportation
highways for large volumes of goods, and provide a myriad of ecosystem services including flood protection to
millions of people worldwide (Thorp et al. 2010; Ward
et al. 1999; Sparks 1995). However, to monitor, manage,
* Correspondence: mpyron@bsu.edu
1
Department of Biology, Ball State University, Muncie, IN 47306, USA
Full list of author information is available at the end of the article

and conserve these services and functions can be both
expensive and conceptually difficult because of their size
and complexity (Erős et al. 2019). High species richness
and productivity of large rivers result from their geologic
history, size, and connectivity of their complex lateral
and longitudinal habitat mosaic (Sparks 1995; Ward
et al. 1999). This is especially true of large rivers with
north-south orientations like the Wabash River in the
US Midwest that retained biodiversity by acting as refugia during periods of glaciations (Jacquemin and Pyron
2011). Large rivers are also important for maintaining

© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
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productivity through their role as corridors for movement: migratory fishes like the iconic sturgeon utilize
them to connect critical but disjunct reproductive, nursery, and feeding resources (Pracheil et al. 2013). Large
rivers also support high productivity through regular annual spring flood pulses that provide access to critical
nutrient sources, limited habitat, sediment sinks, and attenuation of excess flood water (Thorp et al. 2010;
Bayley 1995). Large river ecosystems have additional
simultaneous but seldom quantified values including nutrient and carbon sequestration and flood risk reduction.
Yet, restoration of large river ecosystems is uncommon
(Jacobson and Galat 2006). The same spatial and temporal complexity that are key to large river ecological
and economic functions are major challenges to incorporate into policy, management, and engineering (Erős
et al. 2019). Despite this portfolio of benefits, efforts to
inform stakeholders and stimulate funding for large river
conservation and restoration have been limited (Palmer
et al. 2005; Lamouroux et al. 2015). When these efforts
are successful, the focus tends to be on a narrow set of
economic benefits rather than ecological values and outcomes (Jacobson and Galat 2006; Palmer et al. 2005) and
often occurs at the local, site-specific spatial scale (Gore
and Shields Jr. 1995). We review research on three adjacent large river watersheds with similar issues. Our final
focus is to bring attention to the recovery potential for
rehabilitation of the Wabash River as an example to
stimulate additional interest in the study and restoration
of large rivers worldwide.
Prior to their development large rivers contained high
biodiversity and productivity as well as other valuable
non-commercial services including recreation, drinking
water supply, and flood risk reduction (Johnson et al.
1995). Following the rapid expansion of industrial agriculture in the 1950s, a more limited set of nonecological services including irrigation, sewage disposal,
power generation, and navigation predominated in many
highly modified floodplain rivers like those of the US
Midwest. The typical ecological response pattern to this
degradation is a corresponding decline in biodiversity,
including in some cases reduced ecological functions
such as productivity (DeBoer et al. 2019). This is a
worldwide-wide phenomenon: construction of dams for
water development began in the US in the nineteenth
century resulting in more than 79,000 dams that altered
hydrologic regimes, natural interactions and functions,
and associated biota (Magilligan and Nislow 2005;
Nilsson et al. 2005). Dams and inland navigation led to a
cascade of developmental pressures, and over the first
half of the twentieth century in midwestern large rivers;
this included steadily increasing industrial and municipal
point source pollution that degraded the diversity and
function of most aquatic ecosystems. This progression
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continued into the twenty-first century until the cumulative impact finally affected human health and livelihood
at a national scale after which society required change
(Carson and Mitchell 1993). The subsequent ecological
recovery due to federal policies including the U.S. Clean
Water Act of 1972, which focused mainly on point
source pollutants, was a demonstration of the ability of
many freshwater ecosystems in general and large river
ecosystems to recover following reductions in point
source pollution (Pyron et al. 2006, 2008, 2019; GibsonReinemer et al. 2017). However, non-point source pollution from agriculture and urbanization as well as other
non-chemical degradation like stream dewatering, and
floodplain/wetland modifications remain significant impediments to greater ecological recovery (Cosens and
Stow 2014). The remaining challenge for the conservation of large river systems is to clearly demonstrate their
potential for continued recovery while developing a toolbox of effective actions and policies for achieving that
conservation potential (Palmer et al. 2005).
A large river conservation toolbox requires establishing a timeline and expectations for the potential status
the ecosystem could achieve. Many US rivers suffered
from similar problems as most of the tributaries of the
Mississippi River basin: well-documented progression of
human activities from shifts in land-use and agricultural
practices, point and non-point source nutrient loads,
hydrologic alterations from dam and reservoir construction, and the establishment of invasive species (Pyron
et al. 2019; DeBoer et al. 2019). Ultimately, for the evaluation of the links between stressors and expectations for
potential policy and conservation responses—a timeline
can be a first tool. In addition to a documented history
of ecological response, the Wabash River also has attributes that improve the likelihood of successful restoration and conservation efforts, especially recovery from
many anthropogenic pressures that long-term monitoring has demonstrated. Our objectives are to (1) describe
the history and ecology of the Wabash River fish ecosystem, (2) compare ecological trends in two midwestern
US rivers using published sources, and (3) suggest potential steps for protecting and conserving the Wabash
River that could be applied to other large river
ecosystems.

The Wabash River: history
The Wabash River is the largest tributary of the Ohio
River with a length of 764 km, a watershed area of 85,
340 km2 and mean annual discharge of 1000 m3/s
(Benke and Cushing 2005, Fig. 1). Although there are
numerous reservoirs on its tributaries and one mainstem
reservoir at river 662 km, the lower two-thirds is still the
longest undammed reach east of the Mississippi River.
The Wabash River watershed was historically dominated
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Fig. 1 Illinois River, Ohio River, and Wabash River map

by beech-maple forest, prairies, and wetlands (Küchler
1966) that were converted prior to and during the twentieth century to allow row-crop agriculture. European
immigrants also expanded large-scale agriculture
whereby they also altered runoff patterns by installing
tile drains that connect to channelized ditches and
streams. Together, this resulted in an estimated 62% of
the watershed being converted into intensive row-crop
agriculture, despite the basins poorly drained soils with
high clay content (US Army Corps of Engineers 2011).
Although agriculture dominates the Wabash River landscape, industrial development was also extremely successful in the state of Indiana during the twentieth
century, with many wastes piped directly into tributary
streams. Further impacts on the ecosystem include dam
construction throughout the watershed during the 1960s
and 1970s, subsequently creating barriers to aquatic animal movements, altering river hydrology, connectivity,
and changing sediment erosion, transport, and deposition patterns. The earliest records of the biodiversity
and ecology of the fishes of Wabash River are from the
more pristine period prior to significant development
(Jordan 1890). However, even before 1900, the Wabash
River became noticeably more turbid likely due to the elevated sediments and nutrients generated by the rapid
expansion of agriculture in the watershed (Jordan 1890).
Currently, the river downstream from the single reservoir is turbid, but the water color is brown or yellow-

green from a mixture of sediments and diatoms. Thus,
during the twentieth century, the setting of the Wabash
River shifted from a less impacted frontier basin to experiencing most of the ills associated with large rivers
around the world.

Hydrologic alterations to the Wabash River
One of the largest yet least understood changes in large
rivers during the rapid expansion of Europeans in North
America was the radical alteration of river hydrology for
navigation and water supply (Graf 1999). Hydrologic alterations occur with dams, dyke fields, and underground
tile drains that rapidly transport water off fields and into
stream channels. These engineering approaches to water
management modified many aspects of annual hydrographs, and especially the magnitude, duration, and frequency of high and low water events (Poff et al. 1997).
Fish and mussel life histories are finely tuned to hydrology attributes. Although ecological responses to altered
hydrology are chronic and cumulative and profoundly
negative, they are not as obvious as acute exposure to
high profile agricultural and industrial chemicals (Poff
et al. 1997). Further, the natures of these impacts are
idiosyncratic and can vary substantially with geography,
geomorphology, land-use, and engineering practices for
each specific river. In the Wabash River example, 80
USGS gaging stations measured altered hydrographs due
to dam construction (Pyron and Neumann 2008).
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Resulting hydrographs in the Wabash River watershed
tend to have statistically significant increased minimum
flows, decreased maximum flows, increased fall rate, decreased summer monthly flows, and decreased high
pulse counts, compared to historic flows (Fig. 2, Pyron
and Neumann 2008). Watersheds with row-crop agriculture land-use resulted in an increased number of zero
flow days, increased low pulse counts, and decreased

Fig. 2 3-day minimum flow by year calculated by Indicators of
Hydrologic Alteration software (Richter et al. 1996) for the
Montezuma USGS gaging station on the Wabash River (top), fall rate
by year for the Valley City USGS gaging station on the Illinois River
(middle), and fall rate by year for the Louisville USGS gaging station
on the Ohio River (bottom)
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high flows during Oct and Apr, compared to historic
flows. Frequencies of large flood events for the Wabash
River were historically rare (four events from 19281985), however are more common in recent decades
(four events from 1985 to 2005) (Pyron et al. 2010).
Rahman and Bowling (2018) further found that reservoir
management in the Wabash River basin resulted in
decreased annual maximum discharge and flashiness
(rapid flow increases following rain events) and increased annual minimum discharge. Thus, in the
Wabash River basin, early twentieth century development culminated in a more compressed hydrograph
with, paradoxically, more variable and extreme conditions in low flow months.

Wabash river water quality and the clean water
act
During the late twentieth and early twenty-first centuries, there was a steady reversal in some of the anthropogenic stresses, especially the discharge of point-source
pollutants to the river. Prior to the Clean Water Act of
1972, summer fish kills were frequent, occurring when
dissolved oxygen concentrations were low, the water
temperature was high, and river discharge was low
(Gammon 1998). Those summer kill conditions were ultimately driven by the increases in the amount of largely
untreated municipal sewage at the same time as wetlands were being converted to row-crop agriculture in
the early to the late twentieth century. The combination
of the Clean Water Act point-source controls through
the National Pollution Discharge Elimination System
along with the adoption of agricultural best management
practices including no-tillage, filter strips, and winter
cover crops that help reduce non-point source pollution
led to water quality improvements, yet some problems
remained. In particular, mineral phosphorus inputs and
suspended sediment loads that result from agricultural
practices have become a water quality issue (Muenich
et al. 2016). Similar patterns of changing nutrient speciation were observed in other agricultural midwestern
rivers and around the world (Powers et al. 2016). The result has become, instead of fish kills, eutrophication and
potential for reduced fish productivity with both increased phytoplankton abundance and a simultaneous
rising dominance of lower quality pelagic blue-green,
diatom, and euglenoid algae (Minder and Pyron 2017).
Thus, the benefits of fewer summer fish kills were offset
by a shift in the food base that led to a change from the
historically warm water fish assemblage that favors recreational and commercial species like catfish and buffalo,
to a modern assemblage dominated by planktivores including the rising threat of invasive bigheaded carps.
Thus, instead of the conservation potential leading to a
state resembling the clear-water conditions of the pre-
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development nineteenth century, we are faced with an
ecosystem that appears to have shifted to a new and alternate high-productivity but a turbid state.

Changes in Wabash River biodiversity: fishes,
mussels, and David Starr Jordan
Early assessment of the biodiversity was begun in the
late nineteenth century by the pioneering ichthyologist
in North America, David Starr Jordan in 1878. Despite
the initial impacts of altered hydrology and increased
pollution, Jordan found the Wabash River still contained
high biodiversity with 151 native fish species, including
key regional species like sturgeon, Blue Catfish, and
Redhorse suckers (Gammon 1998; Simon 2006). The
hardiness of these species is evidenced by the relatively
few local extinctions with the exception of Alligator Gar
(Atraclosteus spatula), Popeye Shiner (Notropis ariommus), and Crystal Darter (Crystallaria asprella). At the
height of the degradation in the 1970s through the
1980s fish assemblages were strongly impacted and
dominated by less desirable Gizzard Shad (Dorosoma
cepedianum). The recent fish assemblage (1990-present)
is characterized by resurgent populations of native river
specialists like River Carpsucker (Carpiodes carpio) and
Freshwater Drum (Aplodinotus grunniens) alongside declining invaders like Common Carp (Cyprinus carpio,
Fig. 3). Recent surveys showed increased species richness
and relative abundances of sensitive species such as Blue
Sucker (Cycleptus elongatus), Redhorse suckers, and
Shovelnose sturgeon (Scaphirhyncus platorhyncus) that
were recorded by David Starr Jordan (Pyron et al. 2006).
The twentieth century, especially the 1960s through
1980s, was a nadir for both environmental conditions
and biodiversity in the Wabash River. Effluent from multiple industries, sewage treatment plants along the Wabash River, and row-crop agriculture throughout the
watershed contributed to pollution and increased nutrients. Evidence of the impact of these problems was easily observed with frequent large fish kill events when

Fig. 3 Relative abundance CPUE of four common fish species by
collection year in the Wabash River. Data from Pyron et al. (2017)
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river discharge was low and the air temperature was
high (Gammon 1998). This was the period when
DePauw University faculty member James Gammon
followed in the footsteps of David Starr Jordan with annual fish collections in the Wabash River (Gammon
1998). His collections and observations are summarized
in his textbook, The Wabash River Ecosystem (Gammon
1998). The book includes a history of the Wabash River,
descriptions of the dominant fish species, and general
patterns of the fish assemblages during this time period
following the Clean Water Act. Gammon’s goal was to
use the fish community to assess water quality and identify problem discharge locations. Gammon’s efforts were
at the forefront of utilizing the results of natural history
surveys to effectively communicate the links to pollution
to agencies and society at large. Gammon (1998) included an innovative fish-based tool, the Index of WellBeing (IWB) that incorporated fish biomass, abundance,
and diversity to gauge the level of impairment, which
proceeded with other indices developed in the region
like the influential Index of Biotic Integrity. The IWB
data collected during his 1970 to 1998 career and again
beginning in 2001 by a new team from Ball State
University demonstrated continually improving fish assemblages (Pyron and Lauer 2004). Standardization in
collection and data analysis included collections at sites
where Gammon made his collections, and boat
electrofishing at 500-m distances in a downstream direction. Combining these early and recent collections was
key to building the long-term trends we present to
establish the status and conservation potential of the
Wabash River ecosystem (Broadway et al. 2015; Pyron
et al. 2017).
Freshwater mussels represent taxon another which,
unfortunately, has not recovered. Mussel species richness decreased from a high of 66 species in the twentieth
century to only 30 species with reproducing populations
(Fisher 2006). Likely causes of mussel losses include
overharvesting by commercial shelling (Cummings et al.
1992), direct exposure to sewage and wastewater, local
extinctions of their fish hosts (Unioinidae mussels require a fish or other host for larvae.), and indirect effects
of altered hydrology that degraded adult habitat including sedimentation, hypoxia, or lethal summer water temperatures (Box and Mossa 1999; Fisher 2006). The
twenty-first century has brought improving environmental conditions, increases in host species abundances, and
greater interest in population enhancement and reintroductions (Indiana Department of Wildlife Resources
2017 Wildlife Science Report, indianawildlife.org). However, despite losses of more than 50% of the species and
on-going anthropogenic threats from agriculture and development, the mussel assemblage of the Wabash River
is still among the most intact large river mussel
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assemblages remaining in the midwestern region (Page
et al. 1997).
Ecological stressors to aquatic ecosystems are evolving
but tend to be chronic stresses whose impacts are felt
decades after the stress was initiated. We suggest that to
create conservation strategies for chronic problems like
anthropogenic, demographic, or climate changes, we
need to be able to test a range of hypothesized solutions.
Long-term ecological research like the work carried out
on the Wabash River since David Starr Jordan’s time
produces relevant data for long-term hypothesis testing
(Dodds et al. 2012; Strayer et al. 2014). Pyron et al.
(2008) identified a temporal decrease in a multimetric
score (Index of Biotic Integrity, IBI) from 1974 to 1998,
and IBI scores increased with an upstream river location.
For instance, long-term data resulted in the detection of
a regime shift from planktivore-detritivores that dominated between 1960 and 1980, to benthic invertivores,
that was attributed to reductions in pollution with the
Clean Water Act (Broadway et al. 2015; Pyron et al.
2017; Fig. 3). More recent (1990–present) modifications
to the fish assemblages included further reductions in
gizzard shad, caused perhaps by nutrient loading modifications (Muenich et al. 2016) and/or increased abundances of invasive Silver Carp (Hypopthalmichthys
molitrix, Pyron et al. 2017). However, Silver Carp abundances in the Wabash River did not approach extreme
densities as in the Illinois River (McClelland et al. 2012).
Evidence that nutrients impacted the ecosystem includes
changes in the phytoplankton assemblages that were
dominated by high-quality green algae in the 1970s and
recently are dominated by diatoms and lower nutritionquality blue-green algae (Minder and Pyron 2017). However, a lack of continuous long-term nutrient monitoring
data to examine with fish assemblage data prevents further conclusion. Despite the decades of ecological stress,
the fish assemblage of the Wabash River contains multiple sensitive species that increased in abundance during the past several decades (Pyron et al. 2006).
Examples of sensitive but recovering fish include the
following:
Shovelnose Sturgeon (Scaphirhynchus platorynchus)
have a strong Wabash River population (Fig. 4) that supports a commercial caviar harvest (Kennedy et al. 2007).
Although Thornton et al. (2018) found the shovelnose
sturgeon population was healthy, condition, weight of
roe-per-fish, and size-at-maturity were decreasing from
2009 to 2016. Shovelnose sturgeon life history characteristics of high age of maturity and infrequent
reproduction result in susceptibility to over-harvest
(Thornton et al. 2018).
Blue Sucker (Cycleptus elongatus) is a large-river specialist with decreased abundance during recent decades
throughout its range in the Mississippi River basin
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Fig. 4 CPUE for sensitive fishes by collection year in the Wabash
River. Data from Pyron et al. (2017)

(Bacula et al. 2009). Abundances in the Wabash River
were low during the 1970s and increased recently likely
following water quality improvements (Gammon 1998).
We found increased abundance as catch per unit effort
(CPUE) of blue sucker from 1974 to 2017 (Fig. 4).
Redhorse suckers (Moxostoma spp.) are an emblematic
large river species (Simon 2006) that were in low abundances in the Wabash by the 1970s (Fig. 4). Subsequently, several Moxostoma increased in abundance,
likely following water quality improvements (Gammon
1998). Trautman (1981) stated that redhorse suckers are
intolerant to pollution and siltation, which are products
of industrial point source pollution and agriculture in
the Wabash River watershed. Catch per unit effort of
Shorthead Redhorse (Moxostoma macrolepidotum) did
not change significantly from 1974 to 2017 in the
Wabash River (Fig. 4).
Smallmouth Buffalo (Ictiobus bubalus) and Freshwater
Drum (Aplodinotus grunniens) increased in abundance
(Fig. 4) during this same time period.
Although many large-river-adapted species have improved abundances, additional conservation problems
remain for the Wabash River. Sauger (Sander canadensis), Bowfin (Amia calva), and American Eel (Anguilla
rostrata) which all have large river linked life histories,
declined between 1974 and 2017, but are also still
present in the system (MP unpubl. data). Taken
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together, the presence of robust populations of these
sensitive fish species suggests that the ingredients of a
healthy large river assemblage are still present. This is a
primary reason that restoration and conservation efforts
in the Wabash River have a high likelihood of success.

Ohio River: hydrologic alterations, fish, and
mussel assemblages
The Ohio River has a larger watershed than either the
Wabash or Illinois rivers (Fig. 1). Unlike the watersheds
of the Wabash and Illinois rivers, agricultural land use in
the Ohio River watershed has decreased while forest
cover has increased since the 1960s (Tayyebi et al. 2014;
Pyron et al. 2019). Land-use in the Ohio River watershed
was dominated by row-crop agriculture in the 1930s, but
conservation reserve programs from 1970 to the present
resulted in shifts from agriculture to the forest (Tayyebi
et al. 2014). Percent urban use more than doubled during the same time period (Tayyebi et al. 2014). Although
increased forest cover in the watershed likely contributes
to improvements in water quality, geochemical signatures from past land-uses remain (Harding et al. 1998).
Like many rivers of the developed basins of the US
Midwest, historic hydrology patterns in the Ohio River
watershed were significantly altered by a system of 20
low-head navigation dams (Thomas et al. 2005). Hydrological alterations included 10 variables encompassing
ecologically important attributes of discharge magnitude,
duration, high- and low-pulse frequencies, fall rate, and
rise rate (Fig. 2, Pyron et al. 2019).
As across North America, invasive species such as
Common Carp and Bigheaded carps and zebra mussels
are a significant problem in the Ohio River (Angradi
et al. 2011). Zebra mussels are in the Wabash River and
are a potential threat to native mussels (Schneider et al.
1998) but are currently at low abundances (MP pers.
obs.). However, despite their influence, Thomas et al.
(2005) identified improvements in fish assemblage metrics over the last 50 years, especially noticeable since the
implementation of the 1972 Clean Water Act. Like the
post-CWA era in the Illinois and Wabash rivers, there
were increases in fish abundance, a tripling of species
richness, and increased trophic diversity of the fish fauna
with time in the Ohio River, with the trend accelerating with each year (Pyron et al. 2019). Pyron et al.
(2019) further hypothesized that the shift in the early
1900s from benthic to pelagic fish dominance observed throughout the Ohio River coincided with declines in water clarity and quality as urban,
agricultural, and industrial inputs became significant.
The accompanying declines in diversity and secondary
production of benthic invertebrates then cascaded up
to declines in the invertivore and piscivore fishes observed by Bowes (2016).
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The Ohio River historically supported high species
richness of freshwater mussels and with species richness
of individual pools up to 63 (Watters and Flaute 2010).
Mussel diversity decreased the past century with high
variation in losses among Ohio River pools. Watters and
Flaute (2010) identified the causes of mussel extirpations
as water quality, existing dams, and invasive zebra
mussels.

Illinois River: a history of pollution and hydrologic
alterations
The Illinois River whose basin is immediate to the west
of the Wabash River has many similarities to its neighbor such as the domination of their watersheds by rowcrop agriculture, a history of untreated industrial and
municipal sewage pollution, and dramatic alteration
from pre-European hydrologic baselines. However, there
are also important differences that may explain the divergence in the conservation history of the two rivers—
sewage originated from a much larger urban-industrial
center (Chicago) in the headwaters of the Illinois River
(Delong 2005). Prior to the twentieth century, hypoxia
and acute toxicity were common more than 100-km
downstream. The subsequent construction of the
Chicago Sanitary and Ship Canal diluted the polluted
river with water diverted from Lake Michigan while also
expanding commercial navigation. While this successfully lowered lethal hypoxia events and pollutant concentrations, this effort ultimately swung the pendulum
in the other direction when the oligotrophic lake water
began to account for between 10 and 25% of the discharge in the upper third of the river after the canal
opened (Delong 2005). Additionally, commercial navigation expanded dramatically on the Illinois River: the original low-head wicket dams that were constructed in the
late 1800s were upgraded in the 1930s to create a deeper
navigation channel year-round (Gibson-Reinemer et al.
2017). This meant greater minimum flows, fewer high
flow pulses, a less well-defined flood season, and a highly
variable rate of rise/fall during any flood event than the
pre-1930s river hydrograph (Lian et al. 2012). Analysis
of historical discharge records showed that since the
1930s, there are at least 11 key hydrologic variables that
are still significantly altered (Table 1) including fall rate
(Fig. 2). There were dramatic rises in the suspended
sediment load and subsequent sedimentation rates, especially in the once diverse and productive floodplain
backwaters (Bhowmik and Demissie 1989). These combined factors significantly limit native fish diversity recovery from point-source pollution-related stresses.
Fish assemblages of the Illinois River
The fish assemblage in the upper Illinois River reached
its environmental low point in the 1950s with low
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Table 1 Hydrology variables that were significantly altered (P <
0.05) from Indicators of Hydrologic Alteration analysis (Richter
et al. 1996) using daily discharge from the Valley City, Illinois,
USGS gaging station on the lower Illinois River. We used
discharge data from 1939 to 2015 to create hydrology variables,
which were then regressed with year to detect significantly
altered variables
IHA group

Correlation r

P value

Group 1: monthly magnitude
December

0.27

0.025

June

0.28

0.025

September

0.25

0.025

Group 2: magnitude duration of annual extremes
3-day minimum

0.28

0.025

7-day minimum

0.30

0.01

30-day minimum

0.26

0.025

30-day maximum

0.25

0.025

90-day maximum

0.28

0.025

Group 4: frequency and duration of high and low pulses
High pulse duration

0.41

0.001

Group 5: rate and frequency of change in conditions
Rise rate

0.37

0.001

Fall rate

− 0.44

0.001

abundances of generalist species (common carp and
goldfish, Carassius auratus). However, following the implementation of the Clean Water Act, there was a doubling in native species richness, increase abundances of
commercially harvested species by more than 25%, while
the relative abundance of the pollution-tolerant common
carp fell to a mere 2% of the community (Gibson-Reinemer et al. 2017). The recovery of the Illinois River in the
decade after the CWA is celebrated as a victory for conservation and restoration. In addition to demonstrating
the power of national policy to have profound local benefits, this also demonstrated that even the most stressed
ecosystems may be capable of recovery. However, by the
twenty-first century, a new type of pollution emerged—

zebra and quagga mussels. These invaders expanded
downstream into the Illinois River from the Great Lakes
in the 1980s and, arguably a bigger threat, the bigheaded
carps moved upriver from the lower Mississippi River in
the 1990s (Stoeckel et al. 1997; Sass et al. 2010). There is
a sad irony that the decades of improvements in water
quality from the CWA that helped recover native species
may now also benefit these recent invasive species.

Similarities and differences among large
midwestern US rivers
Similarities in the influences shaping fish assemblages of
the Wabash, Illinois, and Ohio rivers include a large proportion of the watershed in row-crop agriculture, concentrated urbanization, and alteration of hydrology from
damming (Table 2). However, despite the similarities
among the drivers, the response patterns and trends in
fish assemblages do not mirror each other. These rivers
had varied responses to the staggered arrival of invasive
bigheaded carps. Fish assemblages in the upper third of
the Illinois River closest to the headwaters had not recovered as much as the lower river before the bigheaded
carp invasion (Gibson-Reinemer et al. 2017). In contrast,
the fish assemblages of the Wabash River recovered
from the pre-1970s pollution due to the CWA prior to
invasive bigheaded carp establishment (Pyron et al.
2019). However, in the Wabash River, invasive bigheaded carps never successfully established, with no
measurable impact during the same period bigheaded
carps negatively influenced the Illinois River fish assemblage (Broadway et al. 2015; DeBoer et al. 2018).
Bigheaded carp populations are higher in abundance
in the Illinois River ecosystem than in the Wabash River,
while the body condition and abundance of the native
competitors Gizzard Shad and Bigmouth Buffalo, and
even Silver Carp simultaneously decreased (Solomon
et al. 2016; Pendleton et al. 2017). In contrast, Wabash
River Silver Carp abundance is lower and body condition
is higher. Several authors attributed lower abundances of
the bigheaded carp in the Wabash River to less altered

Table 2 Three rivers compared by history of modifications
Modification

Wabash River

Illinois River

Ohio River

Recent landuse

Agriculture

Agriculture

Mixed agriculture and forest

Hydrologic
alterations

Monthly magnitude, high- and
low-pulse frequencies, minimum
flows, fall rate

Monthly magnitude, 3-day, 7-day, and 30-day minimum dur- Monthly magnitude, duration,
ation; 30-day and 90-day maximum duration; high-pulse dur- high- and low-pulse frequencies,
ation, rise rate, fall rate
fall rate, rise rate

Invasive
species
effects

Minor: bigheaded carps

Major: bigheaded carps

Minor: bigheaded carps

Native fish
recovery
since CWA

Strong

Strong

?
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hydrology which may suppress carp diet and
reproduction, while fostering a more intact assemblage
of native predators and competitors (Stuck et al. 2015;
Coulter et al. 2018). Love et al. (2017) reinforced the
idea that strong competitive interactions can constrain
bigheaded carp by showing a rapid rebound in Gizzard
Shad body condition in Illinois River after the targeted
harvest of Silver Carp began. In the Wabash River, the
gizzard shad population crashed between 1974 and
2008, prior to the arrival of the bigheaded carps, meaning that despite the lower plankton productivity of the
Wabash, there was still less competition during their establishment (Pyron et al. 2017). Thus, although invasive
bigheaded carp are present in both the Illinois River and
the Wabash River, the difference in invasion trajectory
suggests that the ecological constraints of the invader
are very different.
The Ohio River watershed apparently benefitted from
the twentieth century increases in forest cover, likely
contributing to the recovery of the fish assemblages in
conjunction with the Clean Water Act (Pyron et al.
2019) especially since no measurable impact of bigheaded carps was yet detected in this large river. The
CWA also benefitted the Wabash River fish assemblages
as shown by a similar increase in species richness and
recovery of sensitive taxa (Gammon 1998; Pyron et al.
2006). While the Wabash River did not entirely escape
the added stresses of dams and navigation, the amount
of infrastructure and traffic is substantially less than either the Illinois or Ohio river experiences. The only
mainstem dam and reservoir on the Wabash River was
designed for flood retention and control rather than promoting navigation. Its major impact is the combined reduction of discharge during spring high-flow periods
and discharge variation in the stable, low-flow summer
months, along with allowing a more rapid rate of fall
and rise of flood pulses (Table 1, Fig. 2). Despite the
similarity with the Illinois River, the Wabash River is still
less severely impacted than the more variable and seasonally unstable flow regime of the Illinois River. While
the biota of all three of these rivers benefitted from improving water quality, the altered hydrology of the
Illinois and Ohio rivers have replaced poor water quality
as major limiting factors. This is another attribute of the
Wabash River situation that increases its potential conservation value. Thus, we can conclude that one of the
attributes of the Wabash River that make it a good regional candidate for conservation is that it receives all
the benefits of improving land-use practices and environmental legislation while, unlike the Illinois and Ohio
rivers, it has not been as severely degraded by invasive
species like the bigheaded carps.
Several large U.S. rivers resulted in significant temporal and spatial trends, all with multiple stressor effects
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including catchment disturbance, pollution, and water
resource development (Counihan et al. 2018). Despite
their widely divergent environments, socio-economic
settings, and ecological responses, the main stressors for
all the large rivers studied were consistently dams and
land-use modifications. Counihan et al. (2018) noted
that while improvements in water quality associated with
the post-CWA (Clean Water Act) era affected all the
systems, they varied in the initiation and the magnitude
of improvement.

Placing large river conservation into a theoretical
context
The theory has firmly established hydrology, geomorphology, and human development as key drivers of river
structure and function (Poff et al. 1997; Thorp et al.
2010; Gibson-Reinemer et al. 2017). However, the lack
of a flexible, adaptable framework for use in divergent
systems has been one practical limitation to conservation
in large rivers. Two recent advances in theory can provide an example solution: Riverscapes (Fausch et al.
2002) and Macrosystems (McCluney et al. 2014). The
riverscape perspective integrates ecological processes
and spatial complexity by increasing the spatial and temporal scale of research (Fausch et al. 2002). Fausch et al.
(2002) recommended sampling designs that allow testing
at multiple spatial scales and time intervals appropriate
to the life history attributes of target fishes or other organisms. For example, long-term analyses of Wabash
River fish assemblages that included variation in traits
(Beugly and Pyron 2010) and body size variation
(Broadway et al. 2015) provided new information about
ecosystem effects. Fish assemblages of the Wabash River
Beugly and Pyron 2010) and in addition to embracing
the Riverscape scales, expanding to larger spatial and
temporal scales, allows river ecology to incorporate a
macrosystem view (McCluney et al. 2014). The macrosystem view of river ecosystems is of watershed-scale
networks containing distinct patches that are connected
and interacting. The River Ecosystem Synthesis model
(Thorp et al. 2006) predicts that river geomorphology
and hydrology result in unique reaches or functional
process zones, which have unique ecosystem characteristics and can repeat with river distance. Thorp et al.
(2010) further concluded that river ecosystem functioning is primarily caused by its hydrologic pattern (Poff
et al. 1997), and understanding can come from linking
hydrogeomorphology of a river with its biocomplexity
and ecosystem services (Williams et al. 2013). Defining
river ecosystems by hydrogeomorphological gradients is
an advance over the river continuum concept, which includes only river distance attributes (Vannote et al.
1980). Defining distinctive geomorphologic reaches or
functional process zones (FPZ) for the Wabash River
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can provide a start to diagnosing potential conservation
issues and opportunities (Fig. 4). A quantitative method
to define functional process zones using GIS data is currently available. For instance, Robbins and Pyron (in review) used a quantitative approach (Williams et al. 2013)
to identify three distinct functional process zones (FPZ)
for the Wabash River (Fig. 5); FPZ A has a narrow channel width and wide floodplain, FPZ B has a wide channel
and wider floodplain, and FPZ C has a wide channel
width and constrained, narrow floodplain. Robbins and
Pyron (in review) then demonstrated that Wabash River
fish assemblages varied by FPZ (Fig. 5). This approach is
especially useful for large river assessment because it
clearly demonstrates strong links between species composition and FPZ characteristics (DeBoer et al. 2019).
The take-home message for conservation is that theoretical models can be tailored to the specific limitations or
opportunities of a river (e.g., flow modifications in erosional zones below dams versus habitat enhancement in
depositional areas of the lower river), thus increasing the
success and efficiency of the effort and funds expended
across the basin.

Recommendations for moving from theory to
practice in the Wabash River
James Gammon (1998) began a long-term record of fish
abundances for the Wabash River in the 1970s. Continuation of this long-term effort requires permanent funding and supplemental data collection similar to other
long-term monitoring programs. Examples of programs
are the Long-Term Resource Monitoring program on
the Upper Mississippi River (Gibson-Reinemer et al.
2017) and the Ohio River Valley Sanitation Commission
(ORSANCO). To maximize the insights and benefits, a
monitoring program should include the key drivers identified by theory, water quality, nutrient flux, hydrology,
and sediment transport, and plankton monitoring. The
roadmap to restoration and conservation of Wabash
River biodiversity would be a case study for aquatic conservation in general and large river conservation in particular. Specific examples for inclusion in the effort
would include:
1) Experimental modification of the release regime
from upstream flood-control reservoirs in to
mimic the natural flow regime with concurrent
monitoring of ecological and sediment responses
(Konrad et al. 2011).
2) Incentives for modification of cover crops in
agricultural subwatersheds to reduce peak flow
runoff and subsequent nutrient spikes (BabbarSebens et al. 2013) with monitoring of resulting
changes in both sediment and nutrient exports, and
primary producers.
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3) Partnerships and policies like the proposed National
Fish Habitat Conservation Through Partnerships
Act which engage the public and politicians to
arrest on-going degradation and promote important
habitat restoration (Crawford et al. 2016).
4) Reframing of our perception of habitat in river
basins—especially the recognition that the
distribution of habitats are often determined by
reach scale hydrogeomorphological attributes like
functional process zones rather than simply by local
site conditions.
5) Develop detailed fluvial hydrogeomorphology
studies of the mainstem Wabash River to identify
high-quality habitat remnants or to guide rehabilitation. This might include the characterization of
sediment distribution and flux, erosion, and sedimentation patterns, linked to local hydrology variation (Baranya et al. 2018).
6) Map geomorphological variation and identify
locations that are most appropriate for an action
(e.g., cover crop incentives, instream habitat
construction) and policy (e.g., conservation
easements) where flood frequency is changing and
increasing impacts are expected to human
structures or land-use.
7) Restore floodplains by allowing natural seasonal
flooding.
8) Build a watershed partnership with representation
from resource users, agriculture interests, and
management agencies whose goal is to identify and
promote potential conservation, land-use modifications, policy, and mitigation that will protect or improve watersheds in all rivers (Garvey et al. 2010).
An example of a watershed partnership for a large
river is the Upper Mississippi River Conservation
Committee (https://www.umrcc.org/umrcc-history).

Outcomes: the future of the Wabash River
ecosystem
Several successful examples of conservation improvement in river-floodplain habitats exist. For example, The
Nature Conservancy’s Emiquon Preserve adjacent to the
Illinois River (Lemke et al. 2017). While the primary goal
at Emiquon has always been to improve the river basins
diversity and productivity by connecting a high-quality
source habitat, the project embraces the presence of
agricultural levees by the installation of gated structure
that permits export of material and fishes to the river
while preventing extreme flooding, excessive backwater
sedimentation, and limiting invasive species in the floodplain. In addition, the local society benefits through increased recreational hunting and fishing, tourism, and
the potential for flood risk reduction. Modifying this approach to the opportunities available in Wabash River
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Fig. 5 Three functional process zones for the Wabash River, defined by geomorphology. FPZ A has a narrow channel width and wide floodplain,
FPZ B has wide channel and wider floodplain, and FPZ C has wide channel width and constrained, narrow floodplain (Robbins and Pyron
in review)

could include a combination of reduced nitrogen and
phosphorus fertilizer application rates that consider legacy soil nutrients, application methods that maintain nutrients in the soil, and improved application timing
(such as considering the potential for rain near-future),
creation of wetlands to enhance nutrient uptake, restoration of riparian zones, and modification of flood control
management to allow natural flooding into wetlands and
backwaters (Mitsch et al. 2001). Additional nutrient reduction approaches include best management practices
that reduce the loss of sediments and nutrients and two-

stage ditch constructions (Mahl et al. 2015) that are
effective with targeted approaches. Reduced nutrient
loading to the Wabash River is predicted to result in
modifications of the ecosystem including the fish assemblages. Potential changes to fish assemblages with decreased primary productivity include reduced abilities
for bigheaded carps to forage on phytoplankton, the ability for gizzard shad to switch from planktivory to detritivory, and modifications of food webs. Increased water
clarity may result in increased benthic primary productivity and subsequent secondary benthic productivity and
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increased abundances of benthic invertivore fishes.
Impacts on mussels are unknown with decreased phytoplankton in the water column. However, these modifications are costly and politically difficult to implement at
sufficient levels. Local activism to educate politicians
and citizens may provide impetus to invest resources in
conservation.
The early twentieth century agricultural and industrial
development of river basins often focused on optimizing
one or two aspects of management (e.g., irrigation supply, rapid field drainage) while, for ease or economics,
discounting other potential ecological or cultural uses.
However, more recently, water and land management
and planning as a discipline is moving towards recognition of the value of a portfolio of these resource uses in
conservation to broaden the appeal and thus support of
projects and goals (Horne et al. 2017). Flow experiments
provided evidence that small inexpensive modification of
hydrology to mimic natural flow regimes can improve
ecosystems (Olden et al. 2014). Flood control dams are
designed to capture water during high-flow situations
and subsequently release it gradually. The resulting altered hydrology has loss of peak flows, elimination of
small floods, and artificially elevated flows (Richter and
Thomas 2007). Dam release modifications for environmental flows are relatively simple. Richter et al. (2003)
used the Green River, Kentucky, as a case study. A reservoir was constructed in 1963 by the US Army Corps of
Engineers for flood control and recreation. Dam releases
were modified to allow steady low flows in the fall season and avoid large releases in short periods. A similar
modification of the flow regime of the Wabash River
might be initiated with designed ecological releases from
the upstream flood control dams. If this is implemented
as an experiment with before and after components, it
could be a robust test of ecological flow effects (Olden
et al. 2014).
Human impacts that contribute to hydrologic alterations include deforestation, channel-bed reconfiguration, floodplain development, drainage, agricultural
intensification, and urbanization (Wheater and Evans
2009). All of these impacts are present and even expanding in the Wabash River watershed. In addition, activities
that promote channelization and alterations designed to
move water downstream more rapidly appear to be
expanding (Nilsson et al. 2018). Nilsson et al. (2018) described lowland agricultural rivers that are similar to the
Wabash River as rivers where extreme flooding has hazardous consequences to human populations. The flooding frequency of the lower Wabash River is less altered
from historical flows (Pyron and Neumann 2008), likely
because the river is mainly free-flowing. However, rowcrop agriculture impacts caused altered flows that resulted in incised channels where the loss of permanent
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riparian vegetation and has led to an increase in bank
slumping. Many of the tributaries are supplying a significant and increasing amount of sediments to both the
local channel habitats as well as to downstream backwater and channel habitats (Odgaard 1987; Magner and
Steffen 2000; Sekely et al. 2002) resulting in habitat simplification or loss of appropriate habitat for fishes and
macroinvertebrates (Blann et al. 2009). In addition, precipitation is increasing in the Wabash River watershed
(Pyron and Neumann 2008) and further climate change
may contribute by increasing the magnitude while decreasing the predictability of discharge patterns and their
nutrient and sediment loads in both the mainstem and
tributaries (Knox 2000, 2006).
Restoring river hydrology to approach a “naturalized”
flow regime is possible and includes restoration of channel geomorphology with appropriate sediment transport
and habitat creation (Newson and Large 2006). Nilsson
et al. (2018) recommended ecological restoration to attenuate floods by increasing channel roughness, increasing in-stream habitat complexity with large boulders or
large woody debris, or increasing wetland construction.
Restoration of natural hydrology in tributaries contributes to the successful restoration of the mainstem hydrology. These approaches function to improve stream
habitats by increasing water retention capacity. Successful conservation for the Wabash River is possible and
begins with nutrient reductions, mechanisms to restore
historical hydrologic patterns, additional sediment controls, and improved local hydraulics. We recommend
similar approaches for other impacted large river
ecosystems.
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Abstract
Background: To minimize the use of antibiotics and to obtain a more sustainable fish culture and aquaculture industry,
development of alternative natural source of immunostimulant to replace antibiotic in aquafeed is highly needed.
Objective: Dietary inclusion effect of yacon (YC), ginger (GG), and blueberry (BB) on growth, body composition, and
disease resistance of black rockfish against Vibrio anguillarum was compared to ethoxyquin (EQ).
Methods: Four hundred eighty juvenile (an initial weight of 4.2 g) fish were randomly distributed into 12 of 50 L flowthrough tanks (forty fish per tank). Four experimental diets were prepared; the control (Con) diet with 0.01% EQ inclusion,
and YC, GG, and BB diets at 1% each additive inclusion. Each additive was included into the experimental diets at the
expense of wheat flour. Each diet was assigned to triplicate tanks of fish and hand-fed to satiation twice daily for 8 weeks. At
the end of 8-week feeding trial, 20 fish from each tank fish were artificially infected by intraperitoneal injection with 0.1 mL of
culture suspension of pathogenic V. anguillarum containing 3.3 × 106 cfu/mL respectively. Fish were monitored for the
following 8 days after V. anguillarum infection and dead fish were removed every 6 h for the first 4 days and 12 h for the
rest of the study.
Results: Weight gain, specific growth rate (SGR), and feed efficiency ratio (FER) of fish fed the YC diet was higher than
those of fish fed all other diets. However, feed consumption, protein efficiency ratio, and protein retention was not
affected by dietary additive. Moisture, crude protein, and crude lipid content of the whole body of fish were affected
by dietary additive. Analysis of the Kaplan-Meier survival curves showed that survival of fish fed the YC, BB, and GG
diets was higher than the Con diet.
Conclusion: Oral administration of YC can improve not only weight gain, SGR, and FER of black rockfish, but lower
mortality of rockfish at occurrence of V. anguillarum.
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Background
Black rockfish (Sebastes schlegeli Hilgendorf 1880) has
been one of the most commercially important marine
aquaculture fish species in Korea, Japan, and China since
over two decades ago due to its fast growth and high resistance against disease. Therefore, many studies to elucidate dietary nutrient requirements (Lee 2001; Lee et al.
2002; Yan et al. 2007), optimum dietary protein to lipid
ratio (Cho et al. 2015), alternative animal and/or plant
protein sources for fish meal in the diet (Lee et al. 1996;
Lim et al. 2004; Jeon et al. 2014), optimum dietary
carbohydrate to lipid ratio (Lee and Kim 2009), effect of
dietary lipid sources (Aminikhoei et al. 2013), optimum
feeding frequency and rate (Lee et al. 2000; Mizanur
et al. 2014), and effect of dietary additive to improve
lysozyme activity and stress recovery (Hwang et al.
2013), and immune response against Vibrio alginolyticus
(Kim et al. 1999) and Vibrio ordalii (Lim et al. 2009) infection for black rockfish have been reported.
Application of antibiotics has been widespread to reduce
mortality during year-round fish culture. As oral administration of synthetic antibiotic in aquafeed, however, is prohibited in some countries (Tang et al. 2001) due to high
possibility of contamination of environment and culturing
fish used for human consumption (Alderman and Hastings
1998), development of the new natural source of dietary
additive that has no side effect on environment and culturing fish to replace synthetic antibiotics keeps being needed.
Vibriosis is a major disease occurring in marine and
brackish water fish and characterized by hemorrhagic
septicemia (Demircan and Candan 2006). Vibrio spp. has
been one of main pathogens causing high mortality occurred in marine fish including olive flounder Paralichthys olivaceus, black rockfish, and red sea bream
Pagrus major and shrimp farm during summer season
year after year in Korea (Choi et al. 2010a; Jung et al.
2012). Therefore, development of new natural source of
dietary additive to lower mortality of fish at occurrence
of V. anguillarum is highly desired.
Yacon Polymnia sonchifolia Poeppig and Endlicher
(YC) containing the polyphenols had an antioxidant activity (Park et al. 2012). Its leaves showed the antibacterial activity against Staphylococcus aureus (Choi et al.
2010b). In our early study, YC was the most effective
additive to improve weight gain and feed utilization of
black rockfish among the several feed additives tested
(Kim et al. 2016).
Ginger Zingiber officinale Roscoe (GG) containing gingerols and shogaols is known to have antibacterial properties (Ekwenye and Elegalam 2005; Sebiomo et al. 2011)
and antioxidant activity (Balestra et al. 2011). Akintobi
et al. (2013) reported that water and ethanol extracts of
GG showed the highest inhibition against Salmonella
typhi and Proteus mirabilis, respectively and postulated
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that the extracts of GG possessed antimicrobial compounds, which could be used as substitutes for the antibiotics. In addition, oral administration GG effectively
improved weight gain and disease resistance of several
fish (Nya and Austin 2009; Talpur et al. 2013; Hassanin
et al. 2014).
Blueberry Vaccinium ashei Reade (BB) containing
anthocyanin had an antioxidant activity (Vizzotto et al.
2013; Deng et al. 2014) and showed antioxidant effect
on animals (Molan et al. 2008; Papandreou et al. 2009).
Ethoxyquin (EQ) is the most widely used as a synthetic
antioxidant in fish feed to prevent rancidity (Weil et al.
1968; FAO 1970; Thorisson et al. 1992; Drewhurst 1998).
The optimal EQ concentrations of 13.8 and 50 mg/kg diet
were reported for Japanese sea bass Lateolabrax japonicus
and large yellow croaker Pseudosciaena crocea, respectively (Wang et al. 2010, 2015). The upper limit for EQ in
fish feed established in the EU is 150 mg/kg diet (Council
Directive 2003). In addition, Bohne et al. (2007) proposed
that EQ-derived residues in salmon might have high toxicological effects for human consumers.
The widespread use of antibiotics should be minimized
because it causes antibiotic contamination of the environment and fish used for human consumption (Alderman
and Hastings 1998) as well as leading to the development
of antibiotic resistance. For instance, Colquhoun et al.
(2007) observed oxolinic acid resistance among V. anguillarum strains isolated from diseased Atlantic cod Gadus
morhua. In spite of these drawbacks, antimicrobial therapy
is still required for containment of vibriosis outbreaks. To
minimize the use of antibiotics and to obtain a more sustainable fish culture and aquaculture industry, development
of alternative natural source of immunostimulant to replace
antibiotic in aquafeed is highly needed.
Those natural sources (YC, GG, and BB) of plantoriginated ingredients have high potential as an alternative antibiotic in rockfish feed when fish were fed with
one of the diets containing various sources of additives
for 7 weeks, and then infected with Strepotococcus parauberis (Kim et al. 2016). The other plant-originated additives were also effective to improve not only weight gain
and feed utilization, but also disease resistance in some
marine fish (Ji et al. 2007a; Punitha et al. 2008; Talpur
and Ikhwanuddin 2012; Talpur et al. 2013; Talpur 2014).
Therefore, the effect of dietary inclusion of YC, GG,
and BB on growth, body composition, and disease resistance of juvenile black rockfish against V. anguillarum
was compared to EQ in this study.

Methods
Fish and the experimental conditions

Juvenile black rockfish were purchased from a private
hatchery (Tongyeong City, Gyeongsangnam-do, Korea)
and acclimated to the experimental conditions for 2
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weeks before an initiation of the feeding trial. During the
acclimation period, fish were hand-fed a commercial extruded pellet (Suhyup Feed Co. Ltd., Gyeongsangnmado, Korea) twice a day at a ratio of 2–3% body weight of
fish. Four hundred eighty juvenile fish (an initial body
weight of 4.2 g) were randomly chosen and distributed
into 12 of 50 L flow-through tanks (water volume: 40 L)
(40 fish per tank). The flow rate of water into each tank
was 1.41 L/min/tank. The water source was sand-filtered
natural seawater and aeration was supplied into each
tank. Water temperature monitored daily from 17.4 to
23.9 °C (mean ± SD: 20.1 ± 3.23 °C) and photoperiod
followed natural conditions.
Preparation of the experimental diets

Four experimental diets were prepared; the control
(Con) diet with 0.01% EQ inclusion, and YC, GG, and
BB diets at 1% each additive inclusion (Table 1). Each
additive, which is a commercially available product
(Tojongherb Co Ltd., Seoul, Korea), was included into
the experimental diets at the expense of wheat flour.
The Con diet was prepared to satisfy dietary nutrient requirements for black rockfish (Kim et al. 2001; Kim
et al. 2004). Fish meal and fermented soybean meal were
used as the protein source in the experimental diets.
Wheat flour, and squid liver and soybean oils were used
as the carbohydrate and lipid sources, respectively in the
experimental diets.
The ingredients of the experimental diets were well
mixed with water at a ratio of 3:1 and pelletized by lab
pellet-extruder (Dongsung mechanics, Busan, Korea).
The experimental diets were dried at room temperature
overnight and stored in − 20 °C until used. Each diet was
randomly assigned to triplicate tanks of fish and handfed to satiation twice daily (07:00 and 17:00 h) for 7 day
a week for 8 weeks. Tanks were siphon-cleaned daily.
Analytical procedures of the experimental diets and fish

Ten fish at the start and seven fish from each tank at the
termination of the feeding trial were sampled and sacrificed for proximate analysis. Crude protein was determined by the Kjeldahl method (Kjeltec 2100 Distillation
Unit, Foss Tecator, Hoganas, Sweden), crude lipid was
determined using an ether-extraction method (Soxtec
TM 2043 Fat Extraction System, Foss Tecator, Sweden),
moisture was determined by oven drying at 105 °C for
24 h, fiber was determined using an automatic analyzer
(Fibertec, Tecator, Sweden), and ash was determined
using a muffle furnace at 550 °C for 4 h.
Serum chemistry of fish

Blood samples were obtained from the caudal vein of
five randomly chosen fish from each tank by using syringes after they were starved for 24 h. Serum was collected
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Table 1 Ingredients of the experimental diets containing the
various sources of additives (DM basis, %)
Experimental diets
Con

YCa

GGa

BBa

63.5

63.5

63.5

63.5

Fermented soybean meal

7.0

7.0

7.0

7.0

Wheat flour

22.99

22.0

22.0

22.0

1

1

1

Ingredients (%)
Fish mealb
c

d

Ethoxyquin

0.01

Additives
Squid liver oil

2.0

2.0

2.0

2.0

Soybean oil

2.0

2.0

2.0

2.0

Vitamin premixe

1.0

1.0

1.0

1.0

Mineral premixf

1.0

1.0

1.0

1.0

Choline

0.5

0.5

0.5

0.5

Dry matter

90.7

90.5

91.1

91.0

Crude protein

50.4

50.8

50.2

50.1

Nutrients (%)

Crude lipid

10.8

10.9

11.2

11.0

Ash

10.1

10.2

10.2

10.5

a
YC (yacon), GG (ginger), and BB (blueberry) powder were purchased from
Tojongherb Co Ltd. (Dongdaemun-gu, Seoul, Korea)
b
Fish meal and was purchased from Abank Co Ltd. (Seocho-gu, Seoul, Korea)
c
Fermented soybean meal was supplied by CJ CheilJedang Corp. (Jung-gu,
Seoul, Korea)
d
Ethoxyquin was supplied from Chunhajeil feed Co Ltd. (Daedeok-gu,
Daejeon, Korea)
e
Vitamin premix contained the following amount which were diluted in
cellulose (g/kg mix): L-ascorbic acid, 121.2; DL-α-tocopheryl acetate, 18.8;
thiamin hydrochloride, 2.7; riboflavin, 9.1; pyridoxine hydrochloride, 1.8; niacin,
36.4; Ca-D-pantothenate, 12.7; myo-inositol, 181.8; D-biotin, 0.27; folic acid,
0.68; p-aminobenzoic acid, 18.2; menadione, 1.8; retinyl acetate, 0.73;
cholecalciferol, 0.003; cyanocobalamin, 0.003
f
Mineral premix contained the following ingredients (g/kg mix): MgSO4·7H2O,
80.0; NaH2PO4·2H2O, 370.0; KCl, 130.0; ferric citrate, 40.0; ZnSO4·7H2O, 20.0; Calactate, 356.5; CuCl, 0.2; AlCl3·6H2O, 0.15; KI, 0.15; Na2Se2O3, 0.01; MnSO4·H2O,
2.0; CoCl2·6H2O, 1.0.

after centrifugation (900 g for 10 min); stored in the freezer
at − 70 °C as separate aliquots for analysis of total protein,
total cholesterol, glutamate oxaloacetate transaminase
(GOT), glutamate pyruvate transaminase (GPT), and triglyceride; and analyzed by using automatic chemistry system
(HITACHI 7180/7600-210, Hitachi, Japan).
Challenge test

Twenty externally normal fish shown to be free from
bacterial infection were selected from each tank and
stocked into 12, static 50 L tanks at the end of the 8week feeding trial. Fish was used for the V. anguillarum
challenge and water was not exchanged. The bacteria
used for the challenge were reference pathogenic strain
of gram-negative V. anguillarum (FP2247) isolated from
black rockfish.
The culture suspension of V. anguillarum were grown
on agar for 24 h, collected, washed, and suspended in
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sterile 0.85% saline solution and counted. Then, fish
were artificially infected by intraperitoneal injection with
0.1 mL of culture suspension of pathogenic V. anguillarum containing 3.3 × 106 cfu/mL respectively. Fish
were monitored for the following 8 days after V. anguillarum infection and dead fish were removed every 6 h
for the first 4 days and 12 h for the rest of the study.
Fish was starved throughout the 8-day challenge test.
Calculations and statistical analysis

The following variables were calculated: specific growth rate
(SGR, %/day) = (Ln final weight of fish − Ln initial weight of
fish) × 100/days of feeding trial, feed efficiency ratio (FER) =
weight gain/feed consumed, protein efficiency ratio (PER) =
weight gain of fish/protein consumed and protein retention
(PR) = protein gain × 100/protein consumed.
SAS version 9.3 (SAS Institute, Cary, NC, USA) was
used to conduct a one-way ANOVA. Tukey’s honestly
significant difference (HSD) test was used to determine
the significance (P < 0.05) of the differences among the
means responses to dietary treatments. Percentage data
was arcsine-transformed prior to statistical analysis. The
survival patterns were analyzed using Kaplan–Meier survival curves, Log-rank and Wilcoxon tests.

Results
Growth performance of black rockfish

No significant difference in survival of black rockfish
was observed at the end of the 8-week feeding trial
(Table 2). However, weight and SGR of fish fed the YC
diet were significantly higher than those of fish fed all
other (GG, BB, and Con) diets. Weight gain and SGR of
fish fed the GG and BB diets were also significantly (P <
0.05) higher than those of fish fed the Con diet.
Feed utilization

Feed consumption (g/fish) of fish was not significantly
affected by dietary additive (Table 3). FER of fish fed the
YC diet was significantly higher than that of fish fed the
all other diets. No significant difference in FER was observed among fish fed the Con, GG, and BB diets. PER
of fish was not significantly affected by dietary additive.
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PR of fish fed the YC and GG diets was significantly
higher than that of fish fed the Con and BB diets.
Chemical composition of the whole body of fish

Moisture content of the whole body of fish fed the BB
diet was significantly higher than that of fish fed the all
other diets (Table 4). Moisture content of the whole
body of fish fed the Con diet was also significantly
higher than of fish fed the YC and GG diets. Crude protein content of the whole body of fish fed the GG diet
was significantly higher than that of fish fed the all other
diets, followed by the YC, Con, and BB diets. Crude lipid
content of the whole body of fish fed the YC and GG diets was significantly higher than that of fish fed the Con
and BB diets. Ash content of the whole body of fish was
not significantly affected by dietary additive.
Plasma chemistry of fish

Plasma chemistry (total protein, total cholesterol, GOT,
GPT, and triglycerides) of fish was not significantly affected by dietary additive (Table 5).
Challenge test

Survival of fish fed the experimental diets containing various
sources of additive for 8 weeks, and then infected with V.
anguillarum for 8-day post observation is depicted in Fig. 1.
Analysis of the Kaplan-Meier survival curves showed that
the survival of black rockfish fed the YC (51.7 ± 0.02%;
means of triplicate ± SE), BB (46.7 ± 0.02%), and GG (26.7 ±
0.02%) diets was significantly higher than that of fish fed the
Con (1.7 ± 0.02%) diet. In addition, the survival of fish fed
the YC and BB diets was also significantly higher than that
of fish fed the GG diet.

Discussion
Oral administration of feed additives (YC, GG, and BB)
used in this study achieved improved weight gain of
black rockfish compared to the Con diet. The greatest
improvement in weight gain, SGR and FER was obtained
in fish fed the YC diet agreed with Kim et al. (2016)’s
study showing that YC was the most effective additive to
improve growth performance and FER of black rockfish.
Improved weight gain, SGR and PR of fish fed the GG

Table 2 Survival (%), weight gain (g/fish) and specific growth rate (SGR, %/day) of black rockfish Sebastes schlegeli fed the
experimental diets containing the various sources of additives for 8 weeks
Weight gain (g/fish)

SGR1
(%/day)

100.0 ± 0.00a

12.1 ± 0.03c

2.41 ± 0.002c

a

a

Experimental diets

Initial weight (g/fish)

Final weight (g/fish)

Survival (%)

Con

4.3 ± 0.00

16.4 ± 0.03

YC

4.2 ± 0.01

16.7 ± 0.01

100.0 ± 0.00

12.5 ± 0.01

2.45 ± 0.003a

GG

4.2 ± 0.01

16.5 ± 0.06

100.0 ± 0.00a

12.3 ± 0.06b

2.43 ± 0.006b

16.6 ± 0.03

a

b

2.43 ± 0.002b

BB

4.3 ± 0.00

100.0 ± 0.00

12.3 ± 0.03

Values (means of triplicates ± SE) in the same column sharing the same superscript letter are not significantly different (P > 0.05)
1
SGR (%/day) = (Ln final weight of fish – Ln initial weight of fish)×100/days of feeding trial
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Table 3 Feed consumption (g/fish), feed efficiency ratio (FER), protein efficiency ratio (PER), and protein retention (PR) of black
rockfish (Sebastes schlegeli) fed the experimental diets containing the various sources of additives for 8 weeks
Experimental diets

Feed consumption (g/fish)

FER1

PER2

PR3

Con

11.5 ± 0.03a

1.06 ± 0.003b

2.10 ± 0.006a

36.3 ± 0.19b

a

a

a

YC

11.5 ± 0.03

1.08 ± 0.003

2.13 ± 0.006

37.7 ± 0.10a

GG

11.5 ± 0.05a

1.07 ± 0.008b

2.12 ± 0.017a

38.2 ± 0.35a

a

b

a

35.7 ± 0.24b

BB

11.6 ± 0.07

1.06 ± 0.004

2.12 ± 0.009

Values (means of triplicate ± SE) in the same column sharing the same superscript letter are not significantly different (P > 0.05)
1
Feed efficiency ratio (FER) = Weight gain of fish/feed consumed
2
Protein efficiency ratio (PER) = Weight gain of fish/protein consumed
3
Protein retention (PR) = Protein gain × 100/protein consumed

diet compared to the Con diet in this study partially coincided with other studies (Nya and Austin 2009; Talpur
et al. 2013; Hassanin et al. 2014) showing that weight
gain and feed utilization (FER or PER) of rainbow trout
Oncorhynchus mykiss, Asian sea bass Lates calcarifer,
and Nile tilapia Oreochromis niloticus improved effectively when 0.1–1% GG was included in diets. Similarly,
dietary inclusion of 0.5% Chlorella powder and Lycium
chinense improved weight gain and FER of black rockfish
(Bai et al. 2001; Lim et al. 2009). Gabor et al. (2010)
reviewed the use of phytoadditives, such as garlic Allium
sativum, onion Allium cepa, oregano Origanum vulgare,
GG Echinacea Echinadea purpurea, cinnamon Cinnamomum verum, or nettle Urtica dioica in diets for
growth performance of several fish and emphasized the
major advantages in the use of phytoadditives is the fact
that they are natural substances and do not pose any
threat to fish, man, or environment. Therefore, those
phytoadditives can be considered as alternative antibiotics in fish feed without serious concern of either fishconsumer or undesirable effect on environment.
The chemical composition of the whole body black rockfish, except for ash content, was affected by dietary additives
in this study. A similar result showing that dietary additive affected the whole body composition of black rockfish was reported (Bai et al. 2001; Yun et al. 2016). Moisture content
seemed to be reversely related to crude protein and lipid
contents of the whole body of rockfish in this study. Unlike
this study, however, the chemical composition of the whole
body, muscle, viscera, and liver of rockfish was not affected
by dietary inclusion of herb medicine mixture of Artemisia
asiatica and Epimedium koreanum (Seo et al. 2009).

Plasma criteria (total protein, total cholesterol, GOT,
GPT, and triglycerides) of fish measured in this study
was not affected by the experimental diets due to wide
variation in plasma values within the same treatment.
The dead black rockfish in 8-day post observation after
V. anguillarum infection in this study exhibited the typical symptoms of diseased fish infected with V. anguillarum, such as exophthalmos, externally hemorrhages at
the base of pectoral fins, on lateral line, around eyes and
around the anal region, darkening of the skin, and swelling of abdomen with accumulation of ascites reported
by Kent and Poppe (2002), Li et al. (2005), and Demircan and Candan (2006)’s studies.
Lower mortality (48.3, 53.3, and 73.3%) of black rockfish
fed the YC, BB, and GG diets compared to the Con diet
(98.3%) at the end of 8-day post observation indicated that
YC, BB, and GG were all effective, especially YC was the
most effective feed additive to lower mortality of rockfish at
occurrence of V. anguillarum. Outstanding improvement
in disease resistance against V. anguillarum of black rockfish fed the YC diet in this study indicated that YC was the
most effective immunostimulant for rockfish. Comparison
of administration of YC, GG, and BB of olive flounder with
commercial immunostimulant (probiotics) or antibiotics
against disease resistance is needed in the future.
Similarly, oral administration of YC, BB, and GG for 7
weeks lowered mortality of black rockfish when fish were infected with Streptococcus parauberis (Kim et al. 2016). Dietary inclusion of GG effectively improved disease resistance of
rainbow trout against Aeromonas hydrophila, Asian seabass
against V. harveyi, and Nile tilapia against A. hydrophila infections, respectively (Nya and Austin 2009; Talpur et al.

Table 4 Proximate composition (%) of the whole body of juvenile black rockfish Sebastes schlegeli fed the experimental diets
containing the various sources of additives
Experimental diets
Con

Moisture

Crude protein
b

69.4 ± 0.23

17.3 ± 0.03

Ash

b

5.1 ± 0.03a

a

8.0 ± 0.06

68.2 ± 0.03

17.6 ± 0.00

8.2 ± 0.03

5.0 ± 0.06a

GG

68.2 ± 0.03c

17.8 ± 0.03a

8.2 ± 0.03a

5.1 ± 0.03a

a

d

c

5.1 ± 0.00a

70.0 ± 0.03

b

Crude lipid

YC

BB

c

c

16.9 ± 0.21

7.8 ± 0.03

Values (means of triplicate ± SE) in the same column sharing the same superscript letter are not significantly different (P > 0.05)
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Table 5 Plasma chemistry of black rockfish Sebastes schlegeli at the end of the 8 weeks feeding trial
Experimental
diets

Total protein (g/dL)

Total cholesterol (mg/dL)

GOT (IU/L)

GPT (IU/L)

Triglyceride (mg/dL)

Con

4.2 ± 0.02a

203.0 ± 5.86a

64.0 ± 5.51a

1.0 ± 0.00a

269.0 ± 8.33a

YC

4.3 ± 0.34a

217.7 ± 18.81a

57.7 ± 1.76a

1.7 ± 0.33a

306.0 ± 14.36a

GG

a

4.4 ± 0.08

217.0 ± 6.24

a

57.0 ± 9.24

a

2.7 ± 0.67

287.3 ± 20.12a

BB

4.4 ± 0.18a

218.0 ± 12.17a

61.7 ± 6.12a

2.3 ± 0.33a

293.0 ± 16.09a

a

Values (means of triplicate ± SE) in the same column sharing the same superscript letter are not significantly different (P > 0.05)

2013; Hassanin et al. 2014). Akintobi et al. (2013) showed
that high antimicrobial activity of GG extract against six
pathogenic microorganisms, such as Pseudomonas aeruginosa, Staphylococcus aureus, Proteus mirabilis, Escherichia
coli, Bacillus subtilis, and Salmonella typhi in vitro test and
explained that GG can be used as substitute for antibiotics.
Lower mortality (48.3 and 53.3%) of black rockfish fed the
YC and BB diets compared to the GG diet (73.3%) at the
end of 8-day post observation also indicated that YC and BB
were also more effective than GG to lower mortality of rockfish at occurrence of V. anguillarum. In considering Kim
et al. (2016)’s study showing that YC, GG, and BB were effective to lower mortality of black rockfish at occurrence S.
parauberis and this study, they are all effective as an immunostimulant for both bacterial gram-negative and grampositive pathogens. Vallejos-Vidal et al. (2016) reviewed several plants, herbs, algae extracts, and pathogen associated
molecular patterns as immunostimulants in aquafeeds.

The plant-originated additives were effective to improve
disease resistance in some marine fish (Sivaram et al. 2004;
Ji et al. 2007a; Punitha et al. 2008; Kim et al. 2012; Talpur
and Ikhwanuddin 2012; Talpur et al. 2013; Talpur 2014). Ji
et al. (2007b) also reported that dietary inclusion of mixture
herb of Massa medicate fermentata, Crataegi fructus, Artemisia capillaries, and Cnidium officinale at a ratio of 2:2:1:1
at the concentration 0.3, 0.5, and 1% improved not only
weight gain and FER including fatty acid utilization, but
also stress recovery of olive flounder against air exposure
and anesthetizing test compared to the control diet without
any additive or 0.1% mixture inclusion diet.

Conclusions
Oral administration of YC can improve not only weight
gain, SGR, and FER of black rockfish, but lower mortality of rockfish at occurrence of V. anguillarum.

Fig. 1 Kaplan–Meier survival curves of juvenile black rockfish Sebastes schlegeli fed the experimental diets containing various sources of additives
for 8 weeks, and then infected with Vibrio anguillarum (P < 0.0001, Log-rank and Wilcoxon tests)
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Abstract
Background: Butaphosphan (BTP) has recently been introduced into the Korean aquaculture sector as a stressattenuating agent. In this study, a sensitive chemical analytical method was established for the detection of BTP in
the olive flounder (Paralichthys olivaceus) tissues.
Methods: Utilizing a method employing liquid chromatography coupled with tandem mass spectrometry (LC-MS/
MS), detection sensitivity, specificity, and precision were satisfactorily established. Temporal changes in the BTP
plasma and muscle concentrations were assessed after a single intramuscular injection of BTP (50 and 150 mg/kg)
to the olive flounder maintained at 13 °C or 22 °C.
Results: High BTP plasma levels were achieved immediately after the injection, and the drug was rapidly
eliminated. Additionally, plasma BTP levels were markedly dependent on the elimination rate, which, in turn,
seemed dependent on the water temperature, with the drug elimination half-life and mean residence time
significantly shorter at 22 °C than 13 °C. Overall, muscle BTP levels were markedly lower than the plasma levels.
Notably, muscle levels were not influenced by water temperatures. Muscle BTP concentrations were used to
estimate the necessary withdrawal period for drugs used in food fish, with BTP levels maintained far below the
possible hazardous limit.
Conclusions: In conclusion, the established LC-MS/MS method can be used for BTP residue detection with high
sensitivity and reproducibility.
Keywords: Butaphosphan (BTP), Olive flounder P. olivaceus, Plasma and muscle concentrations, Residue
pharmacokinetics
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Introduction
Butaphosphan (1-butylamino-1-methylethyl-phosphonic
acid, BTP, Fig. 1) has been used in several domestic animals, usually in combination with vitamin B12, to attenuate the symptoms stress occurring during various
situations. After calving in dairy cows, BTP is believed to
improve metabolic ketosis and milk production during
the postpartum period (Pereira et al. 2013a; Rolling et al.
2010; Tabeleão et al. 2017). Additionally, the drug is
helpful in cows recovering from surgical procedures
(Fürll et al. 2006; Fürll et al. 2010). In sheep stressed due
to drug treatments, BTP improved appetite and metabolic adjustments (Pereira et al. 2013b). In piglets, an assessment of cortisol levels and behavioral changes has
indicated reduced social stress induced by co-housing
with unfamiliar individuals (Van der Staay et al. 2007).
In dogs, BTP prevents abnormalities in hepatic function
and digestive enzyme activity caused by an antiinflammatory steroid (Deniz et al. 2009). Furthermore,
BTP pretreatment reportedly improved endurance in rodents (Hasi et al. 2004, 2005a, 2005b).
Although BTP has long been widely used in various livestock animals against stress-related symptoms, its
pharmacological effects in fish species have remained unclear until recently. We recently recognized the usefulness
of BTP as a stress-attenuating agent against conditions
like hypothermia, hypoxia, or antibiotic drug injections in
olive flounder: cortisol levels, reduced appetite, and immune parameters were partially prevented after injection
of BTP (Seo et al. 2019). Additionally, BTP attenuates
stress-induced immune-suppression and tissue damage
(Mechesso et al. 2019) following over-crowding of the
olive flounder. In fishes, some earlier preliminary reports
have suggested possible beneficial effects, although their
work may require further confirmatory studies. For example, it has been reported that maternally injected BTP
improved spawning rates and relative fecundity in Nile tilapia (Alkobaby 2008). Van de Vis et al. (2004) examined
whether BTP can alleviate hypoxia-stress symptoms in
sole fish but failed to definitively conclude its effectiveness.
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Based on recent reports, BTP is now prescribed in farms
for relieving stress symptoms in Korean olive flounder
aquaculture (National Institute of Fisheries Sciences
2018).
Despite actual application in veterinarian fields, the
mechanism of action of BTP remains unclear. It has
been suggested that stress-attenuating effects may be associated with the accelerated production of adenosine5’-triphosphate (ATP) after BTP administration to mice
(Hasi et al. 2004) or fish (Seo et al. 2019).
Information concerning drug’s pharmacokinetic behavior is essential to understand the duration of action
and chemical clearance time, particularly when the safety
of a drug is unknown. To perform a pharmacokinetic assessment, the establishment of an analytical method is a
prerequisite. Analytical procedures for BTP have been
developed for piglets (Sun et al. 2016) and horses (Du
2004); however, no attempt has been made to develop a
procedure suitable in fish tissues.
This study was performed to delineate the pharmacokinetic profiles of BTP in the olive flounder, a major target for the use of BTP. The analytical method utilized
for the olive flounder was established using liquid chromatography coupled with mass spectrometry (LC-MS/
MS), which is highly powerful for the analysis of many
organic chemical drugs.

Materials and methods
Fish husbandry

Olive flounder P. olivaceus, weighing 105 ± 5 g, were obtained from a culture farm located in Taean County,
Chungnam Province, Korea, and maintained in recirculating seawater culture tanks of L3.0 m × W1.0 m × H1.2 m,
at a density of about 20 fish/tank. The water level was
maintained at 0.8 m, dissolved oxygen 6.0 ppm, and a
temperature of 22 ± 3 °C. In some studies, the temperature
was set at 13 ± 3 °C to examine the temperature effect. A
commercial flounder pellet feed (CJ Feed Inc., Gunsan,
Jeonbuk, Korea) was supplied at a rate of approximately
3%, twice daily at 9:00 AM and 6:00 PM. Experimental

Fig. 1 Chemical structure of 1-(butylamino)-1-methylethyl]-phosphonic acid in BTP (active component)
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protocols were approved by the Animal Care and Use
Committee of the Kunsan National University, Korea (Approval number, AE 2016-04).
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respectively. The degree of precision was estimated by the
intra- and inter-day repeatability with 2.5 and 25 μg/kg BTP.
The recovery was estimated by comparing signal magnitudes
between standard solutions and spiked samples.

Test drug and analytical reagents

The test drug used was a commercially available combination product of [1-(butylamino)-1-methylethyl]-phosphonous acid 100 mg/ml and cyanocobalamin (vitamin B12)
50 μg/ml as an injectable aqueous solution (TITANⓇ,
Korea BNP, Yesan, Chungnam, Korea). In this study, this
complex test drug was referred to as BTP (Fig. 1) and was
diluted in 0.85% saline before the intramuscular injection at
0.5 ml/kg body weight. Most analytical reagents were obtained from Sigma (St. Louis, MO, USA) unless otherwise
specified.
BTP analysis using LC-MS/MS technique

BTP analysis was performed using high-performance liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS). The analytical system was
composed of Agilent-6420 model triple quadrupole detectors with an ionization spray as the ionization source (Agilent Technologies, Santa Clara, CA, USA). LC column
used was Xbridge C18 (2.1 × 150 mm, 3.5 μm, Waters),
and the mobile phase was composed of two solutions,
pure water (A) and 100% methanol (B), both containing
0.1% formic acid. Elution was performed by a linear gradient change at 0.2 mL/min: flow through the LC column
was started with 90% solution A for 1 min, 20% A over a
10-min period, and then a brief switch to 90% A at the
end of the run to flush for the next 10 min. This mobile
phase properly eluted the target molecule BTP under
positive ESI conditions. The column temperature was set
at 35 °C and 10 μL injection volume was used. Table 1
summarizes the mass detector conditions for all ions involved. In addition, the capillary temperature was set at
450 °C and nitrogen (N2) was used as the collision gas.
Calibration curves were obtained with BTP dissolved in
0.1% formic acid at a wide range of concentrations.
Validation of LC-MS/MS analytical method

Validation of the BTP analytical technique was performed
for muscle tissues as the lowest residue levels have usually
been observed in the muscle after most drug administrations.
The linearity test was performed with working solutions ranging from 1 to 500 μg/kg. Detection and quantification limits
were obtained from signal to noise ratios of 3:1 and 10:1,

BTP Injection to fish for pharmacokinetic and muscle
residue studies

BTP was injected into the dorsal muscle of the olive
flounder at 50 and 150 mg/kg doses. Immediately before
injection, BTP was diluted to the requisite concentrations in saline. Fish samples were obtained at 0, 0.5, 1, 5,
12, 24, 48, 168 (7 days), and 335 h (14 days) after BTP injection. Blood was withdrawn under MS-222 anesthesia
(20 mg/l) using heparinized syringes through the caudal
vessels. Next, the fish were sacrificed for muscle dissection. In each group, 10 fish were allocated for each time
point. All 10 fish were used for muscle analysis, whereas
five random samples were utilized for plasma level analysis. Muscle levels were examined primarily to ascertain
food safety.
Sample treatment for BTP extraction

BTP extraction from plasma and muscle tissues was performed as described by Du et al. (2004) with some modifications. Plasma was obtained by blood centrifugation for
30 min at 3000 × g under refrigeration. The plasma
(500 μl) was mixed with an equal volume of methanol and
centrifuged at 4000 × g to obtain the supernatant. The
supernatant was mixed with phosphate-buffered saline
(100 mM, pH 3.5), and loaded onto C18 solid-phase extraction cartridges (SepPak®, Waters, Milford, MA, USA),
pre-activated with 2 ml methanol and distilled water. The
cartridges were cleaned with 2 ml distilled water, and then
BTP was eluted with 2 ml methanol. BTP in the methanol
eluate was concentrated to dryness under nitrogen at
47 °C. Residues were reconstituted in 1 ml of 0.1% formic
acid and filtered using 0.2 μm syringe nylon filters (SigmaAldrich). For muscle BTP analysis, tissues (2 g) were homogenized in 5 ml methanol and centrifuged for 10 min at
3000 × g. The supernatant was pooled and the pellet was
resuspended in methanol to repeat the centrifugation
process. The pooled supernatant was concentrated at
35 °C to dryness. Residues were reconstituted in 1.5 ml
phosphate-buffered saline and samples were processed
through identical clean-up steps as described for plasma
samples.

Table 1 Multiple reaction monitoring (MRM) mode for detection of butaphosphan (BTP)
Analyte

Retention time (min)

Molecular weight

Precursorion (m/z)

Production (m/z)

Collision energy (eV)

Butaphosphan

4.07

179.20

180.0

114.1

4

Butaphophan

4.07

179.20

180.0

72.2

28

Butaphophan

4.07

179.20

180.0

58.1

31
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Data analyses

Data are expressed as mean ± SD when appropriate for
multiple determinations. Pharmacokinetic parameters
were analyzed using the PKSolver program developed by
Zhang et al. (2010). As the plasma BTP concentration did
not fit any model, a non-compartmental model was applied to analyze pharmacokinetic parameters (Zhang et al.
2010). Additionally, this model examined whether a withdrawal period for the olive flounder can be determined
using an analytical program (Hekman 1996) based on the
observed muscle BTP levels. For this estimation, acceptable daily intake data (European Medicines Agency 2013),
estimated daily fish product consumption by Koreans (63
g/day, Korea Rural Economic Institute, 2017), and exposure estimation methods (Korea Ministry of Food and
Drug Administration 2017) were applied.

Results
Analytical method quality validation

Figure 2 shows multiple residue monitoring (MRM) chromatograms developed for olive flounder tissue analysis and
a standard curve of BTP spiked muscles. In the muscles,
spiked BTP was clearly discernable from interfering substance signals and a wide range of BTP concentrations
maintained linearity in signal magnitudes (r2 > 0.9995).
A summary of the analytical precision performed with
two different BTP concentrations after spiking muscle tissues is shown in Table 2. The limit of quantification was
2.5 μg/kg, with the recovery rates ranging around 100% in
both the intra- and inter-day reproducibility tests.
Residue pharmacokinetic characteristics

Figure 3 shows changes in plasma BTP concentrations following the intramuscular administration of BTP at 50 and
150 mg/kg. In general, the 150 mg/kg BTP dose resulted
in higher peak BTP concentrations than the 50 mg/kg
dose. Interestingly, however, once peak concentrations
were achieved following each dose, lower levels were observed in fish maintained at 22 °C during the elimination
phase than those at 13 °C. Another interesting characteristic was the biphasic peak concentration pattern, in which
the initial lower level peaks were accompanied by secondary higher peaks. The pharmacokinetic patterns were analyzed to obtain kinetic parameters as shown in Table 3.
Peak plasma concentrations (Cmax) were roughly dosedependent when compared between the two doses. However, the elimination half-lives were shorter at 22 °C than
at 13 °C. This faster disappearance at higher temperatures
was reflected as shorter elimination half-lives (t1/2E),
shorter mean residence time (MRT), and smaller areaunder the curve (ACU) of BTP at 22 °C compared to their
matching doses at 13 °C.
The pattern of muscle BTP concentrations is shown in
Fig. 4. Muscle concentrations were also dose-dependent
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at peak concentrations between 50 and 150 mg/kg. However, the peak levels were markedly lower in comparison
with the plasma concentration after the equivalent doses
and water temperatures. However, patterns between the
two temperatures, no differences in the elimination
phase were observed. Overall, no marked difference in
concentrations was noted between the two temperatures
within the same injection dose (Table 4).
In all sets of experiments, BTP was not detected in
plasma or right muscle after test drug injections, excluding the possibility of recent BTP administration.
Estimation of BTP residue standard and withdrawal time

Figure 5 presents the edible tissue (muscle) concentration
over time after BTP injection and maximally acceptable
tissue concentrations for food uses (European Medicines
Agency 2013). As the acceptable daily intake (ADI) of
BTP is 0.6 mg/kg, a person can tolerate up to 36 mg/day
(60 kg body weight, 60 × 0.6 = 36). In the fish muscle, this
can result in as much as 571.4 mg/kg BTP theoretically acceptable for safe consumption (daily consumption of 63 g
fishery products, 1000÷63 × 36 = 571.4). Evidently, the
muscle levels of BTP were far below the top broken lines
(571.4 mg/kg) at any time point, in both 13 °C and 22 °C.
This large separation from the limit level and actual
muscle concentrations, even at peak levels, rendered withdrawal time setting unnecessary.

Discussion
This study was designed to develop a sensitive analytical
method for the pharmacokinetic analysis of butaphosphan
(BTP). Although BTP has widely been prescribed to attenuate stress symptoms in both domestic and aquaculture sectors (Deniz et al. 2009; Fürll et al. 2006; Fürll et al.
2010; Mechesso et al. 2019; Pereira et al. 2013a, 2013b;
Rolling et al. 2010; Seo et al. 2019; Tabeleão et al. 2017;
Van der Staay et al. 2007), analytical procedures have not
well been described. In addition, understanding the pharmacokinetic characteristics of a drug is crucial to estimate
the onset, duration, and termination of biological activities
(Benez 1984). Furthermore, pharmacokinetic information
is essential to assess the consumer safety of a drug if its
residues are possibly hazardous to humans.
The analytical method for BTP determination using a
singular LC-MS was developed by Du (2004), reporting the
quantification limit of 0.01 mg/kg in piglet tissues. More recently, Sun et al. (2016) used an advanced LC-MS/MS
method, a tandem MS system, to analyze BTP in piglet
plasma samples with a quantifiable level of 0.05 mg/l. In
studies by both Du et al. (2004) and Sun et al. (2016), recovery from the above animal tissues was excellent and
nearly 100%. In the present study, a level as low as 0.0025
mg/kg was quantifiable, indicating over 4 times the sensitivity than methods reported in previous studies (Du 2004;
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Fig. 2 Representative LC-MS/MS chromatograms and standard curve of BTP. a Blank. b Standard BTP 0.5 pg. c Extracted BTP after spiking to olive
flounder muscle, 0.025 pg. d Standard curve of BTP

Table 2 Validation summary for analytical procedure of butaphosphan (BTP) in olive flounder muscle
Matrix

Muscle

Quantification
limit (mg/kg)
0.0025

CV coefficient of variation, n = 3

Test
concentration
(mg/kg)

Intra-day recovery (mean ± SD)

Inter-day recovery (mean ± SD)

Recovery (%)

CV (%)

Recovery (%)

CV (%)

0.0025

104.2 ± 8.0

7.6

105.5 ± 8.5

8.1

0.005

96.82 ± 3.0

2.8

95.3 ± 3.3

3.5
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Fig. 3 Plasma concentration of BTP after intramuscular injection in olive flounder. Mean values were presented without error bars for clarity (n =
5 for each time point). Levels at time 0 (non-detectable levels, n = 5) were omitted to avoid complication, and the first symbols denote levels at
0.5 h after injection

Sun et al. 2016). In the current procedure and previous
studies, recovery rates with the biological samples utilized
were equally satisfactory, indicating that BTP recovery from
animal tissues was not an obstacle in residue analysis.
We attempted to delineate the pharmacokinetic characteristics of BTP in the olive flounder by employing the analytical procedure established in the present study. One
important purpose for characterizing the pharmacokinetic
parameters of a drug is its relation to the temporal aspects
of pharmacological activity. For example, the duration of
activity can be approximately linked to the time a drug
stays in the body. In turn, time is dependent on the elimination half-life (t1/2E) from plasma. The plasma t1/2E of BTP
was extremely short, indicating that the duration of activity

could also be quite brief if the drug works directly to exert
its biological effects (Meyer and Fish, 2008). However, in
the case of BTP, the duration of action is not likely to be
closely linked to t1/2E as it attenuates stress symptoms acting indirectly, i.e., it stimulates adenosine-5’-triphosphate
(ATP) production and the elevated ATP amount helps reduce detrimental stress responses (Hasi et al. 2004; Seo
et al. 2019). By acting indirectly, the pharmacological actions can outlast tissue levels. In other words, even when
BTP had already been eliminated due to incorporation into
biomolecules as the phosphorus element (Rolling et al.
2010), biological actions can still occur.
An interesting phenomenon observed in the pharmacokinetic study was that the plasma BTP initially reached a
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Table 3 Pharmacokinetic parameters for plasma BTP level
changes after intramuscular injection in olive flounder
Parameters Units

13 °C ± 3 °C

22 °C ± 3 °C

50 mg/kg 150 mg/kg 50 mg/kg 150 mg/kg
Cmax

mg/L

6.910

22.623

5.445

5.445

Tmax

days

1.000

1.000

0.042

1.000

t1/2E

days

1.877

2.220

1.363

1.977

Vd

L

5.751

6.601

10.188

16.479

Cl

L/day

2.124

2.061

5.180

5.779

AUC0-∞

mg/L·day

23.539

72.785

9.653

25.957

MRT0-∞

days

2.674

2.927

1.382

1.970

AUMC0-∞

mg/L·day2 62.954

213.075

13.339

51.147

Cmax maximum concentration, Tmax time reaching maximum concentration,
t1/2E half-life for elimination phase, Vd volume of distribution, Cl clearance,
AUC0-∞ area-under-the-time curve to infinity, AUMC0-∞ area-under-the-moment
curve to infinity, MRT0-∞ mean residence time to infinity, n = 5 for
each parameter

high level after injection and then declined transiently.
Subsequently, the level increased to reach higher peaks
than the first one. The rationale underlying the occurrence
of this peculiar pattern was unclear. One possible hypothesis explaining this biphasic pattern is the possibility of
two discrete mobilization routes for BTP from the muscle
to plasma via routes similar to multiple absorption sites
model (Gabrielsson and Weiner 2000). Based on this
model, some BTP molecules will immediately enter capillary vessels on arrival, and the remaining slower molecules
will diffuse out to a wide tissue range, before entering into
the vascular compartments. Muscle BTP concentrations
did not differ between the two bath temperatures,
Table 4 Pharmacokinetic parameters for muscle BTP level
changes after intramuscular injection in olive flounder
Parameters Units

13 ± 3 °C

22 ± 3 °C

50 mg/kg 150 mg/kg 50 mg/kg 150 mg/kg
k12

day−1

k21

−1

day

0.322

0.462

0.196

0.553

Cmax

mg/kg

1.662

4.428

1.456

3.219

Tmax

days

0.150

0.121

0.246

0.071

t1/2E

days

7.131

8.372

8.296

7.002

Vd

L

13.5

23.743

13.477

40.826

Vd2

L

149.466

123.763

149.466

108.798

Cl

L/day

19.171

14.452

22.863

17.160

AUC0-∞

mg/kg·day

2.608

10.379

2.187

8.741

2.103

2

2.406

2.178

1.474

AUCM

mg/kg·day

19.725

106.512

16.086

76.403

MRT0-∞

days

7.563

10.262

7.356

8.740

k12 rate constant to central compartment, k21 rate constant to peripheral
compartment, Vd volume of distribution, Cmax maximum concentration, Tmax
time reaching maximum concentration, t1/2E half-life for elimination, Vd central
volume of distribution, Vd2 peripheral volume of Cl, clearance; AUC0-∞ areaunder-the-time curve, AUMC area-under-the-moment curve, MRT0-∞ mean
residence time from zero to infinity, n = 10 for each parameter

implying that distribution from the site of injection was
not markedly influenced by body temperatures.
The patterns of overall BTP plasma concentrations
demonstrated dual peak characteristics as briefly described above, with such a case interpreted as a drug
with either multiple absorption sites (Gabrielsson and
Eeiner 2000) or a drug that exhibits enterohepatic recirculation (Funaki 1999). In the case of such drugs,
standard compartmental models, either single- or
multiple-compartment, are not applicable. However,
in the muscle residue levels, the overall pattern exhibited profiles similar to a two-compartment model.
Hence, the non-compartmental analysis was applied
to analyze both plasma and muscle levels. Noncompartmental analysis employed for the present BTP
data was developed for easier application when there
is uncertainty in true underlying compartments while
compromising some accuracy of estimation (Zhang
et al. 2010). Thus, although it is possible to figure
out general tissue patterns of BTP residues, the
present results can be considered as a further validation of developed analytical methods rather than definitive estimation of pharmacokinetic parameters.
Plasma pharmacokinetic parameters indicated that
BTP quickly reached peak levels and disappeared. The
rapid disappearance of BTP was characterized by short
MRT (< 11 days) since MRT is an estimate of how long
a drug molecule stays in the body before complete elimination (Durisova 2014). Although only limited information is currently available, the pharmacokinetic behavior
of BTP in the olive flounder appeared qualitatively similar to that in other animal species. In piglets, for example, BTP achieves peak levels as quickly as 18.6 min,
with a reasonably efficacious absorption rate of 74.7%
(Sun et al. 2016), and rapid plasma. Furthermore, rapid
clearance from the body was observed in horses, demonstrating a decline in plasma BTP from 87.8 μg/ml peaks
to undetectable levels in 24 h (Du et al. 2004).
Furthermore, experiments were performed at two different water temperatures: 22 °C as the optimal temperature,
and 13 °C representing the low temperature at which the
fish eats feed. Notably, higher water temperature conferred lower BTP peak concentrations and lower bioavailability compared with the lower temperature. This
temperature dependence could be linked to a more efficient elimination when the fish is maintained at a higher
temperature. In fishes, similar temperature dependency
has been reported with the antimicrobial agent, oxolinic
acid (Kleinow et al. 1994).
Another important objective of pharmacokinetic studies
is consumer safety, particularly when the drug is administered to a food animal. Undoubtedly, olive founder is one
of the most important aquaculture species in Korea, and
BTP is currently employed with this fish (National Institute
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Fig. 4 Muscle concentration of BTP after intramuscular injection in olive flounder. Mean values were presented without error bars for clarity (n =
10 for each time point). Levels at time 0 (non-detectable levels, n = 10) were omitted to avoid complication, and the first symbols denote levels
at 0.5 h after injection

of Fisheries Sciences 2018). According to the related regulations (Korea Ministry of Food and Drug Administration
2017), the maximally allowable drug residue levels need to
be identified in edible tissues, the muscle in the case of fish.
At harvest for human consumption, fish should not contain
drugs exceeding the allowable concentrations (maximum
residue limit, MRL). Withdrawal time, the time after which
harvesting is possible after the final drug use, will then depends on residue levels. Due to these food safety reasons,
determination of both MRL and withdrawal time are crucial for all animal drugs used in aquaculture. Residue levels
of an aquaculture drug are monitored for the purpose of

establishing consumer safety. According to the analysis by
the European Agency for the Evaluation of Medicinal Products (European Medicines Agency 2013), daily intake of
BTP 600 μg/kg is safe for lifetime use in humans. The estimation of a withdrawal period was not possible as peak tissue levels were too low compared with the MRL.
Following the use of BTP in farms, the residue levels
in olive flounder muscles may concern consumers regarding its safety in humans. The safety estimation based
on muscle concentrations and the theoretical tolerable
level indicates that BTP is extremely safe and that such
concern is not legitimate.
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Fig. 5 Muscle concentration of BTP after intramuscular injection in olive flounder. Dots represent all muscle residue levels (n = 15 fish for each
time point), and the two broken lines indicate upper and lower confidence limits of the highest concentrations possible, respectively. The top
horizontal lines represent maximally allowable residue levels for a fish (571.4 mg/kg) calculated from acceptable daily intake
information (36 mg/person)

Conclusion
In conclusion, a sensitive quantification technique for BTP
was established using LC-MS/MS analytical procedures.

Based on this method, established particularly for olive
flounder plasma and muscles, it was possible to delineate
the pharmacokinetic behavior of BTP in the fish.
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Abstract
We tried to find the optimal growth conditions of sea cucumber and to analyze the economic effectiveness of the
sea cucumber seedling release project in Korea. We first examined the optimal growth conditions of sea cucumber
in the relating literatures. Then, we analyzed the economic effectiveness of the sea cucumber seedling release
project of the Woncheon fishing village union of Gyeongnam Province in 2016–2018 by using the cost benefit
analysis method. The net income of the release project of the Woncheon fishing village union was 69,850 Korean
won. The benefit to cost ratio of the sea cucumber seedling release project of the Woncheon fishing village union
was estimated to be 1.7, indicating that the project was economically feasible. In order to improve the economic
feasibility of the sea cucumber release project, as we see in the case of the Woncheon fishing village union, it is
necessary to manage the purchase of the sea cucumber seedling, to improve the recapture rate of sea cucumber,
and to manage marketing of sea cucumber.
Keywords: Sea cucumber, Optimal growth condition, Effectiveness, Seedling release

Background
Recently, due to the economic importance of sea cucumber, technological developments on artificial seed production and aquaculture have been carried out in many
countries including Korea, China, and Japan. Even though
China has some challenges restricting development of the
sea cucumber industry, which includes weaknesses in the
basic biological research, the issue of germplasm degradation, environmental stress caused by global climate
change, and food safety issues. The production of Apostichopus japonicus has become commercially lucrative and
successful after nearly 30 years of development (Ru et al.
2019). Apostichopus japonicus is mainly distributed in the
northern waters of the western Pacific, including the
Bohai Sea and Yellow Sea of China, as well as the eastern
coast of Russia and the coasts of Japan and South Korea
(Yanagisawa 1998, Zhang et al. 2017). Now the Japanese
sea cucumber, Apostichopus japonicus is the most
* Correspondence: choisd@jnu.ac.kr
2
Division of Marine Technology, Chonnam National University, Yeosu 59626,
South Korea
Full list of author information is available at the end of the article

economically important and valuable species in China (Ru
et al. 2019).
In terms of supply and demand of sea cucumber,
China’s sea cucumber consumption was 200,969 tons in
2014, which exceeded its supply (China Fishery Group
2015). Now, China is looking for alternative sea cucumber farms in Russia, Japan, and North Korea and is
attempting joint sea cucumber farming in South Korea.
In Japan, in response to the growing demand for dried
sea cucumber in China and other countries, large-scale
fisheries companies are, in connection with village fisheries, expanding the sea cucumber production (Aoki
Prefecture Fisheries Technology Center 2012a). In
Korea, sea cucumber production reached 2491 tons in
1990, which declined due to shrinking habitats caused
by pollution of coastal fisheries and coastal landfills,
resulting in 833 tons in 2002 (Kang et al. 2012).
However, sea cucumber production increased, through
the release and aquaculture of sea cucumber seedlings,
to 2045 tons in 2017 (Korean Statistical Information Service 2019).
In order to solve the shortage and price increase of sea
cucumbers, sea cucumber seedlings have been released
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and farmed in Korea, China, and Japan, and research on
the optimum growth environment of sea cucumber has
been carried out to enhance the effectiveness of such releases. In this study, we try to find the optimal growth
conditions of sea cucumbers by examining various relating literature in Korea, China, and Japan, and suggest
the results with respect to the factors that compose the
habitat environments. Then, we analyze the effectiveness
of a sea cucumber release project in Korea using the sea
cucumber seedling release project of the Woncheon fishing village union of Gyeongnam Province in 2016–2018.
In Korea, sea cucumbers are released by individual
fishers, and fishing village unions subsidized by central
and local governments in sites considered to satisfy the
optimal growth conditions of sea cucumbers. Subsidies
to releasing of sea cucumbers are usually given to a
couple of fishing village unions representing one province. Then, the subsidies are offered to other fishing village unions or other regions in the province if they are
economically feasible. The Woncheon fishing village
union or Woncheon village is one of the representative
releasing sites designated by Gyeongnam Province in
2016–2018. The results of the feasibility analysis of the
releasing project by Woncheon fishing village unions are
important because, as mentioned earlier, the subsidized
releasing project of sea cucumber can be extended to
the fishing village unions or other areas that satisfy the
optimal growth conditions of sea cucumbers in Gyeongnam Province.

Methods
Examination of optimal growth conditions for sea
cucumber

In order for the released sea cucumbers to settle stably
and grow rapidly, various environmental conditions must
be suitable for the habitat or site of release. Some of the
factors that compose the habitat environments favorable
to growth of sea cucumbers include water temperature,
salinity, depth of water, velocity of water current, and
quality of the substrate or farming site. We examined the
optimal growth conditions of sea cucumber in the relating
literatures in in Korea, China, and Japan.
Cost and benefit analysis

The cost and benefit analysis method is used to analyze
the economic feasibility of the sea cucumber discharge
project in Woncheon fishing village union of Gyeongnam
Province. The cost of purchasing and releasing sea
cucumber seedlings is used as a cost in B-C analysis. The
collecting or harvesting cost, which is the cost of collecting the sea cucumber after the growth period of about 2
years, should be included as a cost, if the individual business operators or the fishing villages implement the discharge project by themselves and hire the harvesters to
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collect the sea cucumber after the growth period. However, if the municipal, provincial, or central government
carry out seedling discharge project and the produced sea
cucumber is collected by the harvesting company and distributed at a certain agreed rate between the fishing village
and the harvesting company, the harvester’s share will not
be counted as a cost in the B-C analysis because the share
will be the harvester’s income. As was stated earlier, the
harvesters take 45% of the harvest and the fishing village
takes 55% of the harvest.
The benefit required for the B-C analysis is the
amount of production that can be gained from the sales
of sea cucumber. If individual business operators or fishing villages directly collect the released sea cucumber
and sell them, the total amount of the sea cucumber
production will be the direct income of the individual
business operators or the fishing village. However, when
the fishing village produces sea cucumber by hiring harvesters instead of collecting the sea cucumber directly,
and distributes the produced sea cucumber at a certain
rate with the harvesters, the benefit of the sea cucumber
seed release project is the total production amount of
sea cucumber. The distribution ratio between the fishing
village and the harvester multiplied by the total production amount will be their respective income.
In order to calculate the benefit of sea cucumber discharge, we first estimate the yield of the resources by
examining the release of the sea cucumber, the growth
period, the final average weight at the time of final harvest, and the recapture rate, which is the ratio between
initial discharge and final harvest. The equation can be
given as follows:
Q¼N RW

ð1Þ

where
Q is the quantity of production
N is the number of cucumber released
R is the recapture rate
W is the average weight
As shown in the above Eq. (1), in order to increase the
production of sea cucumber, the value of each variable
constituting the production amount should be increased.
In order to increase the recapture rate, the survival rate
of the released sea cucumber should be high, and the sea
cucumber should not move away and stay in the vicinity
of the release sites, so that efforts and costs for harvesting should not increase. If the sea cucumber cannot be
recovered from the place where the sea cucumber have
been released, the final recapture rate of released cucumber will be very low and the production amount of
sea cucumber and the economic effectiveness of sea cucumber seedling release will be significantly lowered.
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When the production of sea cucumber is estimated,
the market price of sea cucumber is multiplied, and the
total production amount of sea cucumber, which is a
benefit required for economic analysis, can be obtained.
A¼QP

ð2Þ

where
A is the aggregate production amount
Q is the quantity of production
P is the average market price
When the total production amount of sea cucumber is
obtained, it can be compared with the sea cucumber
seedling release cost, from which the economic effect
can be obtained. The equation can be given as follows.
EE ¼ ðB−C Þ ¼ A−C

ð3Þ

EE ¼ ðB=C Þ ¼ A=C

ð4Þ

or

where
(B − C) is the difference between benefits and costs of
sea cucumber seedling release.
(B/C) is the benefits and cost ratio of sea cucumber
seedling release
A is the total amount of sea cucumber
C is the costs of sea cucumber seedling discharge
project
Premise of analysis

The release of sea cucumber seedling by Woncheon fishing village union of Gyeongnam Province was carried
out several times from 2014 to 2018 and the harvest of
sea cucumber was carried out between 2014 and April
2019. We considered the case that the release of sea cucumber seedling was carried out on 2 May 2017, and the
harvest of sea cucumber was carried out between November 2018 and April 2019, for which the economic
feasibility of the sea cucumber release project was

examined. The release cost of sea cucumber seedlings
released in 2017 was KRW 180 million and the number
of released stocks reached 370,849. In the case of
Woncheon fishing village union, harvesting of sea cucumber was handled by the harvesters, and 45% of the
harvested sea cucumbers are distributed to the harvesters, so they are not included in the harvest costs.
The recapture rate of sea cucumber from November
2018 to April 2019 was 51.2%, and the average weight
was 168.9 g. The price of sea cucumber was assumed to
be KRW 9500/kg, reflecting the price of sea cucumber
from 2017 to 2019.
Data collection

Woncheon fishing village union has received public support for the release of sea cucumber seedlings since
2014. The members of the fishing village union had installed natural rocks in the left and right coasts of the
Woncheon port and carried out the project for release
of sea cucumber seedlings. And they have been experiencing an increase in the production of sea cucumber
since then. The release of sea cucumber seedlings from
2014 to 2018 is shown in Table 1 below.
The Woncheon fishing village union contracts the sea
cucumber harvesting with woman divers and the diving
apparatus fishery (DAF) divers on every 2 to 3 years and
allows them to collect sea cucumber. The cost of purchasing the sea cucumber seedlings is borne by the
Woncheon fishing village union. While the seedlings are
growing after release, the harvesters are responsible for
the custody and harvest of the sea cucumber. After the
sea cucumber is harvested, the harvesters take 45% of
the harvest and the fishing village takes 55% of the harvest. More than 50% of the sea cucumber harvests are
sold by free sales system and the rest are sold by obligatory sales system. The price of sea cucumber was higher
than KRW 10,000/kg until 2015, but it has been declining since then, reaching KRW 9000~10,000/kg in 2019.
The production of sea cucumber, the amount of

Table 1 Release of sea cucumber seedlings of Woncheon fishing village Union
Project
year

Release date

2014

2014 December 17

2015

Release
(unit)

Unit
price (Won)

Angang Bay
Sea Fishery
Cooperative

253,494

470

2016 April 12

Namhae Fishery

439,589

389

2016

2017 May 02

Namhae Fishery

370,849

482

180,000

162,000

86,400

21,600

54,000

18,000

2017

2018 April 27

Badagil,
(Co. Limited)

455,651

353.7

161,109

144,999

77,333

19,333

48,333

16,110

2018

2018 December 06

Daebak Fishery

268,380

345

92,591

83,332

44,444

11,111

27,777

9259

Source: Namhae County

Distributer

Release cost (KRW 1000)
Total
sum

Subsidy
total

National
subsidy
(48%)

Provincial
subsidy
(12%)

County
subsidy
(30%)

Selfburden
(10%)

180,000

162,000

86,400

21,600

54,000

18,000
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production, and the unit price per kilogram from 2012
to 2018 are shown in Table 2 below.

Results
Optimal growth conditions for sea cucumber
Korean case

Water temperature is one of the most important ecological factors that affect growth and physiological processes in aquatic eurytherms. According to the 2014
Fisheries Seedling Management Project Guidelines, sea
cucumbers grow most stably at 10~15 °C, begin to prepare for aestivation at 20 °C or higher, and enter
aestivation at the temperature up to 24 °C (Korea Fisheries Resources Agency 2014a). However, if the water
temperature persists above 28 °C, it is difficult for sea
cucumbers to adapt to that temperature. Thus the habitat with the temperature higher than 28 °C is considered
unsuitable for released sea cucumbers (Korea Fisheries
Resources Agency 2014b). Lee et al. (2018) regarded the
water temperature, 10~15 °C as suitable for growth of
sea cucumbers. Unlike others, however, Jeong et al.
(2019) reported that sea cucumbers grow even at the
temperature higher than 28 °C. For salinity, 28~34 psu
was reported to be suitable for a habitat for the released
sea cucumbers (Kang et al. 2012). Lee et al. (2018) also
reported salinity levels of 28~34 psu as appropriate
salinity.
For water depth, 5~10 m was reported as a suitable
depth for the released sea cucumbers in the development project of sea cucumber island in Yangyang-gun,
Korea (Korea Fisheries Resources Agency 2013a). In
addition, 5~20 m was reported as a suitable depth for
the released sea cucumbers in the sea cucumber aquaculture guidebook (Ministry of Agriculture, Food and
Rural Affairs 2011). In the plan report for the establishment sea cucumber aquacultural complex, the depth less
than 30 m was reported as a suitable depth (Korea Fisheries Resources Agency 2013b). Lee et al. (2013)
Table 2 Annual production of sea cucumber, production
amount, and unit price per kilogram
Year

Production volume
(kg)

Production amount Unit price/kg
(KRW 1000)
(KRW 1000)

2012

5400

88,211

16.34

2013

6815

90,214

13.24

2014

7457

87,295

11.71

2015

8121

86,921

10.70

2016

9456

80,129

8.47

2017

14,400

100,800

7.00

91,700

7.00

2018(~June) 13,100

The amount of production shown in the Table 2 is the amount of production
that can be verified by the obligatory sales system, and the actual amount of
production harvested is estimated to be more than the amount of production
shown in the Table 2
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reported 6~10 m as a depth suitable for sea cucumbers.
Lee et al. (2018) also reported 5~10 m as the depth suitable for inhabit of sea cucumbers. For the velocity of
water, less than 0.6 m/s and less than 2 m/s were reported as adequate velocity in Korea. Considering this,
Lee et al. regarded 0.2~0.4 m/s as adequate velocity (Lee
et al. 2018).
The Ministry of Maritime Affairs and Fisheries reported the substrate with rock, sand, and mud as adequate for sea cucumber aquaculture. The Ministry of
Agriculture, Food and Rural Affairs reported the substrate with rock, amber stone, and mud was adequate
for sea cucumber aquaculture (Ministry of Agriculture,
Food and Rural Affairs 2011). Korea Fisheries Resources
Agency reported the substrate with coarse gravel and
sand as suitable for sea cucumber aquaculture (Korea
Fisheries Resources Agency 2013c). Lee et al. (2013) reported the substrate with rock and muddy sand was adequate for sea cucumber aquaculture. Lee et al. (2018)
also reported the substrate with rock, stone, and muddy
sand with less than 20% sand in the substrate as
adequate.
Chinese case

A few reports showed that empirically, Apostichopus
japonicus could grow at a temperature range of
10~20 °C (Sui 1990; Yu and Song 1999; Chen 2004; Yang
et al. 2005). Dong et al. (2006) found that the optimum
temperature for growth of Apostichopus japonicus was
15~18 °C. Based upon which, Ji et al. (2008) chose 20 °C
as optimal temperature for growth of sea cucumbers.
The water temperature of 10~15 °C, was regarded as adequate in the cucumber farming areas in Shandong
(Kang et al. 2012). Chen (2004), Yang et al. (2005) and Ji
et al. (2008) chose 26 °C as the threshold temperature to
aestivation. The Yellow Sea Fisheries Research Institute
reported that 70% of sea cucumbers of less than 85 g appeared at the depth of 1.7 m and 90% of sea cucumbers
of more than 126 g appeared at the depth of 7.7 m (Kang
et al. 2012). Choi (1963) reported that sea cucumbers of
50~100 g appeared at depth of 5 m and below, 100~150
g at depths of 5~10 m, and 150~200 g at depths of
10~15 m. The velocity of 0.5 m/s or less was reported as
adequate. For the substrate, it was reported that sea cucumber distribution was high at the habitat with low
mud, and that reefs and sands with high sea algae and
seagrass were adequate (Kang et al. 2012).
Japanese case

Aomori Fisheries Research Institute reported that the
period when the water temperature was 2~10 °C met the
habitat conditions of released sea cucumbers (Aoki Prefecture Fisheries Technology Center 2012a, b). For water
depth, the project to increase of releasing sea cucumber
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reported 10 m as the adequate for the release of sea cucumbers (Hokkaido Research Organization 2012). Lee
et al. (2018) also considered 5~10 m suitable for growing
sea cucumbers. For the velocity, the site with slow water
flow was regarded as adequate. For the substrate, it was
reported that sea cucumbers were distributed in the
habitat with amber stone and sands, and less than 10%
of mud, but sea cucumbers did not inhabit in the site
with 27.8% or more of mud (Aoki Prefecture Fisheries
Technology Center 2012a).
Economic effectiveness of sea cucumber seedling release

Based on the above analysis, the economic feasibility of
the sea cucumber seedling release project in Woncheon
fishing village union of Gyeongnam Province is as follows. The production of sea cucumber obtained using
the released sea cucumber, recapture rate, and average
weight of the harvested sea cucumber seedlings is 32,
070 kg, and the total amount is KRW 307,044. The production cost of sea cucumber reaches KRW 180,000
which is sea cucumber seedling release fee. The economic effect of the sea cucumber seedling release project
is as shown in the following Table 3.
The economic effectiveness of the sea cucumber seedling release project in Woncheon fishing village union is
KRW 127 million, which is the total production amount
of released sea cucumber with the release project cost subtracted. The fishing village union and the harvesters distribute the total production amount at a ratio of 55:45, so
the net income of the fishing village union is KRW 69,850.
The income of the harvesters reaches KRW 57,150. The
benefit to cost ratio of the sea cucumber seedling discharge project in Woncheon fishing village union is estimated to be 1.7, indicating that sea cucumber seedling
release project is economically feasible.
When the price of sea cucumber and the price of sea
cucumber seedlings are given as assumed, the breakeven point of the sea cucumber seedlings release project
in Woncheon fishing village union in terms of recapture
rate of sea cucumber is the point where the recapture
rate is 30.25%. When the recapture rate is higher than
30.25%, the sea cucumber seedlings release project in
Woncheon fishing village union will have the economic
feasibility. On the other hand, when the recapture rate
of sea cucumber and the price of sea cucumber seedlings
are given as assumed, the break-even point of the sea cucumber seedling release project in Woncheon fishing village union in terms of the price of harvested sea
Table 3 Economic effects of the sea cucumber seedling release
project in Woncheon fishing village union
Release cost
(KRW 1000)
180,000

Total production
(KRW 1000)

Economic Effectiveness
(KRW 1000)

B to C ratio

307,044

127,044

1.7

cucumber is the point where the price of harvested sea
cucumber is KRW 5613/kg. When the price of harvested
sea cucumber is higher than the price, the seedling release project in Woncheon fishing village union will have
the economic feasibility.
When the recapture rate of sea cucumber and the
price of sea cucumber are given as assumed, the breakeven point of the sea cucumber seedling release project
in Woncheon fishing village union in terms of the price
of the sea cucumber seedling is the point where the
price of the sea cucumber seedling is KRW 822 each.
When the price of the sea cucumber seedling is lower
than the price, the seedling release project in Woncheon
fishing village union will have the economic feasibility.

Discussion
Optimal growth conditions for sea cucumber

The optimum growth conditions for sea cucumber were
similar in all three countries, although there were some
differences. The adequate water temperature is at
5~15 °C in Korea and China, but 2~10 °C in Japan, of
which lower limit is smaller than that of other two countries. For the water depth, 6~10 m seems to be appropriate in all three countries. The substrate with rock and
muddy sand seems to be adequate in all three countries.
Sensitivity analysis

The cost and benefit of the sea cucumber seedling release
project can be affected by the recapture rate, the price of
the seedling, and the market price of the collected sea cucumber. Therefore, the sensitivity analysis should be performed to analyze the economic feasibility reflecting the
change of the situations or conditions. The higher the
market price of sea cucumber seedlings, the lower the mobility of sea cucumber and the higher survival rate of sea
cucumber seedlings, the higher the economic effectiveness
of sea cucumber seedlings release project.
According to the FIRA (Korea Fisheries Resources
Agency), the B to C ratio of the sea cucumber release projects in Jeonnam Province and Gyeongnam Province in
2008 ~ 2010 were 3.18. The B to C ratio of the sea cucumber release projects in Chungnam Province, Gangwon
Province, Gyeongbuk Province, Incheon City, Jeonnam
Province and Gyeongnam Province in 2013~2014 was
1.45, indicating that both were effective. Park et al. (2013)
analyzed the economic effects of the sea cucumber seedlings project in Gyeongbuk Province and found that the B
to C ratio was 2, which is efficient. Sensitivity analysis also
showed that the economic feasibility varied greatly depending on changes in recapture rate, market price, and
seedling price. And it had been shown that there were
cases in which the economic effectiveness was lost.
Sensitivity analysis was carried out for the range of 10
to 70% of recapture rate in consideration of the
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precedent cases to see how the economic effectiveness
of the sea cucumber seedling release project in Woncheon fishing village union changes according to the
change of the recapture rate. The analysis results are
shown in the following Table 4.
As shown in Table 4, the economic feasibility of the project for the release of the sea cucumber seedlings decreases with the decrease in the recapture rate. If the
recapture rate drops to the value less than 30.25%, the
economic effectiveness of the sea cucumber seedling
release project in Woncheon fishing village union is negative, which means there is no economic feasibility. On the
contrary, if the recapture rate increases, the economic effectiveness of the sea cucumber seedling release project in
Woncheon fishing village union will be improved.
In order to improve the economic feasibility of the sea
cucumber discharge project in the Woncheon fishing
village union of Gyeongnam Province, it is necessary to
increase the recapture rate of released sea cucumber. In
order to raise the recapture rate, the survival rate of the
seedlings must be high, and the sea cucumber should
stay in the vicinity of the release sites, so that efforts and
costs for harvesting should not increase. The survival
rate of seedlings is related to the quality of seedlings and
this is also related to the cost of seedlings. Therefore,
the selection of seedlings should be based on the consideration of cost, quality, or survival rate.
In order to increase the recapture rate, the seedling
should not move far away from release sites during the
growing period, so that it can be harvested in large
quantity at harvest time. In order to prevent the seedlings from moving far away, it is necessary to select the
release sites with good nourishing environments. Park
et al. (2013) also emphasized the importance of selection
of release sites for the good results of the sea cucumber
seedling release project in Gyeongbuk Province area. In
addition, the cost for harvesting should be small, which
will improve the economic feasibility by reducing the
value of the cost in the benefit cost analysis.

In order to see how the economic effect of the sea cucumber seedling release project in Woncheon fishing village
union changes with the change of the sea cucumber price,
the prices of sea cucumber from 2012 to 2019 are included
in the sensitivity analysis. The price of sea cucumber ranged
from KRW 5000 to KRW 20,000/kg. The results of the sensitivity analysis are shown in Table 5 below.
As shown in Table 5, the economic feasibility of the
sea cucumber seedlings release project decreases as the
price of sea cucumber falls. If the price of sea cucumber
drops to the value less than KRW 5613, the economic
effectiveness of the sea cucumber seedling release project in Woncheon fishing village union becomes negative. On the contrary, if the price of sea cucumber rises,
the economic effectiveness increases.
Marketing management of the sea cucumber needed
to improve economic effectiveness is an attempt to raise
the shipping price of sea cucumber and increase the
value of the benefit in economic analysis. Since the price
of sea cucumber is determined by the market, the attempt cannot directly affect the price of sea cucumber,
but the price of sea cucumber can be kept high by
adjusting the shipping time and amount, and the economic effectiveness can be increased accordingly.
Sensitivity analysis was carried out for the case where
the price of sea cucumber seedlings ranged from KRW
200 to KRW 1000 to see how the economic effectiveness
of the sea cucumber seedling release project in Woncheon fishing village union changes according to the
change of sea cucumber seedling price. The results of
the analysis are shown in Table 6 below.
As shown in Table 6, the economic effectiveness of
the sea cucumber seedlings release project decreases as
the sea cucumber seed price rises. If the price of sea cucumber seedlings rises to the value higher than KRW
822, the economic effectiveness of the sea cucumber
seedling release project in Woncheon fishing village
union becomes negative. As the prices of sea cucumber
seedlings declines, the economic effectiveness of the sea

Table 4 Sensitivity analysis for recapture rate
Recapture rate (%)

Economic effectiveness
(KRW 1000)

Benefit to cost
ratio

Remarks

10

− 120,495

0.33

Price of sea cucumber
(KRW/kg)

Economic effectiveness Benefit to Remark
(KRW 1000)
cost ratio

Table 5 Sensitivity analysis of sea cucumber prices

20

− 60,991

0.66

2500

− 99,825

0.45

30

− 1486

0.99

5000

− 19,651

0.89

30.25

1

1.00

5612.75

0

1.00

40

58,018

1.32

7500

60,524

1.34

50

117,523

1.65

9500

124,663

1.69

51.2

124,663

1.69

10,000

140,698

1.78

60

177,027

1.98

15,000

301,048

2.67

70

236,532

2.31

20,000

461,397

3.56
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Table 6 Sensitivity analysis of sea cucumber seed price
Unit price
(KRW)

Economic effectiveness
(KRW 1000)

Benefit to cost
ratio

200

230,494

4.11

400

156,324

2.05

485.37

124,664

1.69

600

82,154

1.37

800

7984

1.03

821.53

0

1.00

1000

− 66,186

0.82

Remark

cucumber seedling release project in Woncheon fishing
village union increases significantly.
In order to improve the economic feasibility of the sea
cucumber release project in Woncheon fishing village
union of Gyeongnam province, it is necessary to manage
the purchase of the sea cucumber seedling, to improve
the recapture rate of sea cucumber, and to manage marketing of sea cucumber. Through the adequate management of seedling purchase, the purchase cost of seedling
can be lowered, which is possible by lowering the purchase price through mass purchase or adjustment of
purchase timing. However, the purchase of hi-quality
seedlings will increase the survival rate of the seedlings
and contribute to the improvement of the recapture rate,
which will raise the value of benefit in B-C analysis.
Therefore, the purchase of good seedlings should not be
comprised to lower the purchase price of seedlings.
Limitation of this study

Since the main purpose of this study was to verify the effectiveness of the sea cucumber seedling release program,
not all the literature covering all aspects of the optimal
growth conditions for sea cucumber was examined. In this
study, only the optimal conditions regarding sea water
temperature, depth, and the composition of substrate,
which are some of the factors that indicate the optimal
conditions of the sea cucumber release site were examined. In the future, it is necessary to study all aspects of
the optimal growth conditions for sea cucumber.
This study examined the economic effectiveness of sea
cucumber seedling release in a region on the south coast
of Korea. Thus, it is not appropriate to expect that sea
cucumber seedling release program in Korea will be
effective based on these results. It would be more reasonable to determine that sea cucumber seedling release
project in Korea would be effective after a review of the
economic effectiveness of all the release program in various regions of the Korean coast.
In this study, the causal relationship between the economic effectiveness of sea cucumber releasing and the
proper growth condition of sea cucumber was not addressed because of insufficient data for the relationship.

Therefore, what is needed more in this study is to find
out how the optimal growth conditions of sea cucumbers affect the economic effectiveness of sea cucumber
releasing, and thus further studies regarding this relationship are needed. In addition, a more detailed and extensive comparative studies of the optimal growth
conditions of sea cucumbers in China, Japan, and Korea
are needed to find out the factors pivotal to the growth
of sea cucumbers and the relationship between those
factors and economic effectiveness of sea cucumber
releasing.

Conclusions
We tried to find the optimal growth conditions of sea
cucumber and to analyze the economic effectiveness of
the sea cucumber seedling release project in Korea. We
first presented some optimal growth conditions of sea
cucumber in Korea, China, and Japan by reviewing the
relating literatures. Then, we presented the economic
effectiveness of the sea cucumber seedling release project of the Woncheon fishing village union of Gyeongnam Province in 2016–2018 by using the cost benefit
analysis method. The net income of the release project
of the Woncheon fishing village union was 69,850 Korean won. The benefit to cost ratio of the sea cucumber
seedling release project of the Woncheon fishing village
union was estimated to be 1.7, indicating that the project
was economically feasible.
The sea cucumber release projects, which are carried
out by the private sector with the help of the central and
local governments of Korea, are carried out under tight
budget constraints, so improving the economic feasibility
of the release is essential to the success and sustainability of such release projects. In order to improve the economic feasibility of the sea cucumber release project, as
we saw in the case of the Woncheon fishing village
union, it is necessary to manage the purchase of the sea
cucumber seedling, to improve the recapture rate of sea
cucumber, and to manage marketing of sea cucumber.
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Abstract
Background: An 8-week feeding trial was designed to evaluate the potential of yellow mealworm (MW; Tenebrio
molitor) as a locally available nutrient-rich feedstuff for rainbow trout fry (Oncorhynchus mykiss).
Methods: Triplicate groups of fish (mean ± SE; 1.11 ± 0.01 g) were assigned to each of the five isonitrogenous and
isocaloric practical diets containing graded level of a full fat MW (0, 7, 14, 21, and 28%) at the expense of fish meal
(designated as MW0, MW7, MW14, MW21, and MW28, respectively).
Results: Fish growth performance in terms of weight gain and specific growth rate significantly increased with
increasing dietary MW level up to 14% and then declined when dietary MW levels further increased to 28%.
Significantly higher protein efficiency ratio and lower feed conversion ratio were found in fish fed with diets
containing MW compared to fish fed the control MW0. Myeloperoxidase activity was significantly higher in fish fed
MW7 diet compared to fish fed the MW0 diet. Fish fed the MW14 and MW28 diets had significantly higher
lysozyme activities than those fed the MW0 diet.
Conclusions: Overall, the efficacy of MW as promising alternative to fish meal in practical diets for rainbow trout fry
has been proved not only in relation to growth rates and feed utilization, but also from the viewpoint of
immunopotentiation effects.
Keywords: Tenebrio molitor, Oncorhynchus mykiss, Essential amino acids, Hematological parameters, Non-specific
innate immunity

Background
Much progress has been made in the development of
intensive aquaculture through replacing fish meal (FM)
with less expensive alternative protein sources. However,
there are drawbacks, since dietary utilization may be
limited, or fish have difficulty adapting to the plant and
rendered animal-derived feedstuffs as substitutes for
FM—which is a particular issue for carnivorous fish
species (Oliva-Teles et al. 2015). The growth of the
* Correspondence: smlee@gwnu.ac.kr
Department of Marine Biotechnology, Gangneung-Wonju National University,
Gangneung 25457, South Korea

aquafeed industry signals that demand for alternative
protein sources will continue to rise; therefore, research
has been focused on identifying and developing novel
products from locally available and acceptable feed
ingredients that can satisfy both economic and environmental concerns.
Worms and insect larvae always have been considered
as natural fish diets. Larvae of darkling beetle (Tenebrio
molitor L.), known as yellow mealworm (MW), is one of
the most promising candidate as alternative source of
protein for use in aquafeed, primarily due to its high
nutritional value and the economic feasibility of its
large-scale production (see Sánchez-Muros et al. 2014;
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Henry et al. 2015 for review). Indeed, it has been demonstrated that meals derived from MW could successfully substitute part of dietary FM in feed for several
commercially important marine and freshwater farmed
finfish species including African catfish (Clarias gariepinus) (Ng et al. 2001), rainbow trout (Oncorhynchus
mykiss) (Belforti et al. 2015), tilapia (Oreochromis niloticus) (Sánchez-Muros et al. 2016), European sea bass
(Dicentrarchus labrax L.) (Gasco et al. 2016), gilthead
sea bream (Sparus aurata) (Piccolo et al. 2017), and
blackspot sea bream (Pagellus bogaraveo) (Iaconisi et al.
2017). Overall, the maximum amount of MW that can
be incorporated into feed without depressing fish performance, apparently, depends on the quality of the MW
meal itself, which varies according to its diet composition and rearing condition, and the nutritional requirements of a given fish species. Low level of methionine,
inadequate fatty acid composition particularly absence of
n-3 highly unsaturated fatty acids (HUFAs), and high
proportions of non-starch polysaccharides, like chitin,
are among the factors limiting the use of MW as a sustainable source of protein in aquafeed.
Rainbow trout (Oncorhynchus mykiss) is a commonly
raised fish species in aquaculture. In addition to the fish
raised for consumption, millions of rainbow trout are
raised for stocking into ponds, lakes, streams, and rivers
to provide additional sport fishing opportunities where
few may otherwise exist. Together, rainbow trout cultured directly for human consumption, and those cultured to enhance or provide sport fishing opportunities,
account for a measurable proportion of global aquaculture production, with a total production exceeding 800,
000 tons in 2016 (FAO FishStatJ 2018). To date, many
studies have focused on evaluating a variety of different
plant and animal protein ingredients to meet the rainbow trout’s nutritional needs.
Although the feasibility of replacing FM with MW has
been proved in feed for rainbow trout at the late juvenile
stage (over 100 g initial weight) (Belforti et al. 2015; Iaconisi
et al. 2018), there is no available information on the consequences of using this potential feed ingredient in feed for
the late larval or early juvenile stages of this species. Furthermore, since the concept of optimal inclusion rates of alternative protein sources, as substitutes to FM, in fish diets
is associated not only with optimal growth and carcass

composition traits but also with optimal health, we also explored the possibility of partial replacement of FM by MW
in diets for rainbow trout fry in terms of selected plasma
biochemical parameters and immune parameters.

Methods
Experimental diets

The mealworm larvae (MW) were kindly provided by
Korea Rural Development Administration, Organization
(Jeonju, South Korea). Upon arrival, MW were freezedried, grounded into a fine powder, and stored at −
40 °C until used. Proximate, essential amino acid and
fatty acid compositions of the resultant MW are provided in Table 1.
A practical FM-based diet (MW0) was designed to
satisfy the nutritional needs of rainbow trout (NRC
2011) with steam dried mackerel FM (FoodCorp S.A.,
Chile; crude protein 76.1%; crude lipid 7.8% DM) served
as a main source of protein. Four other experimental diets were formulated to contain 7, 14, 21, and 28% MW
replacing graded levels of dietary FM protein (designated
as MW7, MW14, MW21, and MW28, respectively).
Nutrient and essential amino acid compositions of the
experimental diets are given in Table 2. All the isonitrogenous (48% crude protein) and isocaloric (22 MJ/kg)
diets were produced following the procedure described
by Lee et al. (2016). Briefly, all dried ingredients were
well-mixed and, after addition of oil and double-distilled
water, pelleted through a meat chopper machine. The
pellets were then dried in a forced air oven at 25 °C for
48 h, crushed into desirable size, and stored at − 24 °C
until used.
Fish and feeding trial

Rainbow trout fry were purchased from a private hatchery and acclimated to the laboratory conditions in a
5000-L capacity glass tank, connected to a freshwater recirculating system equipped with a chiller unit to help
maintain the water temperature at 15.2 °C, feeding on a
commercial diet (Woosung Feed Co., Daejeon, South
Korea; 50% crude protein and 13% lipid). Following the
2-week acclimation period, 25 fish (initial mean body
weight, 1.11 ± 0.01 g) were randomly stocked into each
60-L rectangular glass aquarium supplied with dechlorinated/filtered freshwater using a closed recirculating

Table 1 Proximate, essential amino acid and fatty acid compositions of the mealworm meal (% DM)
Proximate
composition (% DM)

Essential amino acid (% protein)

Fatty acid (% total fatty acids)

DM1 CP2 CL3 Ash Chitin Arg His Ile Leu Lys Met Phe Thr Val C12: C14: C16: C18: C16:1n- C18:1n- C18:2n- C18:3n- C18:3n0
0
0
0
7
9
6
3
6
96.4 52.5 34.1 3.5
1

Dry matter
2
Crude protein
3
Crude lipid

5.4

5.2

3.2 3.8 6.5

6.0 0.7

3.9

4.1 6.4 0.3

3.1

13.7

6.4

1.4

29.1

42.7

1.5

0.3
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Table 2 Ingredient and chemical compositions of experimental
diets (% DM)
Diets
MW0

MW7

MW14

MW21

MW28

50.0

45.0

40.0

35.0

30.0

Ingredients
Mackerel fish meal
Mealworm meal

0.0

7.0

14.0

21.0

28.0

Wheat gluten meal

5.0

5.0

5.0

5.0

5.0

Wheat flour

30.0

30.0

30.0

30.0

30.0

Fish oil

5.0

4.5

4.0

3.5

3.0

Soybean oil

6.0

4.5

3.0

1.5

0.0

Vitamin premix1

2.0

2.0

2.0

2.0

2.0

2

2.0

2.0

2.0

2.0

2.0

Mineral premix

Proximate composition
Dry matter

95.3

95.9

96.4

93.0

94.4

Crude protein

48.5

48.5

49.8

49.3

48.9

Crude lipid

15.0

14.8

14.8

14.7

14.3

Ash

10.1

9.3

8.5

7.7

7.1

Energy (MJ/kg)

22.0

22.1

22.2

22.2

22.3

Essential amino acid (% protein)
Arg

5.9

5.8

5.5

5.5

5.5

His

3.7

4.0

3.9

3.8

3.7

Ile

3.7

3.7

3.7

3.8

3.8

Leu

7.6

7.6

7.5

7.5

7.4

Lys

8.2

7.0

6.6

6.4

6.2

Met+Cys

4.0

3.3

3.2

3.1

3.1

Phe

4.2

4.2

4.1

4.1

4.2

Tyr

4.8

3.7

4.5

5.1

5.5

Thr

4.3

4.3

4.3

4.2

4.1

Val

5.1

4.9

5.4

5.6

5.6

1

Vitamin premix contained the following amount which were diluted in
cellulose (g/kg mix): DL-α-tocopheryl acetate, 18.8; thiamin hydrochloride, 2.7;
riboflavin, 9.1; pyridoxine hydrochloride, 1.8; niacin, 36.4; Ca-D-pantothenate,
12.7; myo-inositol, 181.8; D-biotin, 0.27; folic acid (98%), 0.68; p-aminobenzoic
acid, 18.2; menadione, 1.8; retinyl acetate, 0.73; cholecalciferol, 0.003;
cyanocobalamin, 0.003
2
Mineral premix contained the following ingredients (g/kg mix): MgSO4·7H2O,
80.0; NaH2PO4·2H2O, 370.0; KCl, 130.0; ferric citrate, 40.0; ZnSO4·7H2O, 20.0; Calactate, 356.5; CuCl, 0.2; AlCl3·6H2O, 0.15; KI, 0.15; Na2Se2O3, 0.01; MnSO4·H2O,
2.0; CoCl2·6H2O, 1.0

system previously described (Sankian et al. 2018). Dissolved oxygen, pH, ammonia-N, and nitrite levels were
measured twice a week (7.6 ± 0.2 mg/L, 7.8 ± 0.2, < 0.6
mg/L, and < 0.2 mg/ L), and photoperiod was left under
natural conditions during the experiment. Each experimental diet was hand-fed to triplicate groups of fish to
apparent satiation (twice daily at 09:00 and 17:00 h) for
8 weeks. The uneaten feed was siphoned out and
weighed to determine net daily feed consumption. Fish
were fasted for 18 h before sampling to minimize handling stress on fish.

Sample collection and analyses

At the end of the feeding trial, all the fish in each
aquarium were counted and bulk weighed for calculation of growth performance, feed utilization efficiency
indices, and survival rate. Total body length was measured to the nearest 0.1 mm. Three intact fish per
aquarium were randomly selected and kept at − 43 °C
for whole-body proximate composition analyses.
Epaxial samples of white muscle were taken from
three other fish per aquarium and kept at − 80 °C for
proximate and essential amino acid composition analyses. Viscera and liver were separately dissected out
from these fish and weighed for the determination of
viscerosomatic index (VSI) and hepatosomatic index
(HSI), respectively.
Three fish per aquarium (9 fish/dietary treatment)
were anesthetized with 2-phenoxyethanol (200 mg/L),
and blood samples were collected from their caudal vein
with heparinized syringes. Then, plasma samples were
separated by centrifugation at 5000g for 10 min using a
high-speed refrigerated microcentrifuge (Micro 17 TR;
Hanil Bio Med Inc., Gwangju, Korea) and stored at −
80 °C until biochemical analyses were performed using
an automated blood analyzer (DRI-CHEM NX500i,
FUJiFILM Corporation Tokyo, Japan).
Another set of blood samples (3 fish/aquarium, 9 fish/
dietary treatment) were collected using non-heparinized
syringes and allowed to clot at room temperature for 30
min. Then, serum samples were separated by centrifugation for 10 min at 5000g and stored at − 80 °C for the
analysis of non-specific immune parameters including
myeloperoxidase (MPO), lysozyme, superoxide dismutase (SOD), and glutathione peroxidase (GPx) activities as
previously described in detail (Khosravi et al. 2015).
Proximate composition of the MW, experimental
diets, whole-body, and muscle samples were determined
following the standard methods of the Association of
Official Analytical Chemists (AOAC 2003). Moisture
content was determined by oven drying to a constant
weight at 105 °C and ash content by combustion in a
Thermolyne™ muffle furnace (Thermo Scientific, Asheville, NC, USA) at 600 °C for 4 h. Crude protein was estimated by the Kjeldahl method using an automatic
Kjeldahl System (Buchi, Flawil, Switzerland). Crude lipid
was measured by a petroleum ether extraction
method, using a Soxhlet extractor (VELP Scientifica,
Milano, Italy). Diet gross energy content was evaluated by an oxygen bomb calorimeter (PARR 6100,
Moline, IL, USA).
Chitin content of the MW was estimated following the
method described by Marono et al. (2015).
The amino acid composition of the MW, experimental
diets, and muscle samples were determined using an
automatic amino acids analyzer after acid hydrolysis
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with 6 N HCL (reflux for 23 h at 110 °C) (Hitachi, Tokyo,
Japan).
Formulae, calculations, and statistical analysis

Weight gain (%) = [(final body weight − initial body
weight)/initial body weight] × 100. Specific growth rate
(%/day) = [(ln final body weight − ln initial body
weight)/days] × 100.
Daily feed intake (%) = (feed intake × 100)/[(initial
body weight + final body weight + dead fish weight) ×
days/2].
Protein efficiency ratio = wet weight gain/total protein
given.
Feed conversion ratio = feed intake/wet weight gain.
Condition factor (%) = (weight of fish/(length of fish)3)
× 100.
Hepatosomatic index (%) = (weight of liver/weight of
fish) × 100.
Viscerosomatic index (%) = (weight of viscera/weight
of fish) × 100.
All dietary treatments were assigned by a completely
randomized design. Data were subjected to one-way analysis of variance (ANOVA) in SPSS version 21.0 (SPSS
Inc., Chicago, IL, USA). Tukey’s multiple range test was
used to identify statistically significant differences among
groups at p < 0.05. Data are presented as mean ± SE.

Result and discussion
The results of the present study showed that MW can
be a potential source of protein for rainbow trout fry, of
about 1 g, significantly improving fish performance and
feed utilization at dietary inclusion level of 14% as

compared to those fish fed the control MW-free diet
(Table 3). Although fish performance was slightly impaired by a further increase of dietary MW to 28%, fish
offered MW28 diet were still able to perform better than
the control group. In a recent study with a larger rainbow trout, Iaconisi et al. (2018) concluded that MW can
be used at an inclusion level of up to 50% without any
significant loss in fish performance, confirming the trend
also observed in the previous study by Belforti et al.
(2015) with the similar fish size of about 115 g. Even
though no statistical differences were observed, fish
growth performance in the present study was numerically lower in fish fed diet containing more than 14%
MW. The discrepancy between the results in the present
study and those in the previous ones regarding the maximum recommended levels of MW inclusion as a potential alternative protein source in practical fish feeds
could be attributed to the several methodological differences among these studies including diet composition
and experimental condition. Moreover, it could also be
suggested that rainbow trout fry could tolerate lower
levels of dietary MW in comparison with larger juveniles. Impaired growth performance and poor feed
utilization efficiency in fish whenever dietary inclusion
levels of MW exceeds a certain level has been associated
with several factors including low level of methionine,
inadequate fatty acid composition particularly absence of
n-3 HUFAs, and high proportions of fat and non-starch
polysaccharides, like chitin. In the present study, the efficiency of feed utilization represented by PER and FCR
values started to decrease when the dietary inclusion
level of MW exceeded 14%, which could perhaps be the

Table 3 Growth performance, feed utilization efficiency, and morphological parameters of rainbow trout fed the five experimental
diets for 8 weeks
MW0

MW7

MW14

MW21

MW28

WG1

943 ± 24b

1073 ± 34ab

1115 ± 14a

1052 ± 56ab

1053 ± 19ab

SGR2

4.69 ± 0.05b

4.92 ± 0.06ab

4.99 ± 0.02a

4.88 ± 0.10ab

4.89 ± 0.03ab

3.37 ± 0.12

2.98 ± 0.01

2.82 ± 0.10

2.92 ± 0.04

2.98 ± 0.02b

PER4

2.03 ± 0.07b

2.34 ± 0.01a

2.42 ± 0.10a

2.33 ± 0.04a

2.32 ± 0.03a

5

a

b

b

b

DFI

3

a

b

b

b

FCR

1.02 ± 0.04

0.88 ± 0.01

0.83 ± 0.03

0.87 ± 0.01

0.88 ± 0.01b

Survival (%)

100.0 ± 0.0

100.0 ± 0.0

96.7 ± 1.7

98.3 ± 1.7

96.7 ± 1.7

1.25 ± 0.03

1.26 ± 0.03

1.27 ± 0.02

1.25 ± 0.01

1.23 ± 0.02

1.68 ± 0.05

1.45 ± 0.06

1.43 ± 0.14

1.61 ± 0.06

1.54 ± 0.09

14.5 ± 0.7

12.9 ± 1.2

13.5 ± 0.4

14.2 ± 0.1

13.7 ± 0.1

CF

6

HSI7
8

VSI

Values are mean of triplicate groups and presented as mean ± SE. Values with different superscript letters in the same row are significantly different (p < 0.05).
The lack of superscript letter indicates no significant differences among treatments
1
Weight gain (%) = [(final body weight − initial body weight)/initial body weight] × 100
2
Specific growth rate (%/day) = [(ln final body weight − ln initial body weight)/days] × 100
3
Daily feed intake (%) = (feed intake × 100)/[(initial body weight + final body weight + dead fish weight) × days/2]
4
Protein efficiency ratio = wet weight gain/total protein given
5
Feed conversion ratio = feed intake/wet weight gain
6
Condition factor (%) = (weight of fish/(length of fish)3) × 100
7
Hepatosomatic index (%) = (weight of liver/weight of fish) × 100
8
Viscerosomatic index (%) = (weight of viscera/weight of fish) × 100
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Table 4 Whole body proximate composition of rainbow trout fed the five experimental diets for 8 weeks (% wet weight)
MW0

MW7

MW14

MW21

MW28

Moisture

72.1 ± 0.2

71.9 ± 0.6

71.6 ± 0.3

72.3 ± 0.6

72.1 ± 0.1

Crude protein

14.7 ± 0.2

14.2 ± 2.2

15.3 ± 1.9

15.1 ± 3.1

14.5 ± 1.7

Crude lipid

9.93 ± 4.91

9.67 ± 0.34

9.85 ± 1.20

9.69 ± 1.82

9.01 ± 0.5

Ash

1.98 ± 0.72

1.74 ± 1.15

2.01 ± 1.43

2.18 ± 0.21

2.20 ± 1.40

Values are mean of triplicate groups and presented as mean ± SE. The lack of superscript letter indicates no significant differences among treatments

reason to cause the slight depression in growth rates at
higher inclusion levels of MW. Such a reduction in fish
performance has also been pointed out by previous studies when the inclusion of MW was increased above a
certain level (Ng et al. 2001; Belforti et al. 2015). This
phenomenon may be partly related to the remarkable fat
content or the presence of poorly digestible carbohydrates, particularly chitin, in the MW (Ng et al. 2001)
which might impair nutrient digestibility and/or disturb
their absorption and uptake (Alegbeleye et al. 2012;
Kroeckel et al. 2012) in fish fed diets containing MW.
The results of the present study revealed that up to
28% MW in rainbow trout diet had no significant effect
on the fish whole body and fillet proximate composition
compared to the control group (Tables 4 and 5). The
constant nutrient composition of fish at the end of the
present feeding trial is a substantial achievement, as several earlier studies have shown remarkable alterations in
fish whole body and/or fillet chemical composition when
insect meal exceeded a certain level in the diet (Ng et al.
2001; Kroeckel et al. 2012; Alegbeleye et al. 2012; Belforti et al. 2015; Gasco et al. 2016). In fact, there was a

marked tendency towards higher protein and lower lipid
and dry matter content in rainbow trout fillet with increasing dietary inclusion of MW up to 50% (Belforti
et al. 2015). In accordance with the present study, however, no significant differences were recorded by Iaconisi
et al. (2018) in the raw and/or cooked fillet proximate
composition of juvenile rainbow trout fed MW as a FM
replacer. This discrepancy could be attributed to a number of factors such as age/size of the fish, composition
and nutrient content of the diet, source or quality of the
MW, experimental conditions, and water temperature.
Indeed, these enormous variations among the studies
make it problematic to compare the results from different studies. Furthermore, the lack of significant effects
on fish composition may also suggest that the MW
product used in the present study had high nutritive
value for rainbow trout fry and diets containing MW
were equal or superior to FM-based diet in supplying
adequate nutrient and energy for normal gains.
Hematological parameters are considered to be reliable
biological indicators of fish health status and their
physiological response to the dietary manipulation. In

Table 5 Muscle proximate and essential amino acid compositions of rainbow trout fed the five experimental diets for 8 weeks
MW0

MW7

MW14

MW21

MW28

Proximate composition (% wet weight)
Moisture

78.0 ± 1.6

76.3 ± 1.6

77.9 ± 0.8

76.7 ± 0.3

77.6 ± 0.7

Crude protein

19.9 ± 1.3

18.6 ± 1.1

18.3 ± 3.7

17.9 ± 0.7

18.8 ± 2.6

Crude lipid

2.72 ± 0.47

2.55 ± 0.42

2.12 ± 0.64

3.04 ± 0.44

2.51 ± 0.43

Ash

1.3 ± 0.01

1.46 ± 0.05

1.27 ± 0.05

1.34 ± 0.02

1.30 ± 0.1

Essential amino acids (% protein)
Arg

6.2 ± 0.1

6.1 ± 0.0

6.0 ± 0.1

6.0 ± 0.1

6.1 ± 0.0

His

3.4 ± 0.1

3.5 ± 0.1

3.6 ± 0.1

3.7 ± 0.2

3.6 ± 0.1

Ile

4.3 ± 0.0

4.3 ± 0.1

4.2 ± 0.0

4.2 ± 0.1

4.2 ± 0.1

Leu

8.5 ± 0.0

8.4 ± 0.1

8.4 ± 0.1

8.4 ± 0.1

8.4 ± 0.0

Lys

9.8 ± 0.0

9.7 ± 0.0

9.7 ± 0.0

9.8 ± 0.0

9.7 ± 0.0

Met + Cys

3.9 ± 0.0

4.0 ± 0.1

4.1 ± 0.1

4.0 ± 0.1

4.0 ± 0.1

Phe

4.8 ± 0.0

4.8 ± 0.0

4.9 ± 0.0

5.1 ± 0.1

4.9 ± 0.0

Tyr

3.9 ± 0.1

3.9 ± 0.0

3.8 ± 0.1

3.9 ± 0.0

3.9 ± 0.1

Thr

4.7 ± 0.0

4.7 ± 0.0

4.7 ± 0.0

4.6 ± 0.0

4.7 ± 0.0

Val

5.0 ± 0.0

5.0 ± 0.1

5.0 ± 0.0

4.9 ± 0.1

4.9 ± 0.1

Values are mean of triplicate groups and presented as mean ± SE. The lack of superscript letter indicates no significant differences among treatments
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Table 6 Hematological parameters of rainbow trout fed the five experimental diets for 8 weeks
MW0

MW7

MW14

MW21

MW28

AST1

377.3 ± 34.2

294.0 ± 6.0

347.7 ± 60.7

344.0 ± 37.6

318.7 ± 9.7

ALT2

22.3 ± 3.7

15.3 ± 2.2

17.3 ± 3.5

19.3 ± 4.5

17.3 ± 0.3

3

ALP

911.7 ± 175.1

1034.7 ± 21.7

953.3 ± 49.8

1007.0 ± 39.3

942.3 ± 28.8

ALB4

1.1 ± 0.1

0.9 ± 0.1

1.0 ± 0.1

0.9 ± 0.0

0.8 ± 0.1

TCHO5

361.7 ± 12.7

361.3 ± 33.6

365.3 ± 32.9

335.3 ± 11.1

363.0 ± 22.7

TP6

4.1 ± 0.2

3.7 ± 0.1

4.0 ± 0.3

3.9 ± 0.2

3.6 ± 0.1

TBIL7

1.3 ± 0.4

0.6 ± 0.2

0.9 ± 0.3

0.6 ± 0.2

0.4 ± 0.1

Values are mean of triplicate groups and presented as mean ± SE. The lack of superscript letter indicates no significant differences among treatments
1
Aspartate aminotransferase activity (U/L)
2
Alanine aminotransferase activity (U/L)
3
Alkaline phosphatase (U/L)
4
Albumin (g/dL)
5
Total cholesterol (mg/dL)
6
Total protein (g/dL)
7
Total bilirubin (mg/dL)

the present study, dietary inclusion of MW in place of
FM had no significant effect on selected hematological
parameters of rainbow trout fry (Table 6), suggesting
that fish were generally in good health conditions.
This is in accordance with earlier findings where
hematological parameters remained unchanged as the
inclusion of house fly, Musca domestica, and black
soldier fly, Hermetia illucens, increased in diets for
Nile tilapia, Oreochromis niloticus, and Jian carp,
Cyprinus carpio var. Jian, respectively (Ogunji et al.
2008; Li et al. 2016).
In the present study, the interesting results were that
dietary inclusion of MW could markedly enhance the selected non-specific immune responses of rainbow trout
fry (Table 7). Results showed that dietary inclusion of
7% MW led to a significant increase in MPO activity of
rainbow trout after an 8-week feeding trial which have
been linked to the anti-inflammatory activity (Dorward
et al. 2012; Loria et al. 2008). In the present study, fish
fed the MW14 and MW28 diets exhibited significantly
higher lysozyme activity which is known to play a critical
role in mediating protection against microbial invasion
by cleaving the 1-4-β-linkages between N-acetylmuramic

acid and N-acetylglucosamine in the bacteria cell wall
(Saurabh and Sahoo 2008). Enhanced immune function
has also been reported for other fish reared on diets containing low to moderate levels of insect meals (Henry
et al. 2018; Ido et al. 2015; Ming et al. 2013; Su et al.
2017). The immunostimulating effect of dietary insects
was hypothesized to be either direct through the secretion of antimicrobial peptides by the insect (Fu et al.
2009; Hou et al. 2007; Schuhmann et al. 2003) or indirect through the stimulation of the fish immune system
by chitin (Lee et al. 2008). Indeed, growing evidence in
fish supports the notion that chitin, a primary component of insect exoskeletons, has an immunopotentiating
effect on immune response of fish (Esteban et al. 2001)
and can protect these fish against bacterial challenges
(Ido et al. 2015).

Conclusion
In summary, our research findings suggested that at least
28% MW could be included as a protein source in place
of FM in a practical diet for rainbow trout fry without
compromising
growth
performance,
nutrient

Table 7 Non-specific immune responses of rainbow trout fed the five experimental diets for 8 weeks
MW0

MW7

MW14

MW21

MW28

MPO1

0.75 ± 0.02b

1.23 ± 0.24a

1.09 ± 0.17ab

1.03 ± 0.31ab

1.01 ± 0.15ab

Lysozyme2

88.3 ± 12.4b

140.4 ± 18.9ab

160.3 ± 15.7a

145.6 ± 27.5ab

162.4 ± 18.6a

SOD

49.8 ± 5.0

53.3 ± 2.0

52.1 ± 6.5

48.4 ± 1.7

54.0 ± 5.0

GPx4

32.1 ± 3.2

38.7 ± 5.6

39.3 ± 1.7

38.6 ± 3.2

39.6 ± 2.9

3

Values are mean of triplicate groups and presented as mean ± SE. Values with different superscript letters in the same row are significantly different (p < 0.05).
The lack of superscript letter indicates no significant differences among treatments
1
Myeloperoxidase
2
Lysozyme (U/mL)
3
Superoxide dismutase (% inhibition)
4
Glutathione peroxidase (mU/mL)

Jeong et al. Fisheries and Aquatic Sciences

(2020) 23:12

composition, and health status of fish. The best performance of fish was achieved with a diet containing 14%
MW, which was significantly better than fish offered
FM-based control diet. Further investigation, however, is
needed to determine the maximum dietary inclusion
level of the tested MW product in feeds for rainbow
trout fry.
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Abstract
Stock enhancement is considered to be a valuable approach for restoring fishery resources. Because no specific
official institution in Taiwan is responsible for the production of fry, the released fry are purchased directly from the
private sector. However, fishermen from the private industry have not established a genetic background, so the
genetic composition for each batch of released fry is unclear. Mangrove red snapper (Lutjanus argentimaculatus), a
prominent species released in Taiwan, was collected after its official release. One hundred and two field samples
were compared with four batches of hatchery fry (n = 685) by using a microsatellite-based multiplex PCR assay.
Four of the field samples (3.9%; 4/102) were revealed to be from a fish farm and most likely from a single batch.
This study revealed that wild mangrove red snappers are genetically different from those originating from farms,
and their origins can be traced through molecular markers, even without information on breeding stocks.
Keywords: Broodstock, Microsatellites, Genetic diversity, Aquaculture, Release

Introduction
The human population is increasing rapidly and
exhausting the Earth’s arable land. Demand for aquatic
products is increasing (Cressey 2009). However, advances in fishing technology do not provide more
catches but exhaust or exceed the production of renewable fishery resources. Approximately half of all fish
stocks have been deemed “fully exploited” or “overexploited” (Cressey 2009). In addition, human activities
have drastically reduced the abundance and distribution
of marine fish and invertebrate populations through pollution and habitat destruction (Schiermeier, 2002; Pauly
and Watson 2003; Islam and Tanaka 2004). Because the
world’s fisheries are now known to be in crisis, restocking, and stock enhancement programs have been
* Correspondence: panjade@nkust.edu.tw
4
Department and Graduate Institute of Aquaculture, National Kaohsiung
University of Science and Technology, Kaohsiung 81157, Taiwan
Full list of author information is available at the end of the article

proposed as a potential method to increase or recover
the biomass of depleted fishery stocks (Bell et al. 2008).
Stock enhancement has been practiced for over a century, with more than 100 species released to date worldwide (Liao 1997).
Although stock enhancement is considered to be an
improved effort toward increasing fishery resources, few
cases have been well evaluated or have been substantially
evidenced (Kitada 2018). Confirming that changes in fish
resources are affected by stock enhancement or other
natural factors is a challenge (Blankenship and Leber
1995; Kitada 2018). However, an increasing number of
studies have demonstrated that unconscious aquaculture
practices and inappropriate artificial release affect the
health of natural populations through destruction of
habitats, invasion of species, pathogens, and interspecies
or intraspecies hybridization. Examples include case
studies of the Adriatic sturgeon, Acipenser naccarii
(Boscari and Congiu 2014); Korean starry flounder,
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appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
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Platichthys stellatus (An et al. 2014); and black sea
bream, Acanthopagrus schlegelli, in Japan (Blanco Gonzalez and Umino 2009). Disruption of genetic structure
is a severe problem resulting in reduced population fitness, ecological imbalance, and natural resource shortages (Stokstad 2007; Araki and Schmid 2010).
Taiwan’s government has promoted a massive stock
enhancement program in the coastal waters of Taiwan
every year, claiming it could enhance the fishery resources. Numerous artificial breeding fry were released,
and only a small proportion of fish have been labeled to
evaluate their survival rate. In addition, conventional
markers (biological, physical, chemical) cannot estimate
the reproduction rate of released fish. Because the genetic diversity and genetic structures of natural wild populations must be understood in fishery resource
management, molecular markers are useful tools to assist conventional methods applied in stock enhancement
programs (Le Vay et al. 2007).
Japan and several countries in Europe and the USA,
for example, have official agencies for the management
of stock enhancement. They are able not only to verify
the reliability of external markers but also to evaluate
the genetic composition of offspring and they are reproductively through mark-recapture studies (Bell et al.
2008). Taiwan began to promote the artificial release of
seedlings in the 1980s. The government has allocated a
considerable amount of money every year but has overlooked genetic factors (Liao et al. 2003). This neglect of
population genetics and biodiversity has meant that no
well-designed stock enhancement programs were conducted. Official fishery organizations (the Taiwan Fisheries Sustainable Development Association; https://www.
tfsda.org.tw/main.php) in Taiwan produce no fish fry
directly. The fish fry for stock enhancement are provided
by one or several private hatcheries. The source and
genetic information of fishes are unknown. Moreover,
genetic information for hatchery stocks is also unclear
and unstable. Although no genetic information is available for stocks, official organizations perform drug residue analysis for hatchery fry. This provides an
opportunity for studying genetic diversity of fish fry and
tracing the origins of fish without hatchery information.
As human activities affect wild populations significantly, investigating the genetic structure of wild populations and assessing effectiveness before and after stock
enhancement are of critical concern. Therefore, we
attempted to use microsatellite markers to discriminate
between cultured and wild mangrove red snapper (Lutjanus argentimaculatus) and to examine the possible
sources of hatchery-reared fry. This technology was used
in the monitoring and evaluating of stock enhancement
for the mangrove red snapper in Taiwan to evaluate the
effectiveness of this process.
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Materials and methods
A total of 787 mangrove red snapper specimens, including 685 hatchery individuals from four batches allocated
for release (populations H1, H2, H3, and H4) and 102
individuals from the wild (Kaohsiung and Pingtung;
population W), were obtained during 2015 and 2016
(Table 1). Sampling locations with the abbreviated population name and the sample size of each population appear in Table 1. Small pieces of muscle tissues (about 35 mm) were prepared from fresh (use of 2% alcohol for
anesthesia) or frozen samples, transported to the laboratory for molecular study, and preserved in 95% ethanol.
The standard proteinase K/phenol method was modified
from an animal DNA extraction protocol. Moreover,
0.8% agarose gel electrophoresis was performed to assess
DNA template quality.
Table 1 Summary statistics for genetic variation at four
microsatellite loci in five mangrove red snapper populations
Population (n)
H1 (130)

H2 (200)

H3 (240)

H4 (115)

W (102)

All (787)

LA02

LA04

LA05

LA06

Average

SE

Na

11

2

2

2

4.250

2.250

Ne

6.899

1.977

1.990

1.055

2.981

1.324

Ho

0.692

0.154

0.223

0.008

0.269

0.148

He

0.855

0.494

0.498

0.052

0.475

0.164

FIS

0.190

0.689

0.552

0.853

0.571

0.141

Na

11

2

2

2

4.250

2.225

Ne

7.940

1.771

2.000

1.094

3.201

1.591

Ho

0.790

0.300

0.235

0.060

0.346

0.156

He

0.874

0.435

0.500

0.086

0.474

0.161

FIS

0.096

0.311

0.530

0.302

0.310

0.089

Na

7

3

2

2

3.500

1.190

Ne

4.835

1.381

1.999

1.082

2.324

0.858

Ho

0.488

0.329

0.229

0.054

0.275

0.091

He

0.793

0.276

0.500

0.076

0.411

0.154

FIS

0.385

-0.194

0.541

0.288

0.255

0.159

Na

6

3

2

3

3.500

0.866

Ne

3.027

1.018

1.995

1.322

1.840

0.445

Ho

0.165

0.017

0.235

0.148

0.141

0.045

He

0.670

0.017

0.499

0.244

0.357

0.143

FIS

0.753

-0.007

0.529

0.394

0.417

0.160

Na

13

6

2

4

6.250

2.394

Ne

6.184

1.758

1.995

1.602

2.885

1.103

Ho

0.373

0.206

0.225

0.255

0.265

0.037

He

0.838

0.431

0.499

0.376

0.536

0.104

FIS

0.556

0.522

0.548

0.322

0.487

0.055

Na

15

7

2

4

4.350

0.789

Ne

5.777

1.581

1.996

1.231

2.646

0.465

N number of samples, Na allele number, Ne allelic richness, Ho observed
heterozygosity, He expected heterozygosity, FIS fixation index
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A total of seven microsatellite markers (LA01-LA07)
were tested (Zhang et al. 2006). Every 4 markers were
selected into the same multiplex PCR reaction validated
using 10 wild individuals. Loci (LA01, LA03, and LA07)
not always got amplicons by using Tm 56-60 °C, and
Loci (LA02, LA04, LA05, and LA06) that amplified successfully and stable were combined into further multiplexes. The universal dye-labeled primers used were T3:
PET-5′AATTAACCCTCACTAAAGGG 3′, M13 Reverse: NED-5′GGATAACAATTTCACACAGG 3′ Hill:
6FAM-5′ TGACCGGCAGCAAAATTG 3′ and Neomycin rev: VIC-5′ AGGTGAGATGACAGGAGATC 3′.
Each forward primer had one of the above universal primer sequences added to its 5′ end (Table 2). PIG-tails
were added to the 5′end of all the reverse primers. PIGtailing leads to an addition of a non-templated adenosine
nucleotide to the 3′ end on nearly 100% of PCR products which reduces stutter caused by random addition of
dATP (Brownstein et al. 1996). Multiplex PCRs were
performed in 5 μl reactions with 50 ng template DNA, 1
× Multiplex PCR Master Mix (Qiagen), 0.2 μM of each
reverse primer, 0.05 μM of each unlabeled forward primer (modified with the appropriate universal tail) and
0.2 μM of labeled universal primer for each forward primer labeled with matching universal tail. PCR thermal
cycling conditions were as follows: 1 × 95 °C (15 min);
30 × 94 °C (30 s), 56 − 60 °C (90 s), 72 °C (60 s); 8 × 94 °C
(30 s), 53 °C (90 s), 72 °C (60 s); 1 × 60 °C (30 min). The
fragment analysis of PCR products was performed using
an ABI 3130 Genetic Analyzer (Applied Biosystems,
USA). The output was analyzed using the GeneMapper
software (versions 3.7 and 4.0, Applied Biosystems, USA).
The number of different alleles (Na), the number of effective alleles (Ne), observed genetic diversity (Ho), expected genetic diversity (He), and the fixation index (FIS)
were calculated using GENALEX 6.51 (Peakall and
Smouse 2012). To elucidate the population genetic
structure from multilocus genotypes, the admixture
model with correlated allele frequencies was applied
using STRUCTURE v2.3.4 (Falush et al. 2003, 2007).
Three independent runs were performed for the total
data set of K values ranging from 1 to 5. All runs were
based on 100,000 iterations of burn-in followed by 500,
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000 iterations. A graphical representation of the
STRUCTURE results was generated using Structure Plot
v2.0 (Ramasamy et al. 2014).

Results
Genetic diversity within populations and genetic
differentiation among populations

Across the four microsatellites, all of the individuals
were genotyped successfully. No monomorphic loci were
detected among hatchery and wild samples. In total, 28
alleles were detected in all individuals; the marker LA02
exhibited the highest number of alleles in all individuals
per locus (15 alleles) and the marker LA05 exhibited the
lowest number of alleles in all individuals per locus (2 alleles; Table 1). The marker LA02 in W exhibited the
highest number of alleles per locus (13 alleles), whereas
the marker LA05 in H1, H2, H3, H4, and W exhibited
the lowest number of alleles (2 alleles) (Table 1). Allele
richness ranged from 1.928 (marker MSTN2) to 4.656
(marker Pma4) in all individuals per locus (Table 1). The
lowest allele richness was 1.018 in H4 (LA04) and the
highest allele richness was 7.94 in H2 (marker LA02)
(Table 1). Mean estimates of expected heterozygosity for
all loci among the five populations were between 0.052
and 0.874 (Table 1). H2 had the highest expected heterozygosity for all the loci (average He = 0.536), whereas
H4 had the lowest expected heterozygosity (average He
= 0.357; Table 1). The average FIS value among five populations was between 0.255 and 0.571. The highest FIS
(0.853) was found in H1 at the LA06 marker, and the
lowest FIS (− 0.194) was observed in H3 at marker LA04
(Table 1).
Pairwise comparisons between samples were performed (Table 3). Most comparisons among populations
demonstrated high-level genetic differentiation (0.050–
0.229) (Table 3). The lowest FST value of 0.016 supports
low-level genetic differentiation between H1 and H2.
Structure analysis among populations

Structure analysis revealed the best K value (K = 5),
which supports five possible clusters among all samples.
Most individuals from hatchery populations were
grouped into four clusters (red, yellow, green, and blue),

Table 2 Microsatellite loci used for mangrove red snapper
Locus

Repeat motif

Primer sequences

Tm (°C)

Size (bp)

Accession no.

LA02_M13

(AG)n

F: GATAACAATTTCACACAGG-GTATCACGATGTCTCAGCCAGT
R: GTTTCTT-CAGTTCTAAGCGGTTTCTCAAG

56-60

161-193

DQ219295

LA04_T3

(AC)n

F: AATTAACCCTCACTAAAGGG-GAGGCTGTAGTGCTCTGCCC
R: GTTTCTT-GTTCACCTTCATGGCGACAG

56-60

255-317

DQ219297

LA05_Hill

(TGC)n

F: TGACCGGCAGCAAAATTG-GAGATTTTGGAATGCTGTG
R: GTTTCTT-AGTAACCACTGTCTCTGCA

56-60

157-159

DQ247923

LA06_Neo

(TGC)n

F: AGGTGAGATGACAGGAGATC-CCTGATCATAGTGACGCGC
R: GTTTCTT-AATCGGAATCGGTTCATCTC

56-60

159-169

DQ247924
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Table 3 Pairwise FST values based on four microsatellite data for mangrove red snapper populations

and most individuals from the wild population were in
the gray cluster (Fig. 1). Only five (0.73%) of the hatchery individuals were grouped into the gray cluster but
did not exhibit a high possibility of wild origins (0.53–
0.75; data not provided). Structure cluster ratios within
each population (red-yellow-green-blue-gray) were H1,
50-3.08-32.31-13.85-0.77; H2, 55.5-3.50-25-16-0; H3, 055.42-27.08-17.5-0; H4, 6.09-8.7-77.39-3.48-4.35; and W,
2.94-0-0-0.98-96.08 (Table 4). Four of the samples from
wild population (3.9%; 4/102) were revealed to be from a
fish farm (Fig. 1).

Discussion
Stock enhancement started in Taiwan with the building
and casting of artificial reefs in 1973. However, until
1987, the integrated stock program was only applied for
restocking broodstock and fry or seeds. Seven finfish
species (5.8 million fry), four mollusks (5 million seeds),
and six crustaceans (30 million larvae) were restocked
up to 1996 (Liao et al. 2003). Between 2002 and 2018,

official fishery organizations (the Taiwan Fisheries Sustainable Development Association) in Taiwan performed
stock enhancement of 21 species (20 finfish and 1 crab)
with more than 133,593,000 individuals (https://www.
tfsda.org.tw). Only a few evaluation cases exist, and the
effectiveness of stock enhancement is highly controversial (Hsu et al. 2008). Therefore, the population genetic
evaluation method used in this study is not only one of
the few evaluation cases but also the first case for the
mangrove red snapper in Taiwan.
The mark-and-recapture method is considered to be
the most reliable method of assessment. Turbot
(Scophthalmus maximus and Psetta maxima), red sea
bream (Pagrus major), brown trout (Salmo trutta), and
Atlantic salmon (Salmo salar) were used, with the markand-recapture method, to examine the contribution rate
of stock enhancement (Iglesias et al. 2003; Jonsson et al.
2003; Paulsen and Støttrup 2004; Dahle et al. 2006;
Kitada et al. 2009). In Taiwan, taking black seabream
(Acanthopagrus schlegelli) as an example, Chang et al.

Fig. 1 Structure analysis among five mangrove red snapper populations. Estimated population structure based on the highest probability STRUCT
URE run at K = 5. Each individual is represented by a thin vertical line partitioned into K colored segments that represent the individual’s
estimated membership fractions in each of the K clusters. Cluster 1, red; Cluster 2, yellow; Cluster 3, green; Cluster 4, blue; and Cluster 5, gray.
Hatchery samples: H1–H4; wild samples: W

Hsu et al. Fisheries and Aquatic Sciences

(2020) 23:13

Page 5 of 7

Table 4 Structure cluster results (%) for each mangrove red snapper population

Cluster results were as seen in Fig. 1
N number of samples
Cluster 1, red; Cluster 2, yellow; Cluster 3, green; Cluster 4, blue; and Cluster 5, gray

(2011) used a double mass-marking method by spraying
fluorescent pigment onto the skin and feeding with oxytetracycline. They marked 105,543 fry (4.6–8.4 cm) for
release. The estimated stocking contribution rate was
between 2.00% and 9.31% from 2005 to 2008. In this
study, four of the field samples (3.9%; 4/102) were revealed to be from a fish farm and most likely from a single batch. It is showing a low contribution rate
compared to other research. The contribution rate does
not always reflect production enhancement, but it is one
of the most essential parameters for stock enhancement
assessment. Kitada and Kishino (2006) examined the efficacy of marine stock enhancement for marine fish (red
sea bream, Pagrus major and flounder, Paralichthys olivaceus) in Japan. Although the average contribution of
hatchery-reared fish was 9.5% for red sea bream and
11.7% for flounder, the production change of wild populations does not appear to be linked to stock enhancement activities. This means hatchery fish might replace
wild fish instead of augmenting total production.
The main drawback of the mark-and-recapture
method is expensive, time-consuming, and unfeasible for
all types of released species such as crustaceans and for
early life stages, such as embryo or larvae. Therefore, assessment of stock enhancement with genetic markers
was considered a possible solution for red sea bream
(Pagrus major), spotted halibut (Verasper variegatus),
Pacific herring (Clupea pallasii), Japanese flounder
(Paralichthys olivaceus), Japanese bitterling (Tanakia
tanago), Chinook salmon (Oncorhynchus tshawytscha),
channel catfish (Ictalurus punctatus), black sea bream
(Acanthopagrus schlegelii), red drum (Sciaenops ocellatus), and Chinese shrimp (Fenneropenaeus chinensis), for
example (Sekino et al. 2005; Ortega-Villaizan Romo
et al. 2006; Simmons et al. 2006; Blanco Gonzalez et al.
2008; Eldridge and Killebrew 2008; Hsu et al. 2008;
Kubota et al. 2008; Shikano et al. 2008; Kitada et al.
2009; Katalinas et al. 2018; Song et al. 2018). Most studies have evaluated genetic diversity or genetic differences
in hatchery and wild populations but have not assessed
the contribution rate for stock enhancement. We used

the population genetic method not only for examining
genetic diversity but also determining the contribution
rate of hatchery origin specimens.
In this study, genetic diversity and genetic differences
between hatchery and wild populations were evident
from the molecular marker. For genetic diversity, He in
the wild population (0.536) is higher than in hatchery
populations (0.357–0.475) (Table 1), meaning hatchery
populations used for stock enhancement would reduce
the genetic diversity of wild populations. Some fish such
as red sea bream (P. major), brown trout (S. trutta), and
black sea bream (A. schlegelii) were observed to have a
possible negative effect on wild stock (Blanco Gonzalez
et al. 2008; Hansen et al. 2009; Kitada et al. 2009). We
observed high-level genetic differentiation (0.050–0.229)
between hatchery and wild populations and also among
hatchery populations (Table 3). This means that stock
enhancement potentially changed the genetic structure
of wild stocks. Hansen et al. (2009) analyzed historical
and contemporary samples of brown trout (S. trutta) to
compare the genetic structure of wild populations before
and after stocking with hatchery trout. All populations
were observed to be strongly affected by stocking.
Despite the genetic effects of high-level genetic differentiation between hatchery and wild populations, highlevel genetic differentiation allows cultured individuals
to be discriminated from wild populations after stock
enhancement. Assessing the contribution rate of stock
enhancement is possible. Structure analysis suggests that
four clusters (red, yellow, green, and blue) belonged to
hatchery populations (680 individuals; 99.27%) and that
one cluster (gray) belonged to a wild population (98 individuals; 96.08%) (Fig. 1). It also suggests high-level
genetic differentiation between hatchery and wild populations (Fig. 1). Because four clusters (red, yellow, green,
and blue) belonged to hatchery populations, four individuals (4/102; 3.92%) from the wild population might
have been hatchery-reared (Fig. 1). Furthermore, we
could suppose that these four individuals (three red and
one blue) were from H1 and H2 (Fig. 1). Although official organizations implement stock enhancement, they
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do not produce fish fry directly. The seeds for stock enhancement are provided by one or several private hatcheries. Where the source and genetic information of fish
are unknown, our results indicate that genetic information for hatchery stocks was mixed, and a complicated
stock source is suggested. H1 and H2 demonstrated a
similar composition but not H3 and H4. Structure cluster ratios within each population (red-yellow-green-bluegray) may facilitate the tracing of origins after stock enhancement (Table 4 and Fig. 1). Official organizations’
drug residue analyses for hatchery fry to be released provide an opportunity to study the genetic composition of
the fry and trace the origins of fish lacking hatchery
information.
The mangrove red snapper is a prevalent species for
stock enhancement (fifth among 21 species in Taiwan),
with 6,534,000 individuals released (https://www.tfsda.
org.tw/main.php). Without assessment of the contribution of released populations, whether stock enhancement
provides benefits is uncertain. The negative effects of
stock enhancement are evident in many cases. The main
effects include lower survival and growth rates, diminished reproductive fitness, and decreased genetic diversity (Hansen et al. 2009). Few studies have provided
direct evidence that wild stock has increased due to
hatchery stocking (Kitada 2018). Competition between
wild and stocked fish may reduce wild populations and
hinder their replacement (Kitada 2018). Lower genetic
diversity and high-level genetic differentiation often indicate genetic management risks. These genetic considerations should be carefully weighed during the design of
stocking plans, particularly for fish originating from private hatcheries and lacking genetic information in
Taiwan.

Conclusions
This study demonstrates that hatchery stocks were admixture with the complicated genetic sources. Before
the release, the same batch of fry may originate from
various hatcheries. By contrast, the genetic composition
of the wild population is relatively simple, and the low
contribution rate of hatchery stock (3.92%) indicates that
the genetic effect after stock enhancement is weak or
nonexistent. Wild mangrove red snappers are genetically
different from those originating from farms, and their
origins can be traced through molecular markers, even
without information on breeding stocks.
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Abstract
We performed field measurements of the behavioral changes in cultured chub mackerel (Scomber japonicus) caused
by tide-induced changes in the shapes of their small-sized tetragonal fish cages. The field measurements were
conducted in two separate periods: neap tide, a period in which the shape of the fish cages was stable; and spring
tide, a period in which the fish cages are significantly deformed, which was expected to have significant influences
on fish behavior. In the spring tide, the cages were deformed greatly by the moving water, with different water
velocities affecting the cages to different degrees; the volume loss was estimated at 4.9% and 7.3% for v = 0.114 m/
s and v = 0.221 m/s, respectively. The fish exhibited significantly different behaviors between the neap tide and
spring tide. During the neap tide, the fish remained in the lower part of the cage, but during the spring tide they
made frequent upward and downward movements, and their horizontal distribution changed significantly due to
the changes in the shape of the cage. The cage deformation during the spring tide greatly influenced the
swimming behavior of fish.
Keywords: Acoustic positioning system, Aquaculture, Fish cage deformation, Fish behavior, Fish welfare

Introduction
One continuous sea surface fish culture technique, marine cage culture, is conducted for many commercially
valuable fish. In a marine cage aquaculture system, the
mechanical stability of the cage and the maintenance of
a stable feeding environment are the most important
factors, and thus, are the most basic conditions to be
considered at the time of the manufacture and installation of the cage system. The marine cage facility should
be installed in a hydraulically stable semi-enclosed
coastal and inner bay area where the waves and currents
are weak, in order to avoid damage and loss of facilities
from strong currents or waves (Anras and Lagardère
* Correspondence: jihoon.lee@jnu.ac.kr
2
Department of Marine Porduction of Management, Chonnam National
University, 50 Daehak-ro, Yeosu 59626, Korea
Full list of author information is available at the end of the article

2004). In addition, an appropriate amount of sinking
force (weight) is applied to maintain the shape and volume of the cage, that is, to keep the structure and capacity of the cage as stable as possible.
Despite of these efforts, a marine cage system cannot
avoid the influences of the tide and waves, and the entire
cage system continuously faces the tidal force, and so,
the shape of the cage net continuously changes.
Such cage deformation greatly reduces farming capacity (Lader et al. 2008; Gui et al. 2006); this decrease in
cage space leads to decreased swimming space and increased stress in the cultured fish, which leads to growth
depression (Conte 2004). In addition, high-density farming may lead to wounds in the fish due to collisions between cultured fish or between fish and the cage net;
such injuries may considerably affect the health of the
cultured fish, leading to disease or even death.
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Furthermore, cage deformation affects the natural circulation of seawater into and out of the cage, which means
that oxygen is not smoothly supplied to the cage; this, in
turn, greatly affects the growth and pathogenesis of the
fish.
Studies on marine cage systems have mainly been conducted to evaluate the stability of the cage by analyzing
the changes in the shape of the cage net. Researchers
have performed studies using scale-down models of fish
cages to investigate their stability and shape changes
caused by the tide and waves; recently, it has become
possible to estimate these changes using computer simulations (Kim et al. 2001a; Kim et al. 2001b; Lee et al.
2015; Lee et al. 2008; Bi et al. 2015; Zhao et al. 2015; Lee
et al. 2017). In addition, there are numerous methods to
assess the behavior and change in volume of real cage
nets using recent advances in underwater measurement
technology; examples of this technology include highprecision pressure sensors (Lader et al. 2008) and underwater ultrasonic position measurement systems (Hwang
and Shin 2003; Tae and Shin 2006; Miyamoto et al.
2006; Lee et al. 2017).
How fish respond to the behavior of the cage net is
also an important area of research. The effects of cage
deformation on the fish are not well known, although
there have been some studies on the behavioral characteristics of salmon in cages (Juell and Westerberg 1993;
Cubitt et al. 2005; Johansson et al. 2014). It is necessary
to understand the effects that the changes in the shape
of cages have on fish behavior, and to, subsequently,
minimize these effects. The influence of coastal environmental pollution has increased in recent years as fish
cages have been installed further out to sea. In particular, it is necessary to pay attention to the change in the
swimming behavior of cultured fish according to the
changes in the shape of the cage because the cage culture technique is used for tuna, a high value-added fish
that swims at a relatively high speed.
Recently, mackerel has gained popularity for consumption as raw fish in Korea, and thus, has attracted attention as a high value-added species of increasingly good
quality. In neighboring Japan, mackerel is also receiving
attention as an important aquaculture species.
In this study, we observed the changes in the shape of
marine cage nets due to the tide, using a 3D underwater
position measurement system, and examined the
changes in the swimming behavior of the mackerel to investigate and analyze how fish cage deformation affects
the behavioral characteristics of cultured fish.

Materials and methods
Experimental area and system setup

Field experiments were conducted at a marine cage facility in the coastal area of Tongyoung in Gyeongsangnam-
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do, South Korea. The coastal area of Tongyoung has
Korea’s most developed marine cage culture system, and
a number of culture facilities are installed there.
The shape of the cage system and the layout of the
equipment used in the experiment are shown in Fig. 1.
This facility contains a large cage system maintained for
research and development of coastal marine resources;
cages of various sizes are attached to one another and
are connected with a plastic structure. The cage system
is installed in a manner such that one side of the tetragonal cage is parallel to 330° (left side in Fig. 1).
A radio-linked acoustic positioning system (VRAP,
Vemco Ltd., Canada) and recording current meter
(RCM-9, Aanderaa, Norway) were used to observe the
swimming behavior of the cultured chub mackerel
(Scomber japonicus) in the cage. The VRAP is an underwater position measurement system that uses an LBL
(long baseline) method, which consists of three sea stations and one base station. Each sea station, in this
study, was a buoy (RAP buoy) loaded with an omnidirectional hydrophone and installed on the sea surface; it received signals from transmitters. The base station
controlled each sea station using a VHF modem; it received data from the sea stations and processed the data.
To measure the current speed, direction, water
temperature, cloudiness, and conductivity, a recording
current meter was installed 5 m below the water surface
outside of the cage; it recorded every 5 min.
The shape of the cage and the positions of the ultrasonic transmitters (P1–P8) attached to the cage, which
were the targets of the experiment, are shown in Fig. 2.
The cage for the experiment was a small fish culture
cage, the type most commonly used along the Korean
coast. Its shape was a cube, 6 m × 6 m × 6 m (L × W ×
D), which is adequate for the chub mackerel housed in
it. The cage was made of polyethylene net with a mesh
size of 30 mm and a mesh diameter of 2 mm, and each
corner of the cage was tied with a rope having a sinker
(W1–W4) weighing 15 kg and connected to the cage to
minimize tide- and wave-induced cage deformation.
Typically, in the VRAP system, as the number of
transmitters to be measured increases, greater interference occurs between signals according to different
transmission periods of the transmitters. Therefore,
the number of transmitters that can be used simultaneously is theoretically limited to ten (Jørgensen
et al. 2007). A total of eight multi-purpose transmitters (V16-6H, Amirix Systems Inc., Canada) were
used to record the movement of the cage. The transmitters were 95 mm × 16 mm (L × D) in size and
weighed 34 g. The transmitters were attached to the
bottom of the cage (at a depth of 6 m), and the
remaining four were attached to the center of each
cage wall (at a depth of 3 m).

Hwang et al. Fisheries and Aquatic Sciences

(2020) 23:14

Page 3 of 12

Fig. 1 Experimental setup of radio-linked acoustic positioning system and recording current meter at the marine cage system of the Marine
Research Center, Tongyoung, South Korea

In addition, an implantable transmitter (V9P-2H,
Amirix Systems Inc.) was used to observe the swimming
behavior of chub mackerel within the cage. This tiny
transmitter, just 47 mm × 9 mm and 4.7 g, has a pressure
sensor that allowed measurement of the depth at which
the fish swim. The transmitter was surgically implanted
in the peritoneal cavity of a fish. First, a fish was anesthetized. Next, its abdominal cavity was opened. Then,
an ultrasonic transmitter was inserted, and the fish was
sutured closed. After the operation, the experimental
fish was allowed to recover in a recovery tank and subsequently released in the experimental cage. Two additional mackerel, without transmitters, were also placed
in the experimental cage. Fish typically detect up to four
neighbors or objects and accordingly determine their
swimming direction based on their relative positions
(Aoki 1982; Huth and Wissel 1992; Shinchi et al. 2002),
placing only a minimum number of fellow fish allowed
the experimental fish to freely swim within the entire
space of the cage without experiencing crowding. As a
result, the positional coordinates received from the experimental fish reflected the cage space within which all

three fish could swim. The transmitters used in the experiments have the interval for saving data with 3 min
owing to signal interference from other transmitters.
Experiment and data analysis

First, the positional coordinates of the transmitters attached to the cage were used to estimate the movement
of the cage sides and internal volume loss of the cage.
The shape of the cage was measured by the positions of
the transmitters at the stand of tide (current speed less
than 0.01 m/s), which were estimated by approximating
the displacement of each part according to current
speed. At this point, the x and y coordinate values,
which reflect the displacement of the sides of the cage,
were received from VRAP, and the water depth coordinate value, z, was obtained by estimating the interior
angle between the reference point of each side and its
present location based on the origin of the water
surface.
The internal volume loss of the cage was estimated by
applying the prismoidal formula (Brinker and Minnick
1995), a method to calculate volumes of polygonal
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Fig. 2 Schematic diagram of the experimental cage, the position of ultrasonic transmitter attached to the cage (P1-P8), and 15-kg sinkers
(W1 ~W4)
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columns. This formula is a simple method of calculating
the total volume that uses the cross-sectional area of
both ends and the area of the central cross-section when
the side is flat. It was convenient to estimate the volume
change of the cage using the positions of the eight transmitters attached to the cage. To calculate the volume of
the cage, the cage was divided into upper and lower volumes at the 3-m point, and each volume was assumed to
be a polygonal column. Assuming the cross-sectional
areas of the polygonal columns to be AU and AL, the
center cross-section between AU and AL to be Am, and
the distance between both sides to be L, the each volume
was estimated by

1
V ¼ LðAU þ 4Am þ AL Þ
6

ð1Þ

where AU is the top area of the upper polygonal column, AL is the bottom area of the lower polygonal column, and Am is the middle area of the polygonal
column.
In the case of actual fishing nets, the sides of a net
generally form a smooth surface when the net is moved,
as by waves; however, the sides of the net were assumed
to be flat in the volume calculation.
The swimming behavior of the fish in the cage was estimated by correlating the coordinates (x, y, z) of the fish
received from VRAP with fish cage deformation caused
by tide, and the horizontal and the vertical movements
of the fish. We also analyzed the change in the depth at
which the fish swam during the neap tide and the spring
tide by day and night to investigate the patterns of

circadian activity rhythms of the fish based on the
change in duration and intensity of light.

Results
Characteristics of the tide in the experimental sea area

Changes in the current direction and speed of the tide
on November 7 (neap tide) and December 12 (spring
tide), 2017, are shown in Fig. 5. The main axis of the tide
was NNW–SSE. The tide with the fastest current speed
flowed in the directions of about 330° and 130° during
the neap tide, as shown in Fig. 3a and about 340° and
140° during the spring tide, as shown in Fig. 3b. The
current direction was stable when flowing NNW but
volatile when flowing SSE. As shown in Fig. 1, the main
axis of the current was almost parallel to one plane of
the cage and perpendicular to the other plane because
one side of the cage was installed in the direction of
330° (150°).
The frequencies of extremely slow current speed (0.01
m/s), indicating the stand of tide, were 24.6% and 16.7%
for the neap tide and spring tide, respectively. The maximum instantaneous speed of the neap tide was 0.122 m/
s in the NNW direction (329.0°) and 0.122 m/s in the
SSE direction (128.0°), whereas the maximum instantaneous current speed of the spring tide was 0.244 m/s in
the NNW direction (344.6°) and 0.274 m/s in the SSE
direction (148.0°). Thus, the maximum instantaneous
current speed in the spring tide was about 2.2 times
higher than that in the neap tide. The current speed
exhibiting the maximum frequency in the neap tide was
0.02 m/s (14.1%) and that in the spring tide was 0.03 m/s
(11.1%), which were similar to each other; however,
32.6% of current speed in the spring tide exceeded the

Fig. 3 Changes in the current direction and current speed of the tide during the a neap tide (on November 7, 2016) and b spring tide
(December 12, 2016)
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maximum instantaneous speed in the neap tide. From
these results, it can be concluded that the environmental
conditions of the two experimental days were very different because the current speed distributions between
the two experimental days showed significant
differences.
Fish cage deformation and volume loss

The three-dimensional cage deformation caused by the
tide is illustrated in Fig. 4. The cage deformation was analyzed for the main axis (NNW) of the tide within a
range of ± 15°, as shown Fig. 3, in which the current
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direction that most affected cage deformation was stable.
Figure 4 a depicts the cage shape at the stand of tide,
showing that there was hardly any influence by the tide,
while Fig. 4b shows the shape of the cage at the maximum current speed in the neap tide; the arrow below
the cage represents current direction. As the current
speed increased, the net surface perpendicular to the
current direction encountered a large amount of fluid
resistance and moved accordingly, which led to fish cage
deformation; however, the shape of the net surface parallel with the current direction did not change much.
Each corner of the lower part of the cage showed less

Fig. 4 Comparison of the fish cage deformation between neap tide and spring tide. a Stand of tide (neap tide). b Max. current speed to NNW (v
= 0.111 m/s, D = 327.4°). c Stand of tide (spring tide). d Max. current speed to NNW (v = 0.221 m/s, D = 343.1°)
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movement than did the net surface because of the sinker
(weight) at the lower part of the cage. The right corner,
which received the current first, moved slightly more
than did the left corner. Nevertheless, the shape of the
cage did not exhibit considerable deformation, even with
the maximum current speed, in the neap tide.
Cage deformation in the spring tide is depicted in Fig.
4c and d, the former showing deformation during the
stand of tide and the latter showing deformation at the
maximum current speed. As seen in Fig. 4c, the shape of
the cage at the stand of tide in the spring tide was similar to that in the stand of tide in the neap tide (Fig. 4a),
but the cage was greatly deformed at the time of the
maximum current speed in the spring tide. Figure 4d
shows that at the time of the maximum current speed,
the center of the net perpendicular to the direction of
the tide was greatly displaced. At this time, the net surface parallel with the tide was slightly displaced as well.
The lower right corner, moreover, had greater deformation than the other corners, so, the shape of the cage
was entirely distorted from its original form of a tetragonal column (cube). The reason for this was that one
side of the cage was in the direction of 330°, but the
current direction in the spring tide was about 344°,
which means it flowed from the lower right to the upper
left at an angle of about 10°. As a result, it is inferred
that the fluid resistance at the lower right corner was
the largest.
The volume loss of the cage, as calculated by the prismoidal formula, at times of relatively stable current
speed in the NNW direction, is shown in Fig. 5. Based
on its shape at the stand of tide, the volume loss was
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2.2% at a current speed of 0.088 m/s, about 4.9% at
0.111 m/s, and 5.8% at 0.155 m/s (the maximum current
speed during the neap tide), whereas, it was 7.3% at the
maximum current speed of 0.221 m/s in the spring tide.
The cage was greatly deformed as the shape of the net
surface perpendicular to the current direction changed,
as shown in Fig. 4; however, it was inferred that there
was only a little internal volume loss owing to the
sinkers attached to each corner of the cage to maintain
its shape.
Changes in the swimming behavior of cultured fish

The swimming behavior of chub mackerel was significantly different between the neap tide and the spring
tide, as was the shape of the cage. The threedimensional underwater positions of the fish are shown
in Fig. 6; Fig. 6a and b represents the distribution of the
fish in the neap tide and in the spring tide, respectively.
The overall distribution pattern of the fish in Fig. 6a
during the neap tide shows that they moved closer to
the water’s surface occasionally, but mostly stayed in the
lower part of the cage. The shape of the distribution
took the form of a discus, as the fish spent most of their
time in the lower part of the cage and swam in a circle.
This pattern verifies that the cultured chub mackerel in
the cage shared characteristics of fish under regular conditions (Beveridge 2004). Thus, it is inferred that the cultured fish here exhibited relatively stable swimming
behavior in the cage during neap tide.
The shape of the distribution of the cultured fish in
the spring tide (Fig. 6b), however, showed a significantly
different shape from that in the neap tide (Fig. 6a). The

Fig. 5 Volume loss of cage caused by current speed (□ neap tide, ■ spring tide)
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Fig. 6 Comparison of the swimming space of the cultured chub
mackerel between the neap tide and the spring tide. a Neap tide. b
Spring tide

position distribution pattern of the fish, which indicates
their swimming behavior, was not primarily near the
lower part of the cage in spring tide, unlike that in neap
tide, and took the form of a long discus in the direction
of the x-axis. The reason for this is that the main axis of
the current was almost parallel with the x-axis, which
limited and deformed the swimming area of the fish
owing to the displacement of the net surface perpendicular to the current direction. It is inferred that the
fish kept swimming aggressively to maintain their position against the fast current in the spring tide. These
factors prevented the fish from showing their stable
swimming behavior in the lower part of the cage as in
the neap tide; instead, they frequently moved to areas
near the surface of the sea, above the depth of 3 m,
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which led to an increased change in their swimming
pattern.
The results of the analysis of the three-dimensional
distributions of the cultured fish by the current speed
conducted to determine the effect of the cage deformation on their swimming behavior is represented in Fig.
7. Figure 7a shows the position distribution of the fish at
the stand of tide in neap tide, in which it is assumed that
the fish generally stayed below the depth of 4 m and
swam across most of the horizontal area of the cage.
The fish moved to the left because of cage deformation;
however, they did not change their depth much and
stayed in the lower part of the cage, at the time of the
maximum current speed in the neap tide, as shown in
Fig. 7b.
Contrarily, the fish swam in the central part of the
cage and frequently moved to the upper part of the cage,
at the maximum current speed in the spring tide, as
shown in in Fig. 7c. Such behavior occurred at current
speeds of 0.14–0.16 m/s, in which the fish also moved to
the right because of cage deformation, as shown in Fig.
7d. The swimming area of the fish moved further to the
right at the maximum current speed in the spring tide as
cage deformation increased, as shown in in Fig. 7e. At
this time, they stayed mostly around the depth of 5 m.
At these times, the fish appeared frequently in the central part of the left side, but did not appear in the bottom right side of the cage due to the severe cage
deformation on the left net surface and the bottom right
side of the cage, as shown in Fig. 4d.
In conclusion, in the neap tide, the distribution of the
cultured chub mackerel was mainly concentrated in
deep water, near the lower part of the cage, and the center of the distribution shifted slightly to the right side
owing to the slight cage deformation caused by the small
range of changes in the current speed. In the case of the
spring tide, however, the fish did not stay in the lower
part of the cage even at the stand of tide; instead, they
moved to other depths, where they had more space in
which to swim freely, as the upper part of the cage was
significantly deformed.
The changes in swimming depth over time in the neap
tide and in the spring tide are depicted in Fig. 8. As
shown in Fig. 4, there was very little cage deformation
during the neap tide; so, the changes in swimming depth
can be inferred to be fish reaction to light conditions
within the cage. The mean swimming depth of the fish
during the neap tide did not vary significantly between
day time (6.1 m), as shown in Fig. 8a, and night time
(5.9 m), as shown in Fig. 8b. The distribution of fish during the neap tide was identical between day and night,
and they were always concentrated in the lower part of
the cage. During spring tide, the fish remained primarily
at a depth of 6.8 m during the day (Fig. 8c), deeper than
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Fig. 7 Comparison of the swimming behavior of the cultured chub mackerel affected by cage deformation. a v < 0.1 m/s (stand of tide) in the
neap tide. b v = 0.10–0.122 m/s in the neap tide. c v < 0.1 m/s (stand of tide) in the spring tide. d v = 0.14–0.16 m/s in the spring tide. e v = 0.2–
0.223 m/s in the spring tide

that in neap tide. The fish showed relatively stable swimming depth, but occasionally moved upwards, to a depth
of approximately 5 m. However, at night in spring tide,
the fish tended to frequently move upwards toward the
surface of the sea (Fig. 8d). It can be inferred that the
fish moved to a safer space because they could not stably
stay near the lower part of the cage owing to the

considerably large cage deformation caused by the high
current speed. In addition, the swimming distribution at
night time during the spring tide showed a significantly
different shape (Fig. 8d). The mean swimming depth of
the fish at night during the spring tide was 3.7 m, and
they moved evenly between the depths of 1 m and 6 m.
In other words, their swimming was not concentrated at
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Fig. 8 Comparison of swimming depth distribution during the neap and spring tide. a Neap tide/day. b Neap tide/night. c Spring tide/day. d
Spring tide/night

one specific depth. Thus, the fish did not show stable
swimming behavior at night in the spring tide, as opposed to that in the neap tide. It is further inferred that
they had to make frequent movements between the
upper part and the lower part of the cage. Assuming that
the swimming depth at night in the neap tide is natural
swimming behavior for fish in general, the behavior of
the experimental fish was significantly affected by cage
deformation at night in the spring tide owing to the extreme changes in the current speed and the cage sides
not being visible to the fish.
In sum, the behavior of the cultured chub mackerel
within the cage was limited by the shape of the cage.
They were not affected much by the minor cage deformation in the neap tide, in which the current speed was
slow. However, the larger cage deformation in the spring
tide appeared to affect their swimming behavior. This influence was greater at night time, when their vision was
limited.

Discussion
Individual-based measurements enable us to understand
the synchronous mechanisms by which fish cope with
environmental signals that cause changes in their behavior in a production environment (Oppedal et al. 2011).

Our results indicate that cage deformation significantly
affects the swimming behavior pattern of cultured chub
mackerel. The fish generally swam in a circle in the neap
tide but moved to one side of the cage because of cage
deformation in the spring tide. Moreover, the fish appeared to make frequent movements to the upper and
lower parts of the cage in the spring tide; such changes
in the swimming depth were most pronounced at night
in the spring tide.
The degree of cage deformation is affected by the direction of the current, waves, shape of the mesh and size
of the net, position and weight of the sinkers, and
current speed. One study measured cage deformation
and calculated the volume loss due to the current using
an underwater sensor; the volume loss of the cage was
20% even at a low current speed of 0.2 m/s and up to
40% at a current speed of 0.35 m/s (Lader et al. 2008).
Another study, on designing the shape of the sinkers attached to the cage, showed that the volume loss of the
cage was significant with current speeds greater than 0.2
m/s (Kim et al. 2001a). In our study, there was a volume
loss of about 8% in the spring tide when the current
speed exceeded 0.2 m/s. The cage used in our study was
tetragonal (a cube), which was different from the shape
of the cage used in the previous study (Lader et al.
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2008). In addition, the sinkers attached to each corner
may have minimized cage deformation. At a low current
speed, the fish generally showed very stable movement
under the net in the cage. However, when the current
speed increased, they tended to swim to the surface
upon deformation of cage shape. This is believed to have
increased the stress index of the fish, resulting in growth
and other adverse effects. The adverse effects of these
changes in behavior of the fish on the shape of the cage
have been discussed in other studies (Lader et al. 2008).
Moreover, although the volume loss was only 7.3%, the
impact on the fish caused by the volume loss is likely to
be greater when considering the situation wherein large
numbers of fish are farmed in the actual fish cage.
The cultured chub mackerel in the experimental cage
generally swam in a circle during the day, while avoiding
the deep corners. Visual observation of highly populated
cages showed that they occasionally swim near the surface; however, they usually swim near the lower part of
the cage if there is enough space, as there was in this
study.
In our study, the fish mainly preferred the lower part
of the cage; however, they tended to swim at shallower
depths at night in the spring tide, when their vision was
limited. There were no significant changes in the water
temperature, cloudiness, or conductivity by the measurement, which could have influenced the swimming depth
distribution of the fish, at the time of this field experiment. Thus, the vertical changes in the swimming depth
of the observed fish might have been caused by their circadian rhythm and deformation of the cage (Føre et al.
2009; Johansson et al. 2014).
Scale-down model experiments and simulations are
widely used to estimate fish cage deformation according
to the design of the net. Survey experiments are imperative to analyze the swimming behavior of the fish in
these cages. Simultaneous observations of fish swimming
behavior and measurements of cage deformation using a
current underwater telemetry system will require extensive data collection over long durations. The transmitters used in the experiments have the interval for saving
data with 3 min owing to signal interference from other
transmitters. Even though the data collection interval
was not short, the fish continuously and repeatedly
swam in an identical pattern in a small space, and the
shape of the cage did not rapidly change because of the
current; so, the data was adequate to detect the pattern.
Since we were able to select several time periods with
slight changes in the current, it was sufficient for us to
estimate the swimming area of the fish.
In our results, the accuracy of the underwater telemetry system was extremely important in verifying and
evaluating the correlation between the changes in the
current and cage deformation. The underwater telemetry
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system we used estimates the underwater position of an
object using the time delay of acoustic arrival, though
the accuracy varies based on the output level of the
transmitter or decreases and increases in signals (Baras
and Lagardere 1995). Previous studies show that the
VRAP system is accurate to about 1–2 m when a transmitter station is installed using an anchor. Thus, such a
system is unavoidably affected by the changes in baseline
due to the movement of the station. In a previous study,
we measured signals from a fixed transmitter attached to
a cage in a quiet sea, in which the two-distance root
mean square (2 drms) was 0.8 m (Tae and Shin 2006).
The standard deviations of the x-, y-, and z-axes were
0.2, 0.4, and 1.0 m, respectively. The baseline in that experiment was between 12 and 14 m, which was considerably shorter than that in this study.
Swimming area in a deformed cage is affected by visual stimulation (Ehrenberg and Steig 2003). Cage deformation affects the yield and health of the cultured
fish by reducing the space in which they can swim
(Lader et al. 2008). In this study, we verified that cultured chub mackerel frequently swam near the surface
of the water owing to cage deformation, and that they
were hindered from stably resting and swimming because of limited space in the cage. In recent years, aquafarms have begun moving to the open sea because of the
contamination of coastal water from cage-based fish culture (Kim et al. 2001b); therefore, cage deformation and
changes in fish behavior due to the current speed are
very important. With the new trend in the aquaculture
industry, it is imperative to conduct in-depth studies on
the influences of current and waves on marine cages,
and the fish reared in them.

Conclusions
The behavioral change in cultured fish according to
changes in shapes of tetragonal small-sized fish cages
based on the tide was measured using the 3D underwater position measurement system and analyzed. The
swimming volume of the fish due to net deformation is
influenced by visual stimuli, and the net deformation affects the yield and health of cultured fish by reducing
the volume. Furthermore, fish are more likely to swim
close to the water due to deformation of the net, and
limited within the area where swimming is possible, thus
confirming that the cultured fish are disturbed to stable
rest and swimming. In recent years, since the waters occupied by the cage aquaculture are becoming more polluted and moving to the offshore, the shape changes of
the net and the behavior characteristics of the fish by
the flow rate will become more important. Regarding
the new trends of this aquaculture, it is necessary to investigate in depth the relationship between the increasing influence of currents and waves on net and fish.
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Abstract
This study was conducted in Lake Hayq between January and December 2018. The objectives of this study were to
determine the growth, condition, sex ratio, fecundity, length at first sexual maturity (L50), and spawning seasons of
common carp (Cyprinus carpio). Monthly fish samples of C. carpio were collected using gillnets of stretched mesh sizes
of 4, 6, 7, 8, 10, and 13 cm and beach seines of mesh size of 6 cm. Immediately after the fish were captured, total
length (TL) and total weight (TW) for each individual were measured in centimeters and grams, respectively, and their
relationship was determined using power function. Length at first maturity (L50) was determined for both males and
females using the logistic regression model. The spawning season was determined from the frequency of mature
gonads and variation of gonadosomatic index (GSI) values of both males and females. Fecundity was analyzed from 67
mature female specimens. The length and weight relationship of C. carpio was TW = 0.015TL2.93 for females and TW =
0.018TL2.87 for males that indicate negative allometric growth in both cases. The mean Fulton condition factor (CF) was
1.23 ± 0.013 for females and 1.21 ± 0.011 for males. The value of CF in both cases was > 1 that shows both sexes are in
good condition. Among the total 1055 C. carpio collected from Lake Hayq, 459 (43.5%) were females and 596 (56.5%)
were males. The chi-square test showed that there was a significant deviation between male and female numbers
from 1:1 ratio (χ2= 22, df = 11, P > 0.05) within sampling months. The length at first sexual maturity (L50) for females
and males were 21.5 and 17.5 cm, respectively. Males mature at smaller sizes than females. The spawning season of C.
carpio was extended from February to April, and the peak spawning season for both sexes was in April. The average
absolute fecundity was 28,100 ± 17,462. C. carpio is currently the commercially important fish while Nile tilapia fishery
has declined in Lake Hayq. Therefore, this baseline data on growth, condition, and reproductive biology of common
carp will be essential to understand the status of the population of carp and design appropriate management systems
for the fish stock of Lake Hayq, Ethiopia, and adjacent countries.
Keywords: Growth, Fulton condition factor, Sex ratio, Length at first sexual maturity spawning seasons, Fecundity

Introduction
Common carp (Cyprinus carpio) is one of the widely
cultured commercially important freshwater fish species
in the world (FAO 2013). C. carpio is native to Eastern
Europe and Central Asia. It can tolerate a wide range of
water quality parameters. In natural water bodies, this
* Correspondence: atecklie2018@gmail.com
1
Department of Zoological Sciences, Addis Ababa University, Addis Ababa,
Ethiopia
Full list of author information is available at the end of the article

species can survive in very low water temperature and it
can tolerate low concentrations and supersaturation of
dissolved oxygen (Banarescu and Coad 1991).
Common carp is omnivorous fish species that consume
animals (aquatic insects, macroinvertebrates, and zooplankton) and plant origin (phytoplankton, macrophytes)
(Rahman et al. 2008, 2009; Weber and Brown 2009). C.
carpio grows rapidly, achieves sexual maturation in the
second year of life, and is highly fertile (about 2 million
eggs per female) (Balon 1975; Hossain et al. 2016). The
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combination of these features allows developing invasiveness potential (Troca and Vieira 2012).
Knowledge of fish reproductive biology is very important for the rational utilization of fish stocks and their sustainable production (Cochrane 2002; Temesgen 2017).
Understanding the reproductive aspects of fish is also very
important for providing sound scientific advice in fishery
management (Hossain et al. 2017; Khatun et al. 2019).
Common carp have been introduced into many water
bodies throughout the world, including Europe, Australia,
North America, Africa, and Asia. The wide distribution
and successful introductions of common carp are mostly
due to their tolerance to variable environmental conditions (Forester and Lawrence 1978), as well as to their
capability for early sexual maturity and rapid growth
(Koehn 2004).
Cyprinus carpio was first introduced to Aba Samuel
Dam (Awash River basin) in 1940 from Italy (Getahun
2017). Later, C. carpio has been introduced in Lake
Ziway in the late 1980s (FAO 1997; Abera et al. 2015),
in highland lakes such as Ashengie, Ardibo, and Maybar
(Golubtsov and Darkov 2008) for food security purpose,
and the introduction was successful. Common carp were
introduced to Lake Hayq accidentally from Lake Ardibo
in 2008 (Wolde Mariam, Personal Communication 2018)
through Ankerkeha River that connects the two lakes during the rainy season. Though common carp have established recently in Lake Hayq, it is dominating the other
commercially important fish species, Nile tilapia and catfish. Fishermen of Lake Hayq believe that the current
stunt growth of Nile tilapia (Oreochromis niloticus) is due
to the recent invasion of common carp in the lake.
Though there are some research works conducted in
different water bodies of Ethiopia on common carp reproductive biology such as Hailu (2013) in Amerti Reservoir, Abera (2015) in Lake Ziway, and Asnake (2010)
in Lake Ardibo, there is no information on the reproductive biology of common carp in Lake Hayq. Therefore, the purpose of this study was to establish baseline
data on growth and condition, sex ratio, fecundity,
length at first sexual maturity, and spawning seasons of
common carp and design management strategy for the
population of common carp in Lake Hayq.

Materials and methods
Study area and sampling techniques
Study area

The study was conducted in Lake Hayq. Lake Hayq is located in the North Central highlands of Ethiopia. It is a
typical example of highland lake of Ethiopia with volcanic origin. Geographically, it lies between 11° 3′ N to
11° 18′ N latitude and 39° 41′ E to 39° 68′ E longitude
with an average elevation of 1911 meters above sea level.
The lake has a closed drainage system, and the total
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watershed area is about 77 km2 of which 22.8 km2 is occupied by Lake Hayq. According to Demlie et al. (2007),
the average depth of the lake is 37 m, and the maximum
depth is 81 m. The only stream entering the lake is the
Ankerkeha River, which flows into its southeastern corner. According to Fetahi et al. (2011), Lake Hayq is classified as a small highland freshwater (Fig. 1).

Climate

Among the climate variables, only maximum and minimum
temperature and rainfall of Lake Hayq were available at
Kombolcha Meteorological Agency. In 2018, the average
monthly maximum and minimum temperature around Lake
Hayq was 25.9 and 9.9 °C, respectively (Fig. 2). The annual
rainfall were 1200 mm (Fig. 3). The rainfall and the
temperature variability around Lake Hayq for the last 10
years (2009–2018) were very low. The average monthly
minimum and maximum temperature and annual rainfall
were 9.8 °C, 26.6 °C, and 1205.6 mm, respectively (Kombolcha Meteorological Agency, 2019).

Sampling techniques

Fishery data Three sampling sites were selected based
on the impact of human and livestock activities. These are
littoral site with intensive human activities related to recreation in lodges; pelagic site, less impact from human
and livestock; and river mouth (Ankerkeha River), carrying huge silt every year (Table 1). The sampling sites were
fixed with GPS, and a map was generated (Fig. 1). Fish
specimens were collected each month for 1 year using gill
nets of 4, 6, 8, 10, and 13 cm stretched mesh sizes through
setting the nets overnight in the lake and beach seines of 6
cm mesh size. Data such as length, weight, sex, and maturity stages were collected in the field immediately after
the fish were caught.

Some biological aspects of common carp
Length-weight relationship

The relationship between total length (TL) and total
weight (TW) of C. carpio was calculated using power
function as in Bagenal and Tesch (1978).
TW ¼ aTLb
where
TW Total weight (g)
TL Total length (cm)
a Intercept of the regression line
b Slope of the regression line
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Fig. 1 Location map of Lake Hayq with respect to Ethiopia and Amhara Regional State

Condition factor (Fulton factor)

The wellbeing of common carp was determined by using
the Fulton condition factor as indicated in Bagenal and
Tesch (1978).
Fulton condition factor was calculated as:

FCF ¼

TW
 100
TL3

where TW is the total weight in grams and TL is the
total length in centimeters

Fig. 2 Monthly maximum and minimum temperature variation of Lake Hayq in 2018
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Fig. 3 Monthly rainfall variation of Lake Hayq in 2018

Sex ratio

Maturity estimation

Sex ratio was determined using the formula:

Total length (cm) and total weight (g) of each specimen
of common carp were measured at the sampling sites
using measuring board and sensitive balance, respectively. After dissection, the gonad maturity of each specimen was identified using a 5-point maturity scale
(Wudneh, 1998). The length at which 50% of both sexes
reached maturity (L50) was determined from the percentages of mature fish selected from peak breeding seasons (March–April) and fitted to the logistic equation
described by Echeverria (1987).

Sex ratio ¼

Number of females
Number of males

Fecundity

The absolute fecundity (AF) of individual females was
determined gravimetrically (Bagenal and Braum 1987),
with the number of ripe oocytes counted from triplicates
of 1-g sub-sample of the ovary. The relationship between
absolute fecundity with total length, total weight, and
gonad weight was determined using least squares
regression.
Spawning season

The spawning season was determined from the percentages of fish with ripe gonads taken each month (Hossain
and Ohtomi 2008) and from monthly GSI variations
(Hossain et al. 2017). The spawning seasons of C. carpio
were determined based on monthly variations of the
gonadosomatic index (GSI):
GSI ¼

Wg
 100
W −W g

where Wg is the gonad weight (g) and W is the total
weight (g) of the fish (Ricker 1975).

Data analysis

Descriptive statistics (frequency, percentages, and
graphs) and inferential statistics (chi-square, independent t test, linear, and logistic regression) were used to
summarize the collected data. SPSS Software Package
version 16 and R 3.3.1 were used to summarize the collected data.

Results
Length-weight relationship

The total length of female and male C. carpio ranged
from 11 to 50 cm and 10.5 to 52 cm, respectively,
and the total weight of females and males ranged
from 19 to 1697 g and 18 to 1378 g, respectively.
The length-weight relationship of both female and
male C. carpio in Lake Hayq was curvilinear, and as a
result, the line fitted to the data was described by the
regression equation (Table 2). In this study, the “b”

Table 1 Sampling site description
Sampling sites

Characteristics

Depth
(m)

Altitude
(m)

Coordinate points (UTM)
X

Y

Ankerkeha River Mouth

Silt load

5.3

1900

579715.383

1253117.123

Pelagic

Open water (less impact)

55.4

1907

576688.51

1252693.02

Littoral

Near lodges (more pressure)

6.3

1903

575131.78

1252295.8
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Table 2 Length-weight relationship of C. carpio in Lake Hayq
Sex

n

Regression equation

2

R

Sig.

2.93

Female

454

TW = 0.015TL

0.97

0.001

Male

589

TW = 0.018TL2.87

0.98

0.05

values of both female and male C. carpio were significantly
different from 3, showing allometric growth (Figs. 4 and
5)

Fulton’s condition factor

The Fulton condition factor values of female and male
C. carpio ranged from 1 to 1.98 and 1 to 1.83, respectively. The mean and SE values of FCF of females and
males were 1.23 ± 0.013 and 1.21 ± 0.011, respectively.
The independent t test analysis showed that there was
no significant difference (P > 0.05) in mean FCF between
male and female C. carpio in Lake Hayq.

Sex ratio

From 1055 specimens of C. carpio collected from Lake
Hayq, 459 (43.5%) were females and 596 (56.5%) were
males. The chi-square test showed that there was a significant deviation between males and females from 1:1
ratio (χ2 = 22, df = 11, P > 0.05) within sampling
months.

Reproductive aspects of common carp
Length at first sexual maturity

Size at first maturity (L50) is the size at which 50% of the
fish get matured for the first time. From the logistic regression model analyzed, male C. carpio matured at
smaller size (17.5 cm) than female (21.5 cm) in Lake
Hayq as shown in Fig. 6.

The occurrence of mature males and females

The number of mature males (stage 4) of C. carpio was
higher than that of females during sampling months.
The number of mature female and male specimens was
higher from January to April. The highest number of
mature females and males was observed from February
to April (Fig. 7). The 10-year (2009–2018) meteorological data analysis showed that the average atmospheric temperature around Lake Hayq from February to
April was 27.2 °C. Rainfall distribution around Lake
Hayq is bimodal. Rainfall was available in these months
for the same year around the lake. This warm weather
condition and rainfall availability might trigger the
spawning of common carp in the lake.
Fecundity

Sixty-seven fully mature C. carpio with TL (21–49
cm) and TW (104–1230 g) were selected for fecundity study. The average absolute fecundity (AF) was
28100 ± 17462. The relation between AF with TL,
TW, and GW was linear (Figs. 8, 9, and 10). There
was a significant relation in absolute fecundity with
TL, TW, and GW (P < 0.05).
Gonadosomatic index

Cyprinus carpio in Lake Hayq has more than one peak
spawning season starting from February to April. However, the highest peak spawning season for both sexes
was in April (Fig. 11).

Discussion
This reproductive biological study of C. carpio in Lake
Hayq is the first report which will be used as basic and
baseline information. The result of the study helps to
know the population status of the fish and design the
possible strategies for sustainable utilization of fisheries
of the lake.

Fig. 4 Length-weight relationship of female Cyprinus carpio in Lake Hayq (N = 459)
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Fig. 5 Length-weight relationship of male Cyprinus carpio in Lake Hayq (N = 596)

Fig. 6 Length at first sexual maturity (L50) of female (a) and male (b) C. carpio in Lake Hayq
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Fig. 7 Monthly frequency of mature specimens of C. carpio in Lake Hayq

Length-weight relationships in fishes are an important
tool in fish stock assessment to know the growth status
and management of the fishes (Ujjania et al. 2012). The
length-weight relationship of C. carpio in Lake Hayq was
negative allometric growth with a “b” value of 2.93 for
females and 2.87 for males. These values were similar to
2.82 for C. carpio in Lake Ardibo for both sexes (Asnake
2010), 2.87 and 2.77 for female and male C. carpio in
Foum El-Khanga Dam in Algeria (Sahtout et al. 2017),
but different from 1.9 and 2.3 for female and male C.
carpio in Lake Naivasha in Kenya (Aera et al. 2014) and
2.92 for C. carpio in Lake Amerti (Hailu 2013). These
situations may be caused by several factors including the
seasonal effect, habitat type, degree of stomach fullness,
gonad maturity, sex, health, preservation techniques,
food availability, differences in the observed length
ranges, and fatness of the species as well as physical factors such as temperature and salinity (Wootton, 1998;
Rahman et al. 2012; Hossain et al. 2016). The variations
in “b” values between males and females may depend on
various factors such as the number of specimens examined, and the sampling season.
The FCF of females and males of C. carpio were 1.23
± 0.13 and 1.21 ± 0.011, respectively. These values were
similar to 1.22 ± 0.14 for C. carpio in Amerti Reservoir

(Hailu, 2013), but different from 1.58 and 1.57 for female
and male C. carpio in Damsa Dam Lake in Turkey (Mert
and Bulut 2014), 1.57 for both sexes of C. carpio in
Foum El-Khanga Dam in Algeria (Sahtout et al. 2017),
and 1.39 and 1.27 for female and male C. carpio in
Almus Dam Lake in Turkey (Karataş et al., 2007). These
variations in FCF of C. carpio in different water bodies
could be based on the difference in age, sex, season,
stage of maturity, the fullness of gut, the type of food
consumed, the amount of fat reserve, and the degree of
muscular development (Pauker and Coot, 2004; Hossain
et al. 2013).
The sex ratio (F:M) in this study was 1.3:1, and
there was a significant deviation from hypothetical female to male ratio (1:1). The result of this study disagrees with Hailu (2013) that has reported nonsignificant variation (1.15:1) female to male ratio in
Amerti Reservoir. However, this result agrees with the
report (1.53:1) female to male ratio in Damsa Dam
Lake in Turkey (Mert and Bulut 2014).
In the present study, the size at first sexual maturity of C. carpio was 17.5 cm for males and 21.5 cm
for females. These values were similar to 15.8 and
22.5 for male and female C. carpio in Sidi Saad
Reservoir in Tunisia (Hajlaoui et al. 2016). But these

Fig. 8 Relationship between absolute fecundity (AF) and total length (TL) in C. carpio
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Fig. 9 Relation between absolute fecundity (AF) and total weight (TW) in C. carpio

values were different from 27 cm and 28.3 cm for
male and female C. carpio in Amerti Reservoir (Hailu
2013), 27 cm and 28.7 cm for male and female C.
carpio in Lake Ziway (Abera et al. 2015), and 34 and
42 cm for male and female C. carpio in Lake Naivasha in Kenya (Oyugi 2012 ).
Knowledge on the fecundity of fish is important to
examine the potential of its stocks, life history, practical
culture, and actual management of the fishery (Islam
et al. 2012). The range and the mean fecundity of C. carpio in Lake were 10,316–122,600 and 28100 ± 17462, respectively. These values were greater than the absolute
fecundity range of 1610–99,737 for C. carpio in Lake
Ardibo (Asnake 2010). However, the fecundity of C.
carpio of Lake Hayq was lower than most water
bodies of Ethiopia; it is less than a range of 36955–
318584 and mean of 170937 ± 1308 fecundity recorded for C. carpio in Amerti Reservoir (Hailu 2013)
and a range of 75645–356745 and mean of 210538
for C. carpio in Lake Ziway (Lemma et al. 2015). Fecundity of C. carpio depends on body size and produce between 500,000 and 3 million eggs per
spawning (Smith 2004). Thus, the reproductive potential of C. carpio is exceptional as they mature early,
are highly fecund, increase reproductive effort with
age over their life span, and reproduce at least once
each year when conditions are appropriate for survival
of larvae. The lower absolute fecundity in Lake Hayq

could be due to the smaller size of fish compared to
the C. carpio in Amerti and Lake Ziway.
Appropriate identification of the maturity status of
fishes is a fundamental strategy for the appropriate management of exploited stocks in the fishery and is commonly used tools by fisheries’ biologists and managers
(Rahman et al. 2018). The monthly average GIS values
of males and females were higher from February to April
and were highest in April (Fig. 11). The lowest and highest GSI values were 1.1 and 4 for males and 3.5 and 10
for female C. carpio. The GIS values of females were
higher than those of males due to the higher gonad
weight of females. The observed higher values of GSI of
both males and females between February and April and
the highest values in April might be associated with
higher atmospheric and water temperature values of 26
and 23 °C, respectively. Rainfall availability might also
contribute for more food (planktons, macrophytes, and
detritus) together with temperature, and triggers the
spawning of C. carpio in Lake Hayq. The mean monthly
average water temperature of Lake Hayq was 23 °C, and
better rainfall was recorded during the spawning
months. In agreement with the current study, peak
breeding season was recorded in Amerti Reservoir
(Hailu 2013) and Lake Ziway (Abera et al. 2015) when
water temperature becomes higher and rainfall is available. C. carpio in Lake Hayq has more than one spawning season similar to Amerti Reservoir (Hailu 2013),

Fig. 10 Relation between absolute fecundity (AF) and gonad weight (GW) in C. carpio
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Fig. 11 Mean monthly gonadosomatic index (GSI) of C. carpio in Lake Hayq

Lake Ziway (Abera et al. 2015), and Lake Naivasha in
Kenya (Oyugi, 2012). This might be related to the thermally stable warm environment and unlimited food resources (Muchiri et al. 1995). The mean monthly surface
water temperature that ranged from 21.1 to 25.1 °C during the study period appears to favor year-round spawning of common carp in Lake Hayq.

Conclusion and recommendation
The growth and condition of common carp in Lake
Hayq were good. The absolute fecundity of common
carp in Lake Hayq was lower compared to other Ethiopian and African water bodies which could be due to
smaller size of fishes used for fecundity analysis. The L50
values of common carp were smaller (17.5 and 21.5 cm
for male and female) which might be associated with illegal fishing activities, and narrow-sized gillnets of mesh
size of 4–6 cm. Hence, the mesh size of the gillnets
should be regulated at least to 8 cm which is the national standard. Furthermore, common carp have extended spawning seasons in Lake Hayq (February–April)
with peak spawning in April. Therefore, these intense
spawning months should be used for closing seasons (no
fishing activities). Thus restricted gillnet use and closed
season practices could bring better recruitment and better fish size. Long-term monitoring on reproduction potential, spawning season, and population status of
common carp should be done for sustainable fishery
utilization of Lake Hayq.
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