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I am currently reading “How 
to avoid a climate disaster”, a 
recently released book by Bill 
Gates. I am one-third or so into 

the content. Still, so far, it has already 
been an exciting journey of  questioning 
the global climate crisis we are facing as 
a civilization and the real opportunities 
we have to face and tackle its effects 
through our actions and system-based 
decisions. 

So, what does this have to do with 
aquaculture? You may be wondering. 
Exactly the point! Why are we not 
talking about energy sources much 

Change can’t be accomplished 
overnight, but how hard are we trying?

more explicitly within the sustainabil-
ity conversation of  the aquaculture 
sector?

Of  course, we are not the only sec-
tor that is not openly addressing this 
issue, but it all comes back to this, 
“The world needs to provide more 
energy so the poorest can thrive, but 
we need to provide that energy with-
out releasing any more greenhouse 
gases. Now the problem seemed even 
harder. It wasn’t enough to deliver 
cheap, reliable energy for the poor. It 
also had to be clean.” in the author’s 
words. 

According to the Renewable En-
ergy Magazine “the majority of  aqua-
culture’s energy consumption derives 
from feed production. Processing and 
transportation account for a smaller 
portion of  power-generated emis-
sions. When fueled with clean energy, 
the industry increases its sustainability 
and savings.”

So, the challenge is incredibly com-
plex, and it is deeply related to abso-
lutely everything our civilization con-
cerns about to sustain us, including 
food production and distribution. For 
aquaculture, this is an opportunity in 
which I would like to share the follow-
ing questions with you:

How can we step up as a sector 
and set an example of  a carbon-free 
food production system for other in-
dustries?

How can we integrate this need for 
sustainable energy into our technolog-
ical and digital developments?

How can we do more than what we 
are already doing? And how much can 
we improve in the short term?

These are all open-ended ques-
tions, of  course, but how about we 
start including these notions into our 
current operations towards sustain-
ability? 

We hope you enjoy this issue and 
the exciting topics covered in our spe-
cialized articles and columns by our 
expert collaborators. 

By: Lucía Araiza, Editorial Coordination *

* Correspondence email: editorial@dpinternationalinc.com

According to the Renewable Energy Magazine “the majority of 

aquaculture’s energy consumption derives from feed production. Processing 

and transportation account for a smaller portion of power-generated 

emissions. When fueled with clean energy, the industry increases its 

sustainability and savings.”
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Sonardyne sets UK goal to reach net-zero by the end of 2025
Marine technology equipment sup-

plier Sonardyne is aiming to become 
carbon neutral by the end of  2025, 
making it the first company of  its type 
in the UK subsea industry to publicly 
announce such an ambitious target.

The goal covers direct and indirect 
emissions, including those associated 
with manufacturing as well as supply 
chain activities, from its UK sites and 
operations. It cements Sonardyne’s 
long-term commitment to being an en-
vironmentally responsible and sustain-
able business, with a clear goal towards 
supporting the Paris Agreement on 
climate change to limit global warm-
ing to below 1.5 degrees Celsius. The 
target will be guided by and certified to 
PAS 2060, the internationally accepted 
standard for carbon neutrality.

Sonardyne’s heritage is in underwa-
ter technology innovation; supplying 
underwater communication, naviga-
tion, positioning, imaging, and moni-
toring technologies and services across 
energy, defense, and science. While the 

Functional lipid toolbox supports natural pathogen 
control and efficient husbandry

Berg + Schmidt Animal Nutrition, 
experts in functional lipids, have devel-
oped the LipoVital product range con-
sisting of  easily combined nutritional 
feed additives proven to not only sup-
port gut health and the immune system 
of  livestock animals but also reduce 
the level of  pathogens.

As the components are based on 
various monoglycerides, medium-
chain fatty acids, and medium-chain 
triglycerides, this is an entirely natu-
ral means of  biosecurity. Available in 
liquid and powder form, the feed ad-
ditives contribute to efficient farm 
management, as well as animal welfare 
and sustainable handling of  livestock 
breeding.

To develop the natural LipoVital 
compounds, Berg + Schmidt focused 
on research demonstrating that func-
tional lipids can improve gut health, 
as well as the mucosal immune re-

sponse, and therefore protect animals 
against toxins and other harmful me-
tabolites. Thanks to their chain length 
and unique structure, medium-chain 
fatty acids (MCFA), monoglycerides 
(MCM), and triglycerides (MCT) have 
the ability to act as antimicrobial, anti-
viral, antifungal, and anti-inflammato-
ry agents.

A trial with broilers at the Uni-
versity of  Rostock confirmed the 
excellent effect of  LipoVital on 
Clostridium perfringens. Both the 
intestinal flora and the performance 
parameters were positively influ-
enced. Studies at the Pipestone Ap-
plied Research Institute and the Cor-
nell University Animal Health Center 
also demonstrated the high antiviral 
activity of  LipoVital monoglycer-
ides fighting the Porcine Epidemic 
Diarrhea virus (PEDv) and Porcine 
Reproductive and Respiratory Syn-

drome virus (PRRSv). A study with 
Penaeus vannamei shrimp, conducted at 
Bangkok’s Kasetsart University, con-
firmed that LipoVital Protect Aqua, a 
special combination for aquacultures, 
could improve growth, survival, im-
mune response, and intestinal bacte-
ria composition in shrimp.

More information at: https://www.
berg-schmidt.de/en/index.php

company has always made every effort 
to limit waste and damage to the en-
vironment, for the past five years, re-
ducing energy consumption has been 
made a key priority.

Last year, Sonardyne invested 
heavily in roof-mounted solar arrays 
across its headquarters in Hampshire, 
covering an area equivalent to 13 ten-
nis courts. The company also uses air 
source heat pumps, is ISO 50001 En-
ergy Management System certified, 
and has had a Building Management 
System installed for a number of  years, 
helping it to make the most efficient 
use of  energy for heating and power. 
Any further energy requirements are 
purchased from a certified renewable 
energy supplier.

Additional measures being consid-
ered to take it towards PAS 2060 in-
clude investment in large-scale batter-
ies and grid services. These will benefit 
the company’s access to and cost of  re-
newable energy. They will also provide 
additional storage to the wider grid. 

For areas that cannot be decarbonized 
any other way, the company will sup-
port high-quality certified carbon off-
setting schemes.

In addition to its investments in 
energy efficiency across its facilities, 
Sonardyne has been leading uncrewed 
and over-the-horizon technology de-
velopment and adoption. This enables 
its customers’ users to realize major re-
ductions in the use of  energy-intensive 
crewed vessels, while also reducing risk 
to personnel and cost.

Further information at: https://
www.sonardyne.com/
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ViAqua Therapeutics Announces $4.3 Million Investment for 
its RNA-based Aquaculture Health Platform

Financing will support the com-
mercialization of  the first product 
aimed at improving health in shrimp 
and support the development of  ad-
ditional products to improve aquatic 
animal health and nutrition.

ViAqua Therapeutics, a biotech-
nology company and developer of  
an orally administered RNA-particle 
platform to promote and improve an-
imal health in aquaculture, announced 
it has completed a $4.3 million round 
to commercialize and expand its plat-
form. Multinational new investors 
include S2G Ventures (S2G Oceans 
& Seafood Fund), Thai Union, and 
Agriline. Earlier investors Nutreco, 
Visvires New Protein, The Trendlines 
Group (SGX:42:T;OTCQX: TRN-
LY) and the Technion Israel Institute 
of  Technology also participated in 
this round. ViAqua was also awarded 
additional grant funding from the Is-
raeli Innovation Authority.

Skretting Australia to expand production capacity in Tasmania
Nutreco’s aquaculture division 

Skretting announced its intention 
to expand its production capacity 
through the purchase of  Ridley’s ex-
trusion facility in Westbury, Tasma-
nia. This is a continuation of  Skret-
ting’s long-term commitment to the 
Australian and New Zealand aquacul-
ture industries.

 “We have been producing 
aquafeed from our Cambridge facil-
ity in Tasmania since the 1990s, and 
today proudly employ over 90 staff,” 
says Melissa Abbott, General Man-
ager of  Skretting Australia.

“I am pleased that we are expand-
ing our manufacturing capacity to 
enable us to continue our long-term 
commitment to clients and partners 
across the broader Australian and 
New Zealand aquaculture industries. 
I am very proud of  what our team 
has, and continues to achieve, and the 
role that we play in supporting local 

communities. It’s an exciting day for 
the Skretting team,” continues Ab-
bott.

Nutreco CEO Rob Koremans 
confirms, “Skretting Australia is an 
important part of  our global busi-
ness. This is a strategically important 
investment for us in a growing and 

leading industry, and we intend to 
continue to partner with local leaders 
for many years to come.”

The transaction is subject to ap-
proval from the Australian Compe-
tition and Consumer Commission 
which is expected to conclude during 
2021.  

Using RNA and an encapsulated 
delivery method, ViAqua will pro-
mote shrimp health in the face of  
viral challenges, including prevalent 
and devastating diseases which are 
widespread in shrimp. The mortality 
rates associated with a viral outbreak 
can reach 100% within several days 
of  onset, leading to massive financial 
losses for shrimp producers. Viral 
diseases have plagued the shrimp in-
dustry for decades with little to no 
effective treatment options. The es-

timated cost associated with diseases 
has resulted in an estimated 30-40% 
loss in global shrimp production an-
nually.

Historically, the challenge with 
RNA-based technologies includes 
the costs of  production and effi-
cient delivery in an aquatic environ-
ment. ViAqua’s platform technology 
addresses these challenges through 
its proprietary production platform 
and novel encapsulation delivery 
method.
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NaturalShrimp Inc. is ramping up shrimp RAS production in 
Texas and Iowa

NaturalShrimp, Inc., the aqua-
culture company that has developed 
and patented the first commercial-
ly operational RAS (Recirculating 
Aquaculture System), is ramping 
up production at both its La Coste, 
Texas and Iowa based shrimp pro-
duction facilities.

After passing a successful inspec-
tion by the Texas Parks and Wildlife 
Department at its newly construct-
ed Texas production facility, the 
Company continued the process of  
regular stocking of  postlarvae (PL) 
shrimp with the next PLs arriving on 
March 3 for acclimation and stock-
ing in four nursery tanks. When 
ready, the shrimp from the nursery 
tanks will gravity flow into adjacent 
grow-out tanks where they will stay 
until gravity flowing into the facil-
ity’s harvest tank.

This regular stocking will allow 
year-round weekly production. In 
addition, the Company has complet-
ed construction of  the facility’s 40 
shrimp grow-out tanks and support 
systems well in advance of  transfer-
ring shrimp from the previously in-
stalled nursery tanks into the grow-
out tanks.

NaturalShrimp Iowa includes 
three separate facilities located in the 
cities of  Webster City, Blairsburg, 
and Buckeye. Each of  these facilities 
contain the tanks and the necessary 
support systems for raising shrimp 
once the Company has replaced the 
existing filtration systems with Natu-
ralShrimp patented filtration equip-
ment. The Company has aggressively 
begun this conversion process and 
expects to begin stocking its first PLs 
in nursery tanks in Iowa on March 24.

More information at https://nat-
uralshrimp.com/ 
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The Center for Aquaculture Technologies (CAT), a leader in the field of 
genetic improvement for aquatic species, and NEOGEN Corporation an-
nounced their formal collaboration to deliver high-quality genotyping 
services customized to the unique needs of aquaculture producers

The partnership will apply mod-
ern sequencing and genotyping 
technologies to aquaculture species, 
leveraging the complementary ex-
pertise of  CAT and NEOGEN to 
enable organizations of  any size to 
realize the benefits of  increased ac-
curacy of  selection and gains in per-
formance by incorporating genetic 
markers into their selective breeding 
programs.

“We are very excited to have 
NEOGEN as a partner — they are 
world leaders in agricultural geno-
typing, and it’s a great complement 
to our expertise in the aquaculture 
industry,” said John Buchanan, CEO 
of  The Center for Aquaculture 
Technologies. “They have been great 
partners, and we are looking forward 
to working closely with them on 
projects in the future.”

“We are pleased to strengthen 
our partnership with the Center for 
Aquaculture Technologies and con-
tinue providing innovative genomic 
solutions that strengthen our global 
food chain,” says John Adent, NEO-
GEN’s President and CEO. “To-
gether, we can empower members 
of  the aquaculture sector to make 
more informed breeding decisions.”

“CAT’s expertise in the aquacul-
ture industry and our global leader-
ship within the world of  genomics 

University of Missouri Releases New Aquaculture Website
The University of  Missouri, Aqua-

culture and Fisheries Extension Pro-
gram, has posted a new website to 
disseminate their collective research 
and extension efforts as they relate to 
aquaculture production and fisheries/
pond management to clientele in Mis-
souri and throughout the Midwest. 

There are links on these pages 
to the USDA Aquaculture Research 

Centers, the Missouri Aquaculture 
Association, as well as other im-
portant resources, such as Lincoln 
University, that also provides re-
search-based information of  use to 
Missouri producers. Links are also 
created for accessing information 
from the Missouri Department of  
Conservation regarding fisheries 
and pond management.  

This web-based platform will 
also allow the University of  Mis-
souri to post relevant webinars and 
programs that have been developed 
and conducted in the North Cen-
tral Region   – and make them ac-
cessible to a wider clientele.

https ://extension.missour i .
edu/programs/aquaculture-exten-
sion

make us the perfect partners going 
forward,” says Marylinn Munson, 
NEOGEN’s Vice President of  Ge-
nomics. “In partnership with CAT, 
we will be able to create new prod-
ucts and solutions that enrich the 
aquaculture sector and ensure sus-
tainable farming at every level.”

The partnership is aligned with 
CAT’s commitment to maintaining 
exceptional service while increasing 
efficiency and ensuring a quick turn-
around time for sample processing. 

Two tools that facilitate genomic 
selection and marker identification 
have already emerged from this 
collaboration: 50K genotyping ar-
rays for North American Atlantic 
salmon and whiteleg shrimp (L. van-
namei) are now commercially avail-
able through CAT. CAT welcomes 
the opportunity to develop custom 
tools to promote genetic improve-
ment in other aquatic species. 

 For more information, visit 
www.aquatechcenter.com
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Zambia embarks 
on an ambitious aquaculture program

hrough the ministry of  
fisheries and livestock, the 
government in Zambia 
has crafted a policy that 

will guide the future development 
of  aquaculture in the country. How-
ever, elections this upcoming August 
are likely to slow down the momen-
tum to implement the Fisheries and 
Aquaculture Policy which is expected 
to resume once the polls are over and 
another administration is put in place.

After realizing the two sub-sec-
tors are not fully represented in the 
Second National Agriculture Policy 
(SNAP), the government came up 
with the fisheries and aquaculture 

By: Alfred Sayila, Zambia Southern Africa

policy, which did not address specific 
issues about the two sectors.

The process to develop the na-
tional policy on fisheries and aquacul-
ture started way back in 2016 when 
the ministry of  agriculture was split 
into two to pave the way for the cre-
ation of  the ministry of  fisheries and 
livestock.

SNAP was the brainchild of  the 
cabinet office, experts from the de-
partment of  fisheries, policy planning 
department, and others, who formed 
the initial technical working group. 
But what prompted the government 
to introduce the national fisheries and 
aquaculture policy was the prevailing 

shortage of  fish in the country and 
the increase in illegal fishing from the 
water bodies.

There is visible depletion of  fish 
in most of  the country’s water sourc-
es, resulting in a critical fish short-
age forcing the government to allow 
imports from neighboring countries 
in the Southern African region. And 
this has meant a strain on the coun-
try’s meager financial resources.

Permanent secretary in the minis-
try of  fisheries and livestock Benson 
Mwenya admitted that despite the an-
nual ban on fishing from December 
to March every year, it has not helped 
to increase fish in the country’s water 

NEWS ARTICLE
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bodies which are overfished due to 
unreported fishing activities.

 ‘’I am afraid the ban has not 
helped increase fish population in 
our waters,’’ admitted Mwenya, who 
supported the fisheries and aquacul-
ture policy crafting, which will guide 
future fishing activities in the country.

Mwenya said the country contin-
ues to face unilateral and unconven-
tional fishing activities, contributing 
to fish depletion and the consequen-
tial shortage of  fish. He disclosed 
that his country suffers from the pro-
verbial 81,000 metric ton fish deficit 
every year against a growing demand 
almost thrice the figure!

The Food and Agriculture Organ-
isation (FAO) of  the United Nations 
World Fish Survey of  recent times 
echoed the decrease in fish stock in 
Zambia partly due to overfishing and 
unconventional fishing methods.

Due to these factors, the deficit 
of  fish has led to low fish consump-
tion at 5.9 kilograms per person per 

year instead of  the 12.1 kg required 
internationally. Further to the survey 
findings, the low level of  fish con-
sumption in Zambia has also cul-
minated in low fishing catches from 
the country’s lakes, rivers, and other 
water bodies. At the same time, the 
few people actively engaged in fishing 
have also contributed to the shortfall.

 For example, from the estimated 
one million people engaged in fish-
ing, only 72,000 are involved in active 
fishing. This number cannot satisfy 
and sustain the local demand for fish, 
accounting for the major component 
of  animal proteins consumed in the 
country against chicken, beef, and 
pork.
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* Alfred Sayila is a journalist/analyst in Southern Africa.
Correspondence email: alfred.sayila85@gmail.com

For this reason, the government 
decided to come up with various 
measures to increase fish production 
in the country to meet both domestic 
and external markets. This resulted in 
the Zambia Aquaculture Enterprise 
Development (ZAEDP) establish-
ment to provide soft loans, logistical 
support, skills, and extension services 
to upcoming commercial fish farm-
ers throughout the country. As a re-
sult, so far, many fish projects have 
sprung up in various parts of  the 
country; this came up with a special 
seed fund responsible for dishing out 
loans to fish farmers to acquire such 
things as fish cages, nets, feed, and 
other inputs.

 Since the formation of  ZAEDP 
in 2019, Zambia has seen a rapid in-
crease in fish and aquacultural-related 
products. As a result, the country is 
expected to be self-sufficient in fish 
stocks to meet local demand and 
some for export in the next five years 
from now.

The government thinks both the 
implementation of  the policy on fish 
and aquaculture and the formation 
of  ZAEPD will help the two sub-

sectors to contribute to the Gross 
National Product (GDP). However, 
the success of  the national policy and 
ZAEDP will depend on the political 
will of  the future government with 
the participation of  both the public 
and private sectors.

The National Aquaculture 
Research Development Centre 
(NARDC) and the setting up of  a 
facility for the genetic improvement 
of  local fish breeds will also help in 
an increase in fish stocks. This step 
followed an outcry from local fish 
farmers that foreign fish breeds were 
doing much better than local variet-
ies, hence establishing the Genetic 
Improvement Program.

Although Zambia is landlocked 
and dependent on mining, it is en-
dowed with abundant fisheries re-
sources from water bodies located 
in the Zambezi, Luapula, and Congo 
basins. The country is said to possess 
almost one-third of  freshwater found 
in the Southern African region.

Before establishing ZAEDP and 
crafting the national policy on fish-
eries and aquaculture, the two sub-
sectors suffered from inadequate 

fisheries, infrastructure, technology, 
illegal fishing, and unregulated and 
unreported fishing activities. Now 
fish farmers will easily access qual-
ity and affordable support under the 
government Citizen Economic Em-
powerment Commission (CEEC).

Finally, the government was able 
to mobilize more than US$50 million 
from some cooperating partners such 
as the Africa Development Bank, the 
Irish government, and the German 
Development Cooperation. Funds 
from these agencies have helped in 
capacity building of  the fisheries 
and aquaculture development and a 
marked increase in fish production.

Latest statistics from the ministry 
of  fisheries and livestock have put 
the fish output in Zambia at 100-
107 tones per year against a total 
domestic demand of  185,000 tones. 
The deficit has resulted in significant 
pressure on capture fisheries due to 
overfishing leading the two sectors 
unable to meet the growing demand 
for consumers.
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FISH AND SHRIMP FARMING PRODUCTIVITY

Worldwide, tilapia 
farming shows a 
clear trend towards 
intensification. How-

ever, these culture systems increas-
ingly demand a more sensible use of  
a finite base of  production inputs 
to become sustainable. It is gener-
ally accepted that water quality and 
feeding management are essential 
in intensive systems, particularly in 
tanks where water changes are lim-
ited. Out of  the different limiting 
factors, ammonia nitrogen control 
is one of  the key challenges and re-
search fields. 

An innovative alternative is us-
ing natural ingredients in feeds that 
simultaneously reduce ammonia 
toxicity while promoting growth. 
Yucca shidigera seems to be an attrac-
tive option in this context, already 
tested with some aquatic species 
(Kelly y Kohler, 2003; Gaber, 2006; 

BIOAQUA® P is a 100% natural phytogenic ingredient made by milling, 

pulverizing, and standardizing the stems of the Yucca schidigera plant. 

It is used as a feed ingredient to reduce ammonia levels in the water of 

production ponds. 

A study was conducted to compare the effect of BIOAQUA® P (100% natural 

pulverized Yucca schidigera plant, used as feed ingredient) on the growth of 

Nile tilapia (Oreochromis niloticus) reared under commercial conditions. 

Effect of BIOAQUA® P on 
Nile tilapia (Oreochromis 
niloticus) growth when 
reared under commercial 
conditions

By: Alberto Asiain, Natalie Cuellar, 
Vicente Camporredondo, Juan Reta, 
David Montaño, Diego Platas, Soledad 
Delgadillo *
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Martínez-Córdova et al., 2008). In 
this work, a study was conducted to 
compare the effect of  BIOAQUA® 
P on the growth of  Nile tilapia (O. 
niloticus) reared under commercial 
conditions.

Methods
The study was conducted on a com-
mercial tilapia farm in Veracruz, 
Mexico. Ten thousand fingerlings O. 
niloticus (mean weight 129.6 g) were 
stocked in each of  the two 200 m3 
circular concrete tanks. Each fish 
was considered as an experimental 
unit. Two commercially prepared 
floating tilapia diets based on Nu-
tripec® Purina 32% protein were 
compared. A control diet (the com-
mercial diet) versus the same diet en-

Water quality and feeding 

management are essential 

aspects in intensive systems, 

particularly in tanks where 

water changes are limited.
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riched with BIOAQUA® P @ 2kg 
ton-1. The fish were fed ad libitum 
three times daily for four months. 
Water quality parameters were mon-
itored daily (DO, temperature, pH, 
and TAN). One hundred fish were 
individually weighed on a fortnight 
basis.

References
Gaber, M.M. (2006) . The effects of plant-protein-based 
diets supplemented with Yucca on growth, digestibility, 
and chemical composition of nile tilapia (Oreochromis 

niloticus, L) fingerlings. Journal of the World Aquaculture 
Society 37, 74-81.

Kelly, A.M. y Kohler, C.C. (2003) Effects of Yucca 
shidigera extract on growth, nitrogen retention, am-

monia excretion, and toxicity in channel catfish Ictalurus 
punctatus and hybrid tilapia Oreochromis mossambicus 
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del Pacífico, Litopenaeus vannamei (Boone, 1931). 

Investigación y Ciencia de la Universidad Autónoma de 
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Results
Water quality parameters were kept 
within acceptable limits during the 
whole experiment. From the third 
month onwards, fish fed with the 
enriched diet were significantly big-
ger (P<0.05). Figure 1 and Tables 1 
& 2 show the main results.

Conclusion
Results showed that tilapia fed with 
a commercial diet enriched with 
BIOAQUA® P performed better, 
both in biological and economic 
terms.
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A variety of tenacious myths critical of marine aquaculture practiced in the 

United States have persisted for decades to be presented as facts to the public and 

Congress. The National Aquaculture Association (NAA) recently posted an updated 

analysis of refuting the variety of tenacious myths critical of marine aquaculture 

practiced in the United States. Authors of this analysis believe critics have erroneously 

assumed marine aquaculture-related environmental damage reported in other 

countries occurs in the United States.  The reality is U.S. fish and shellfish farmers 

culture aquatic animals and plants within a very complicated and expensive legal, 

regulatory, husbandry and science-driven environment.

The status of 
striped bass, 
Morone saxatilis, 
as a commercially ready 
species for U.S. marine 
aquaculture

By: Linnea K. Andersen, Jason Abernathy, David L. Berlinsky, Greg Bolton, Matthew 
M. Booker, Russell J. Borski, Travis Brown, David Cerino, Michael Ciaramella, Robert 
W. Clark, Michael O. Frinsko, S. Adam Fuller, Steve Gabel, Bartholomew W. Green, 
Eric Herbst, Ronald G. Hodson, Michael Hopper, Linas W. Kenter, Frank Lopez, 
Andrew S. McGinty, Barry Nash, Matthew Parker, Stacey Pigg, Steve Rawles, Kenneth 
Riley, Marc J. Turano, Carl D. Webster, Charles R. Weirich, Eugene Won, L. Curry 
Woods III, Benjamin J. Reading, StriperHub *

Only one-third of  global 
aquaculture products 
are raised in marine 
waters, which presents 

an opportunity for industry expan-
sion, as these marine resources and 
species are currently underutilized 
in the United States and other coun-
tries (Froehlich, Gentry, & Halp-
ern,2018). The expansion of  marine 
finfish production is hindered by the 
limited number of  appropriate spe-

cies choices. Atlantic salmon, Salmo 
salar and red drum, Sciaenops ocellatus 
are currently the only finfish species 
endemic to the United States that are 
cultured in significant quantities in 
coastal environments, and presently 
there is no appreciable aquaculture 
production of  any premium white-
fleshed marine finfish species, such 
as the striped bass, in the country. 
Candidate aquaculture species identi-
fied by the National Oceanic and At-

mospheric Administration (NOAA) 
must command a premium price, 
have high consumer demand, and 
successfully adapt to rearing in local-
ized environments for profitable pro-
duction. The striped bass meets all 
these criteria and therefore has great 
potential for commercialization in the 
United States (Reading, 2017; Read-
ing, Hinshaw, & Watanabe, 2014).

Striped bass culture methods 
and tools 
Most cultured fishes in the Unit-
ed States, and the world, originate 
from wild-caught fish or fish that 
are not domesticated or selectively 
bred for genetic improvement (Gje-
drem & Baranski, 2010; Knibb, 
2000; Teletchea & Fontaine, 2014). 
A domesticated line of  striped bass 
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originally obtained from six distinct 
geographic stocks has been bred in 
captivity for six generations as part 
of  the National Program for Genetic 
Improvement and Selective Breeding 
for the Hybrid Striped Bass Industry 
(Garber & Sullivan, 2006; Hodson 
et al., 1999; Reading, McGinty, et 
al., 2018; Woods III, 2001). Except 
for salmonids, this is the only ma-
rine aquaculture finfish species in the 
United States with an established do-
mestic strain of  fish available to pro-
ducers and currently being used for 
commercial production.

Genetic improvement of  finfish 
broodstock is a critical advance-
ment for aquaculture industry suc-
cess. Breeding programs provide 
selectively bred fish for optimal cul-
ture and performance traits, such as 
disease resistance, growth rate, effi-

ciency, acceptance of  prepared diets, 
and tolerance to crowding and stress 
conditions, among many others. Per-
formance gains of  domesticated fish 
can be dramatic in comparison to 
their wild-origin counterparts. For 
example, gains in body weight at 
harvest are estimated to be approxi-
mately 14% per generation of  selec-
tively bred Atlantic salmon (Gjedrem, 
2010). Similarly, domesticated strains 
of  striped bass have been shown to 
have superior performance for some 
culture traits (Reading, McGinty, et 
al., 2018).

There are marked improvements 
in domestic striped bass growth per-
formance between filial generations 
captively bred over the last 17 years 
as evaluated by weight at age. For 
example, sixth-generation captive-
bred domestic striped bass (F6) are 

about twice the size of  third-gener-
ation fish (F3) by Age 2, and fifth-
generation (F5) female striped bass 
are about 46% larger than F3 female 
striped bass at the age of  4 years 
(see Figure 2). When considering 
the average improvement in domes-
tic striped bass growth performance 
for each captive-bred generation, we 
see 33.8% growth gain between F3 
and F4, 26.9% growth gain between 
F4 and F5, and 24.0% growth gain 
between F5 and F6. These are fish 
reared in outdoor tanks and pools at 
semi-commercial density. The time-
frame required for domestic striped 
bass to grow to about 1,000 g (2.20 
lb) in these conditions, which is the 
desired market size for the hybrid 
striped bass, has been dramatically 
reduced by 69% through breeding 
between the F3 and F6 generations 
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(see Figure 3). Furthermore, the time 
to grow to the desired market size of  
1.36 kg (3 lb), which was identified 
as a target for white-fleshed marine 
fish such as striped bass, is about 32 
months for F3 generation, 29 months 
for F4 generation, 28 months for 
F5 generation, and 24 months for 
F6 generation fish. Thus, selective 
breeding has taken the F3 genera-
tion fish, which were not economi-
cally feasible to grow to this market 
size over a 32-month timeframe, to 
within the economically viable time-
frame of  24 months or less by the F6 
generation of  breeding. Overall, this 
is a 75% reduction in the grow-out 
time to market obtained through just 
three generations of  selective breed-
ing. The F7 generation of  domestic 
striped bass, first created in 2020, will 
likely have further improved growth 
performance over the next four or so 
years (Figure 2).

Recent studies have demonstrat-
ed that female reproductive poten-
tial in the domesticated striped bass 
is superior to that of  equal-sized 
females captured from the wild us-

ing a manual strip spawning method 
(Locke, Sugg, Sullivan, & Turano, 
2013). Additionally, domestic striped 
bass have an improved dress-out 
weight (0.5–4.0% increase compared 
with wild-origin fish (Reading, Mc-
Ginty, et al., 2018), and, importantly, 
a 13–25% significantly better feed 
conversion efficiency (p < .05), with 
feed conversion ratio (FCR) values 
<1.1 (Kenter, Kovach, Woods III, 
Reading, & Berlinsky, 2018). The 
presumed FCR for striped bass 
raised at commercial density is ap-
proximately 1.5 or slightly higher. 
Collectively, this domestic striped 
bass broodstock program has pro-
duced a fish suitable for commercial 
grow-out economics. However, the 
use of  wild-origin striped bass stocks 
may be critical for offshore culture 
in some regions due to escapement 
concerns (e.g., Northeast Atlantic 
and Gulf  of  Mexico), and as such, it 
is important to extend reproduction 
and larviculture technology of  these 
fish to those regions as appropriate 
for the U.S. striped bass aquaculture 
industry to thrive.

Reproduction and larviculture
A major constraint to the culture 
of  any marine fish species is the 
complexity of  larval rearing and the 
ability to produce a reliable source 
of  juveniles for culture (Planas & 
Cunha, 1999). However, this bottle-
neck has already been addressed in 
the culture of  striped bass, which 
have comparatively simple require-
ments for larviculture and are similar 
to that of  salmonids, one of  the only 
successful marine finfish aquacul-
ture industries in the United States. 
(Editor’s note: for full background 
on the early stages and development 
of  the research on this topic, please 
access the full version of  this article 
cited and linked at the end of  this 
content).

Larval striped bass can be raised 
to fingerlings at a commercial scale 
in earthen ponds using natural pro-
ductivity through fertilization (Har-
rell, 1997; Ludwig, 1999). This in-
frastructure is currently in place at 
many aquaculture operations uti-
lizing pond systems, particularly 
at commercial hybrid striped bass 

Recent studies have 

demonstrated that female 

reproductive potential in the 

domesticated striped bass is 

superior to that of equal-sized 

females captured from the wild 

using a manual strip spawning 

method.
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fingerling operations. Pond sizes 
for larviculture are typically smaller 
than for grow out and, therefore, 
not available at all commercial hy-
brid striped bass rearing facilities. 
Intensive larval rearing for fingerling 
production in tank systems is gen-
erally constrained to the use of  live 
feeds, and challenges are not as well 
described as compared to other life 
stages. Further research on commer-
cially scalable methods of  intensive 
larval rearing is needed and is cur-
rently being conducted. Collectively, 
the larval and juvenile seed-stock 
supply for striped bass is presently 
achievable at a commercial scale in 
the United States.

Rearing and grow out
Striped bass have been shown to 
adapt well and exhibit high surviv-
al in RAS technologies and cages. 
Laboratory-scale RAS studies show 
that striped bass exhibit equivalent 
growth performance in freshwater, 
brackish, and saltwater environments 
(Kenter et al., 2018). Experimental-
scale studies of  striped bass in cage 
culture show that fish grow better 
than hybrid striped bass in brackish 
water with little impact on survivor-
ship (Woods, Kerby, & Huish, 1983). 
Significant progress has been made 
on growth biology in striped bass 
including seasonally based feeding 
protocols; characterization of  gro-

wout temperature (Harrell, 1992); 
demonstration that a range of  salini-
ties are equally effective in regulating 
growth (Harrell, 1992; Kenter et al., 
2018); nutrient requirements, endo-
crine and growth physiology (Picha et 
al., 2009, 2014; Picha, Turano, Beck-
man, & Borski, 2008; Picha, Turano, 
Tipsmark, & Borski, 2008; Won & 
Borski, 2013); and experimental scale 
studies suggesting a potential for cul-
ture of  1.36– 2.27 kg (3.00 5.00 lb) 
fish. However, none of  this research 
has provided insight into commercial 
scaling or stocking densities typical 
of  intensive culture requirements or 
economic analyses for the full pro-
duction cycle from egg to plate of  
domestic or wild striped bass. Cur-
rently, data suggest that striped bass 
can be grown in cages and under 
RAS at different salinities. Despite 
this work, one major constraint has 
been a lack of  demonstration that 
striped bass can be economically cul-
tured at commercial scale.
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Genomic resources and tools
The striped bass is a priority species 
for the United States Department of  
Agriculture (USDA) National Animal 
Genome Research Support Program 
(NRSP-8), and as such considerable 
progress in establishing genomic re-
sources for striped bass has been ac-
complished. The striped bass genome 
assembly was recently updated (2019) 
through a combinatorial approach 
of  short-read sequencing (Illumina, 
San Diego, CA), long-read sequenc-
ing (Pacific Biosciences, Menlo Park, 
CA), and Chicago® and Dovetail™ 
Hi-C + HiRise™ scaffolding (Dove-
tail Genomics, Scotts Valley, CA). This 
genome assembly (NCSU_SB_2.0) 
is publicly available under GenBank 
accession GCA_004916995.1 and is 
currently in the annotation pipeline. 
This genome assembly has a total se-
quence length of  598,109,5477 base 
pairs and consists of  629 scaffolds 

(Abdelrahman et al., 2017; Andersen, 
Baltzegar, Fuller, Abernathy, & Read-
ing, 2019; Reading, McGinty, et al., 
2018).

Other genomic resources avail-
able for striped bass include a me-
dium-density genetic linkage map 
of  289 polymorphic microsatel-
lite DNA markers (Liu et al., 2012), 
23,000 unigene sequences from a 
multi-tissue transcriptome (Li, Beck, 
Fuller, & Peatman, 2014; GenBank 
accession GBAA00000000), and a 
well-annotated transcriptome of  
11,200 unigene sequences derived 
from ovary representative of  all stag-
es of  oocyte growth and maturation 
(Reading et al., 2012; GenBank ac-
cession SRX007394). A number of  
studies have reported the develop-
ment of  microsatellite DNA mark-
ers for striped bass (Brown, Balta-
zar, & Hamilton, 2005; Couch et al., 
2006; Han, Li, Leclerc, Hays, & Ely, 

2000; Rexroad et al., 2006; Skalski, 
Couch, Garber, Weir, & Sullivan, 
2006). Epigenetic studies on striped 
bass are limited to sperm methylation 
profiles and their correlation to fer-
tility (Woods III et al., 2018). Addi-
tional resources are also available for 
closely related Moronids including a 
reference genome sequence assem-
bly for white bass (Abernathy et al., 
2019), the multi-tissue transcriptome 
of  22,000 unigene sequences for 
white bass (Li et al., 2014; GenBank 
accession GAZY00000000), and 
1,730 unigene sequences for white 
perch (Morone americana) (Schil-
ling et al., 2014; GenBank accession 
GAQS00000000).

These resources collectively pro-
vide excellent tools for selective 
breeding, marker-assisted selection, 
and domestication, as well as for 
functional studies on the biology 
and aquaculture of  striped bass. For 
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example, the genome and transcrip-
tome data empower proteomic analy-
ses (Andersen et al., 2019; Reading et 
al., 2012, 2013; Schilling et al., 2014, 
2015; Schilling, Loziuk, Muddiman, 
Daniels, & Reading, 2015; Williams, 
Reading, Amano, et al., 2014). 

Future directions and challenges 
Striped bass is an aquaculture species 
that is well-positioned for commer-
cial production. The current extent 
of  consumer visibility, established 
market size and product price-point, 
knowledge of  the biology and cul-
ture, and infrastructure for com-
mercial seed production and rearing 
of  striped bass all support the like-
lihood of  its success as an aquacul-
ture industry. Furthermore, the fish 
is euryhaline, which means it can be 
reared in fresh, brackish, or marine 
water in coastal and inland systems 
throughout the United States. Cul-
ture methods of  striped bass are well 
established, and therefore, no major 
hurdles remain regarding the tech-
nology to produce the fish. Recent 
efforts have established a reliable 
hatchery larval production system, 
which in the past has been consid-
ered a bottleneck to commercial-scale 
production (McCraren, 1984). One 
of  the only limitations to developing 
a striped bass industry is the lack of  
current commercial U.S. producers 
and data to support the economic vi-
ability of  commercial production.

Barriers and opportunities
Significant barriers remain primarily 
the full commercial-scale demonstra-
tion and detailed economics of  pro-
duction and marketing to show that 
striped bass aquaculture is solvent. 
Development and expansion of  the 
striped bass aquaculture industry in 
the United States has great potential 
if  the following conditions are ad-
dressed:
1. Identifying domestic producers for 
commercial production and provid-
ing adequate fish to consistently sup-
ply seafood markets;

2. Demonstrating profitability through 
production, marketing, processing, 
and economics;
3. Clarification and general reduction 
of  regulatory permitting and licens-
ing procedures; and
4. Promoting comprehensive exten-
sion education, technical training, 
marketing, and product visibility to 
consumers and stakeholders.

Establishing a conglomerate 
group of  stakeholders and partners 
would enable a centralized dem-
onstration of  the technologies and 
outreach necessary to commercialize 
striped bass production. This would 
include demonstrating the culture of  
adequate volumes of  fish for com-
mercialization and marketing using 
diverse aquaculture systems (pond, 
cage, and RAS or combinations 
thereof), developing business mod-
els for demonstrating profitability, 
and establishing extension activities 

Clarity on policies relevant to 

commercial aquaculture (e.g., 

production, product transport) 

is also imperative to developing 

a striped bass aquaculture 

industry.
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to disseminate this information. Cur-
rent finfish aquaculture infrastructure 
can provide support for producing 
and marketing striped bass at a com-
mercial scale. Collaboration with social 
scientists and seafood distributors to 
better understand seafood marketing, 
consumer preferences, market depth, 
supply and demand, retail pricing, and 
the provision of  additional outreach 
about striped bass aquaculture are also 
crucial (Pigg & Reading, 2018; Ryan et 
al., 2018).

Venture capital investment will be 
required for the next phase of  indus-
try development and upscaling once 
commercial striped bass production 
and marketing has been demonstrat-
ed. Additionally, engagement in ex-
tensive outreach, including extension 
programming and technology trans-
fer, is required to provide the neces-
sary aquaculture and marketing train-
ing tools to support the growth of  this 

industry. This would include working 
with state NOAA Sea Grant programs 
along with the USDA and state coop-
erative extension agents at Land Grant 
Universities in the region to address 
social, behavioral, economic, and pol-
icy priorities associated with striped 
bass aquaculture.

Clarity on policies relevant to com-
mercial aquaculture (e.g., production, 
product transport) is also imperative 
to developing a striped bass aqua-
culture industry. Presidential Execu-
tive Order 13921, 2020 (“Promoting 
American Seafood Competitiveness 
and Economic Growth”) was issued 
in 2020 with the intent to: …improve 
the competitiveness of  American in-
dustry; ensure food security; provide 
environmentally safe and sustainable 
seafood; support American workers; 
ensure coordinated, predictable, and 
transparent Federal actions; and re-
move unnecessary regulatory burdens. 

Among the specific actions outlined in 
order to achieve these goals is the re-
newal of  a: …focus on long-term stra-
tegic planning to facilitate aquaculture 
projects, we can protect our aquatic 
environments; revitalize our Nation’s 
seafood industry; get more Americans 
back to work; and put healthy, safe 
food on our families’ tables. Several 
legislative hurdles hindering the devel-
opment of  the U.S. marine aquaculture 
industry are addressed by the executive 
order, such as requiring environmental 
reviews of  aquaculture projects to be 
completed within 2 years.

Establishing the StriperHub
The StriperHub is a Sea Grant-sup-
ported network that was formed to 
facilitate striped bass aquaculture. The 
hub aims to overcome barriers to in-
dustry development and expansion by 
demonstrating and promoting com-
mercial-level culture, economics, and 
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*This is a summarized version developed by the editorial 
staff of Aquaculture Magazine of the original article 
“The status of striped bass, Morone saxatilis, as a 

commercially ready species for U.S. marine aquaculture” 
written by: Linnea K. Andersen, Jason Abernathy, David 

L. Berlinsky, Greg Bolton, Matthew M. Booker, Russell J. 
Borski, Travis Brown, David Cerino, Michael Ciaramella, 

Robert W. Clark, Michael O. Frinsko, S. Adam Fuller, Steve 
Gabel, Bartholomew W. Green, Eric Herbst, Ronald G. 

Hodson, Michael Hopper, Linas W. Kenter, Frank Lopez, 
Andrew S. McGinty, Barry Nash, Matthew Parker, Stacey 
Pigg, Steve Rawles, Kenneth Riley, Marc J. Turano, Carl 

D. Webster, Charles R. Weirich, Eugene Won, L. Curry 
Woods III, Benjamin J. Reading, StriperHub that was 

originally published through Wiley’s Journal of the World 
Aquaculture Society on May 2021. 

The full version of this review can be accessed online at: 
DOI: 10.1111/jwas.12812

The Striper Hub is a Sea Grant-

supported network that was formed 

to facilitate striped bass aquaculture. 

The hub aims to overcome barriers to 

industry development and expansion 

by demonstrating and promoting 

commercial-level culture, economics, 

and marketing of U.S. striped bass.

marketing of  U.S. striped bass. North 
Carolina Sea Grant is leading the initia-
tive and coordinating the StriperHub 
network, which is made up of  several 
Sea Grant programs, USDA and other 
federal scientists, industry partners, 
and university researchers focused on 
consolidating and streamlining com-
mercialization efforts in various cul-
ture environments. Detailed analyses 
of  economics and marketing, baseline 
farm gate value and market depth, es-
timations of  production economics, 
and demonstration of  the potential 
for commercial culture scaling neces-
sary for adoption and growth of  the 
commercial striped bass aquaculture 
industry are some of  the priorities of  
the StriperHub. The StriperHub has 
been active since 2020 in organizing 
project meetings, developing a web 
presence, creating recipes, and con-
ducting research. Activities to date 
have resulted in successful commercial 

aquaculture production, and the first 
farmed domestic striped bass will be 
available in U.S. markets in 2021.

In addition to being identified as a 
candidate aquaculture species by the 
NOAA, establishing a commercial 
striped bass aquaculture industry relies 
on the continued efforts of  stakehold-
ers, scientists, legislators, policymak-
ers, and their institutions in conduct-
ing research, performing assessments, 
developing business models, and mar-
keting strategies, and adopting clear 
permitting and licensing procedures 
for producers and vendors. These 
goals will be best realized if  all of  
these stakeholder groups are able to 
synergize in a coordinated effort to 
serve as a nexus for information that 
can be disseminated to commercial 
producers and the public through the 
additional avenues of  communication, 
outreach, education, and extension 
created through the StriperHub.
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In this review article developed by a group of specialists from 19 

Research Centers and universities located in 9 different countries the 

premise that the complexity of designating trophic levels in aquaculture 

has unexamined implications for devising policy positions and Best 

Practices guidelines to enhance the sustainability of aquaculture is 

explored.

Time to rethink 
trophic levels 
in aquaculture policy
By: Richard S. Cottrell, Marc Metian, Halley E. Froehlich, Julia L. Blanchard, Nis 
Sand Jacobsen, Peter B. McIntyre, Kirsty L. Nash, David R. Williams, Lex Bouwman, 
Jessica A. Gephart, Caitlin D. Kuempel, Daniel D. Moran,
Max Troell and Benjamin S. Halpern *

The aquaculture sector ac-
counts for half  of  all fish 
and seafood produced glob-
ally, provides an important 

source of  nutrition in some of  the 
world’s most rapidly developing coun-
tries, and will be key for meeting fu-
ture global fish demand. The critical 
role forage fish play in marine ecosys-
tems has created concern over their 
extraction and tension over the food 
security implications of  diverting these 
nutritious species away from human 
consumption. At present, the high de-
mand for these resources by the feed 
industry and favorable profit margins 
reduce incentives and innovation ef-
forts for increasing direct consump-
tion. Reducing the dependence of  
aquaculture feeds on wild-caught fish 
is widely recognized as an important 
strategy for the sustainable growth of  
aquaculture.

Environmental and supply chain 
concerns have led to widespread calls 
to refocus fish farming on low-trophic 

level species whose natural diets do 
not include fish. The inherent inef-
ficiency of  trophic transfers through 
food webs means that the higher the 
trophic level of  an animal eaten by 
humans, the more ecosystem energy 
is embodied in its production. Invok-
ing labels from food web ecology as-
sumes that the trophic level concept 
is readily applicable in an aquaculture 
setting. Generalizations about trophic 
transfer efficiency enable us to equate 
low-trophic levels with greater sustain-
ability. Yet ‘low-trophic level’ aquacul-
ture production can take many forms 
– from unfed shellfish, seaweed, and 
finfish (such as some filter-feeding 
carp species) to fed species that pri-
marily depend on plant products in 
their feeds. The premise of  this study 
is that the complexity of  designating 
trophic levels in aquaculture has unex-
amined implications for devising poli-
cy positions and Best Practices guide-
lines to enhance the sustainability of  
aquaculture.

To evaluate the meaning of  tro-
phic level for farmed seafood, we used 
global aquaculture production, diet, 
and feed efficiency data to calculate the 
effective trophic level of  fed aquacul-
ture species from 1995 to 2015. Our 
results elucidate three broad reasons 
why focusing on the production of  
low-trophic level species may be un-
helpful for increasing the sustainability 
of  aquaculture. Looking forward, we 
discuss how more precise dialog and 
policy could support the responsible 
and sustainable use of  feed ingredi-
ents for aquaculture production as the 
sector continues to grow and becomes 
more important for food security 
globally.

Aquafeed advances blur trophic 
position and taxonomic distinc-
tion
During the early growth of  the aqua-
culture industry in the 1980s and 1990s, 
fishmeal and oil were used heavily in 
aquafeeds as palatable, nutrient-dense, 
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and cheap sources of  protein and lip-
ids that matched the requirements of  
farmed fish. For farmed carnivores, 
this meant feed composition closely 
resembled natural diets, dominated 
by fish-derived ingredients, but also 
included small amounts of  plant–pro-
tein and oils. Conversely, feeds for 
naturally herbivorous species, such as 
carp and tilapia, were predominantly 
plant-based, including fishmeal im-
proved growth rates and body condi-
tion.

Stagnation in global catches of  wild 
forage fish, competition from other 
economic sectors, and the enormous 
expansion of  aquaculture production 
over the past 30 years have driven 
substantial shifts in the formulation 
of  aquaculture feeds as the price gap 
between fishmeal/oil and other ingre-
dients widens. Reduced dependence 
on marine ingredients has occurred 
with a greater shift towards crops 
such as soybean, canola, maize, wheat, 
and nuts to supply energy, protein, 
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and oils for farmed taxa. Shifts in the 
feeds provided to carnivorous species 
have been possible due to advances in 
aquaculture nutrition, such as a bet-
ter understanding of  the importance 
of  supplementing diets with essential, 
conditionally essential, and non-es-
sential amino acids and the effects of  
aquafeed processing on digestibility. 
For non-obligate carnivores, such as 
carps or tilapias, lower or no fishmeal 
inputs align with natural dietary habits 
and are typically well-tolerated. 

Not only has the dietary profile 
of  each fed aquatic species shifted 
through time, but also the overall spe-
cies composition of  farmed fish pro-
duction has changed substantially at 
the same time that the actual trophic 
position of  wild forage fish species 
used in feeds has varied dynamically. 
When only the observed changes in 
the trophic level of  species assigned 
as forage fish (and subsequently used 
in feeds) are accounted for, there is a 
very slight increase in effective trophic 
level through time. The reduced de-
pendence on fishmeal and oil in feeds 
across farmed taxa has overwhelming-
ly influenced the effective trophic level 
of  fed aquaculture. However, when 
only observed changes in the amount 
of  fishmeal and oil included in feeds 
are accounted for through time (as op-
posed to the trophic level of  fish used 
in feed ingredients), the mean effec-
tive trophic level responses of  the fed 
sector closely track those that occur 
when observed shifts in all variables 
are accounted for. This shift in dietary 
composition means that most farmed 
taxa have been steadily diverging in ef-
fective trophic levels from their wild 
counterparts. The net effect of  tem-
poral changes in feed formulation and 
alteration to the natural diet of  cul-
tured species is that many farmed taxa 
are now converging on effective tro-
phic levels between 2.0 and 2.5. Thus, 
interspecific distinctions are becom-
ing increasingly blurred: herbivorous 
fish are fed animal protein and thus 
farmed as omnivores, and carnivores 
have become omnivores as they are 
fed proportionally more plant pro-

teins. This reality highlights the prob-
lem of  characterizing any particular 
taxon as ‘unsustainable’ based only 
on its wild or historic cultured trophic 
level. Instead, we must recognize dif-
ferent and dynamic inputs into feeds, 
and the dynamic nature of  practices 
and management used to grow them. 

Trophic levels mask feed and 
resource efficiency
Through a combination of  feed tech-
nologies, nutrition, selective breed-
ing, feed, and on-farm management 
practices, feed conversion ratios have, 
on average, improved (decreased) for 
all species globally. Carnivorous spe-
cies, such as salmon, are more ef-
ficient than naturally herbivorous 

fish at converting feed into biomass 
when optimal ingredients are used. 
As average estimates, it is important 
to reiterate that the efficiency of  in-
dividual production units will depend 
on feed resource qualities, specific 
management practices, and environ-
mental conditions. Feed conversion 
ratios do not consider protein or nu-
trient retention – important aspects 
that reflect the capacity for aquacul-
ture to deliver nutritional benefits 
to consumers efficiently. As average 
estimates, it is important to reiterate 
that the efficiency of  individual pro-
duction units will depend on feed re-
source qualities, specific management 
practices, and environmental condi-
tions. 
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Emphasis on the trophic levels of  
farmed species also biases our under-
standing of  the impacts of  feeds in 
general. But there has been a wide-
spread lack of  consideration for the 
consequences of  displacing the bur-
den of  sourcing future aquafeeds 
from marine to terrestrial environ-
ments given that aquafeed ingredients 
are now tied to multiple food sectors, 
expansion of  reliance on overstressed 
terrestrial agroecosystems and poten-

tial trade-offs across sectors need clos-
er examination.

Beyond neglecting other feed 
components, trophic level indices for 
farmed species fail to account for de-
tails of  quality and sourcing of  feed 
ingredients (Fry et al. 2018). For ex-
ample, while wild-caught forage fish 
still provide most fishmeal and oil used 
in fish and livestock feeds, a growing 
proportion is sourced from trimmings 
from farmed and wild-caught fish. 

Closing loops within feed sourcing 
processes in this way represents a sig-
nificant advance in resource efficiency. 
There could also be limitations if  these 
waste streams represent lower quality 
ingredients or contamination vectors 
that influence farmed taxa’s growth 
rates or nutritional composition, lead-
ing to potential trade-offs from these 
seeming efficiency gains. These im-
portant sustainability considerations 
are not accounted for by trophic level 
classifications of  aquaculture species. 

Irrespective of  how aquaculture 
develops, fishmeal and oil will almost 
certainly continue to be ingredients 
used for feed production in the short 
term. Increasing demand for these in-
gredients has driven up their price in 
globalized commodity markets, but 
potential lower demand for fishmeal 
and oil for aquafeeds could relax com-
petition with other sectors, such as 
terrestrial livestock and fertilizer. In 
any case, aquaculture policy guidance 
should focus on the judicious use of  
forage fish as a limited resource rather 
than abstractions such as trophic lev-
els of  farmed seafood. A complete 
evaluation of  sustainability implica-
tions also must account for alternative 
uses for small pelagic forage fish, such 
as supporting the food and nutrition 
security of  vulnerable human commu-
nities and maintaining a sufficient prey 
base for marine ecosystems.
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Growth in seafood demand will be 
accompanied by a species-specif-
ic preference
Critically, trophic level-oriented poli-
cies rarely address the tensions be-
tween the desire for improved envi-
ronmental sustainability and growing 
global preferences for specific species. 
With high-value aquaculture dominat-
ed by private corporate entities, poli-
cies that focus on the trophic level of  
farmed species will be moot because 
they ignore the role of  profit margins 
and demand growth in driving the tra-
jectory of  aquaculture under the cur-
rent model of  open-ended economic 
growth.

Towards clearer aquaculture 
policy
In many cases, unfed species, such 
as many bivalves and seaweeds, may 
provide considerably more environ-
mental benefits with fewer environ-
mental impacts than fed finfish. But 
these products serve different market 
sectors, so their value as a reference 
point is, at best, context-dependent. 
For a given production unit, a spe-
cies that is farmed at a higher trophic 
level because of  greater proportions 
of  dietary fishmeal/oil may still have 
a lower forage fish demand than less 

fish-dependent species if  breeding, 
farming practices, and feed manufac-
turing result in far superior feeding 
efficiency. Furthermore, feed ingredi-
ents other than forage fish have their 
own sustainability concerns, such as 
crops grown using environmentally 
damaging agricultural practices. The 
aquaculture industry is highly moti-
vated to adopt practices that improve 
the efficiency of  energy assimilation 
and the stability of  feed supply chains, 
and continued gains can be expected 
from continued experimentation with 
feed composition and the genetics of  
farmed species. These developments 
will further undercut the value of  tro-
phic levels as a measure of  sustainabil-
ity in aquaculture.

Trophic level indicators are attrac-
tive because of  their simplicity and 
familiarity with wider use in other dis-
ciplines. Still, the information embed-
ded in these indices is insufficient for 
assessing the multiple facets of  feed 
sustainability. For the fed segment 
of  aquaculture, continued changes in 
the formulation of  compound feed 
and convergence of  effective trophic 
levels across taxa will trivialize the 
trophic levels of  wild counterparts as 
a useful indicator of  resource inten-
siveness. Instead, greater support for 
feed source transparency policies and 

participation in voluntary certification 
schemes, such as Aquaculture Stew-
ardship Council (ASC), Best Aquacul-
ture Practices (BAP), and Safe Feed/
Safe Food (SF/SF) Certification Pro-
gram in the US, should be embraced 
and incentivized.

The ASC has developed farm feed 
standards that are unique in includ-
ing aquatic and terrestrial resources 
and aim to minimize perverse social 
and environmental outcomes. Rather 
than concentrating on simple sustain-
ability metrics, these standards explore 
the nuance of  supply chains, trade, 
and the factors that drive differences 
in social and ecological impacts of  
production. Importantly, feed trace-
ability policies or certification pro-
grams equip governing bodies with 
the necessary tools for overseeing the 
growing aquaculture sector while also 
empowering consumers and markets 
with the information needed to favor 
seafood products produced through 
best practices.

The dynamic nature of  effective 
trophic level in fed aquaculture calls 
into question the use of  trophic level as 
a trait of  species grown and a reliable 
indicator of  sustainability. Naturally 
carnivorous and herbivorous species 
are typically farmed as omnivores with 
converging effective trophic levels due 
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to continued feeding practices and 
formulation changes. While naturally 
herbivorous species can effectively uti-
lize low-grade plant material for feeds, 
some carnivorous species may more 
efficiently convert feed into nutrient-
rich biomass. But focusing on these 
different efficiencies does not neces-
sarily result in a shift towards greater 
overall sustainability. A world focused 
solely on the efficiency of  aquatic 
food – a world of  ‘aquatic chicken’ 
– would favor globalized, vertically 
integrated seafood supply chains that 
would likely limit market access for 
marginalized communities and reduce 
the diversity of  farmed products to a 
few key commodities. Thus, efficiency 
gains in one context may actually com-
promise the environmental and nutri-
tional benefits of  access to seafood 
for humanity as a whole. Instead, a 
key goal of  aquaculture development 
should be to create species- diverse 
and nutrient-diverse food sources that 
remain accessible and appropriate to 
people across regions and economies. 
Realizing the potential of  aquaculture 
to promote environmental sustainabil-
ity requires the integration of  diverse 
goals, including food system stability, 
economic development, and global 
equity. We have shown that trophic 
level classifications of  cultured species 
can do little to guide us towards such a 
future because they ignore key intrin-
sic features of  aquaculture production 
and broader macroeconomic and con-
sumer demand.

Methods
We collated published data on aqua-
culture production, feed composition, 
and trophic levels of  wild fish spe-
cies from various sources to investi-
gate temporal trends in the effective 
trophic level of  fed aquaculture be-
tween 1995 and 2015. We also used 
food supply data to understand spa-
tial changes in apparent human con-
sumption of  fish and seafood globally. 
We extracted trophic level values for 
the wild equivalents of  farmed spe-
cies represented in our analyses using 
Fishbase and SeaLifebase repositories. 

To capture the range of  species rep-
resented in the broad taxa groups we 
use for effective trophic level calcula-
tions, we extracted available trophic 
level values from each database for 
the top ten species by farmed biomass 
within each taxon (or more if  this did 
not represent more than 90% global 
production of  that taxon).

Effective trophic level 
calculations
Effective trophic level calculations 
were required for both feed ingredi-
ents derived from forage fish (fishmeal 
and oil) and the farmed fish taxa. The 
mean trophic level of  the fishmeal and 
oil used in feed largely depends on 
changes in the annual composition of  
the forage fish harvested to produce 
them. We, therefore, calculated the 
catch-weighted mean trophic level of  
forage fish using FAO landings data 
for major forage fish species harvested 
by render fisheries. We recognize that 
at any given time, the trophic level of  
fishmeal and oil provided in the feed 
may be spatially variable as different 
forage fish species are randomly as-
signed for feed ingredients in different 
locations. But given the global nature 
of  this analysis over 20 years, we as-
sume an even contribution of  forage 
fish species to a ‘pool’ of  fishmeal and 
oil.

Using the trophic values assigned 
to feed ingredients, we calculated the 

annual global trophic level of  fed 
aquaculture across 11 farmed taxa 
within the fed sector (carps, catfish, ti-
lapias, milkfish, other freshwater fish, 
freshwater crustaceans, anguillid eels, 
trouts, salmons, shrimps and marine 
fish) and for the entire fed sector as a 
whole (marine crustaceans were omit-
ted due to lack of  temporal data in feed 
composition). We then explored the 
main drivers of  the temporal trends in 
global effective trophic level among; 
the proportion of  fishmeal and oil in-
cluded in feeds, the change in species 
composition of  fed aquaculture, or the 
change in trophic level of  forage fish 
used as feed using a sensitivity analysis. 
To explore the role of  each variable, 
we held the values for the other two 
constants at 1995 values through time 
while allowing the variable of  interest 
to vary as observed and study the ef-
fect on temporal trends in mean effec-
tive trophic level.
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By: David F . Willer, Samuel F urse & 
David C . Aldridge *

The use of live algae is driving excessive and unsustainable energy and 

resource use in bivalve production. Since the 1990s, the bivalve aquaculture 

industry has been seeking non-live alternative feeds to reduce its need for 

antibiotics. FAO and EU sustainable aquaculture policies identify urgent and 

immediate needs to reduce land, energy, and antibiotic use. Advances in 

algal production and microencapsulation technology offer a groundbreaking 

solution to reduce the environmental footprint of bivalve aquaculture. 

This investigation demonstrated that sustainable Schizochytrium-based 

microencapsulated diets could help support more effective sexual maturation 

in oyster broodstock.

The USD 17.2 billion global 
bivalve shellfish industry 
relies upon a supply of  ju-
venile bivalves produced 

by broodstock in hatcheries. Cur-
rent estimates suggest that 220 mil-

Microencapsulated algal feeds as 
a sustainable replacement diet 
for broodstock in commercial bivalve aquaculture
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lion broodstock bivalves are held in 
hatcheries worldwide and are usually 
fed with live algae, which its produc-
tion drives unsustainable land, energy, 
and antibiotic use. Artificial lighting, 
temperature, and air control systems 

are needed to support algal growth. 
Furthermore, algal stocks are diffi-
cult to maintain and frequently lost 
due to contamination and disease, so 
greater quantities must be produced, 
accounting for 50% of  bivalve pro-
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duction costs at USD 220 kg-1 algal 
biomass in 2016. Live algal feeds are 
the primary vector of  bivalve disease, 
which is controlled with antibiot-
ics. Antibiotics cause severe damage 
to marine ecosystems; in the world’s 
largest bivalve producers, no veteri-
nary prescriptions are required for 
antibiotics with use essentially un-
regulated. Non-live diets are more 
sterile, and hence since the 1990s, the 
bivalve aquaculture industry has been 
seeking non-live alternative feeds to 
reduce antibiotic needs. FAO and 
EU sustainable aquaculture policies 

identify urgent and immediate needs 
to reduce land, energy, and antibiotic 
use. Advances in algal production 
and microencapsulation technology 
offer a groundbreaking solution to 
reduce the environmental footprint 
of  bivalve aquaculture. Schizochytrium 
algae can be grown heterotrophically 
on industrial scales at USD $1.50 kg-
1, using low-cost food waste and ag-
ricultural side-streams as inputs. For 
bivalve nutrition, Schizochytrium has 
advantages, with levels of  key nutri-
ents such as docosahexaenoic acid 
(DHA) exceeding 20% dry-weight: 

Other advantages 

of replacing live algal feeds 

with microencapsulated feeds 

in bivalve aquaculture include 

20-fold reductions in energy 

use, carbon emissions, and 

production costs.
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greater than twice the abundance of  
DHA in hatchery-grown algae. Novel 
microcapsules are an ideal vehicle for 
delivering Schizochytrium to brood-
stock. Mass production is simple and 
cost-effective, and the microcapsules 
dry and shelf-stable, thus circumvent-
ing conventional feed wastage costs. 
Capsule characteristics can be tai-
lored to maximize feeding efficiency 
and minimize nutrient leaching to wa-
ter while also being sterile and not a 
disease vector. The nutritional profile 
of  microencapsulated feed compared 
to conventional algal feed is shown in 
Table 1.

Other advantages of  replacing live 
algal feeds with microencapsulated 
feeds in bivalve aquaculture include 
20-fold reductions in energy use, car-

bon emissions, and production costs 
(see Figure 1). However, for the re-
placement to be commercially viable, 
it is critical to assess whether micro-
encapsulated feeds provide compa-
rable sexual development in bivalve 
broodstock compared to convention-
al algal feeds. 

Results
Sexual maturation: gonad weight. 
We first tested the impact of  replac-
ing live algal diets with microencap-
sulated Schizochytrium diets on oyster 
gonad weight. Both microencapsu-
lated and live algal diets resulted in 
greater gonad weight European oys-
ters () following a 6-week broodstock 
conditioning period in a commercial 
hatchery. Mean wet gonad weight 

was significantly greater in oysters 
fed algae, microcapsules, or algae + 
microcapsules compared to oysters 
pre-conditioning. Gonad weight was 
greatest in oysters fed with microcap-
sules, although this value was not sig-
nificantly different from oysters fed 
with algae.

Sexual maturation: fatty acid and 
lipid abundance. Demonstration that 
microencapsulated Schizochytrium diets 
could facilitate comparable or greater 
increases in gonad mass than live algal 
diets provided macroscopic evidence 
that microencapsulated diets could be 
an effective replacement for live al-
gae sexual maturation. We hence em-
barked upon a molecular investigation 
of  gonad lipids and gametogenesis to 
provide further explanation.
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Mass spectrometry was used to 
determine the abundance and profile 
of  fatty acids. These data showed that 
fatty acid mass in O. edulis gonads was 
greater post-conditioning compared 
to pre-conditioning. The greatest dif-
ferences in abundance (over 400 ‰) 
were present in 16:0, 18:0, 18:1, 20:5 
(EPA), and 22:6 (DHA) fatty acids 
(see Supplementary Information Ta-
ble S1a in original article).

The greatest difference in fatty 
acid abundance relative to the pre-
conditioning controls was seen in 
oysters fed only microcapsules. For 
40 of  the 45 fatty acids, the differ-
ence was significantly greater for mi-
crocapsule-fed oysters than algae-fed 
oysters. In particular, the difference in 
20:5 and 22:6 fatty acids was 12 times 
greater. The post-conditioning dif-
ference in fatty acid abundance was 
also significantly greater in oysters 
fed only microcapsules compared to 
oysters fed algae + microcapsules in 
41 of  45 cases. 

The abundance of  other lipids 
in O. edulis gonads was also greater 
post-conditioning compared to pre-

conditioning. However, there was 
only a significant difference between 
diets for 30 of  the 792 lipids assessed. 
The significantly greater post-condi-
tioning abundance of  fatty acids and 
lipids in oysters fed microcapsules 
provide a biochemical explanation to 
our initial finding of  strong increases 
in gonad mass in oysters fed micro-
capsules. We can again assume that 
the greater abundance represents an 
increase over time relative to the pre-
conditioning controls.

Sexual maturation: histology. His-
tological imaging of  the oyster go-
nads revealed that oysters fed either 
microcapsules or algae + microcap-
sules were at a more advanced stage 
of  sexual maturation after 6-weeks 
of  conditioning than oysters fed al-
gae alone. Oysters fed algae alone 
had progressed from having largely 
inactive gonads to advanced sper-
matogenesis, with follicles filled with 
spermatogonia and spermatocytes. In 
contrast, oysters fed microcapsules in 
addition to or in replacement of  al-
gae had reached full maturity and had 
dense follicles with many spermatids.

This investigation demonstrates 

that Schizochytrium-based 

microencapsulated diets 

enable not only comparable 

but improved sexual maturation 

in oyster broodstock compared 

with conventional live 

algal diets.
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Discussion
Microencapsulated diets enable im-
proved sexual maturation in oysters. 
Our investigations demonstrate that 
Schizochytrium-based microencapsu-
lated diets enable not only compa-
rable but improved sexual matura-
tion in oyster broodstock compared 
with conventional live algal diets. The 
gonads of  oysters fed microencap-
sulated diets were of  greater weight, 
contained higher levels of  omega-3 
fatty acids crucial for sexual matura-
tion, and underwent accelerated sper-
matogenesis.

The significant increases in EPA 
and DHA in microcapsule relative to 
algae-fed oysters are especially mean-
ingful. EPA is the primary energy 
source for gamete maturation, with 
higher levels directly increasing gam-
ete quantity and development rate. 
DHA is pivotal to the structure and 
function of  gamete cell membranes, 
with higher levels increasing gamete 
quality and egg survival rates. High 
levels of  EPA and DHA in the Schizo-
chytrium-based microcapsules are like-

ly driving this increase. To date, there 
is no clear evidence that either fatty 
acid can be synthesized de-novo by 
oysters from shorter chain precur-
sors. The more rapid advance of  
spermatogenesis in oysters fed a mi-
croencapsulated diet is highly likely 
driven by the greater levels of  EPA 
and DHA in these animals, a causal 
relationship demonstrated by several 
previous studies. This offers strong 
support for the use of  microcapsules 
as a broodstock conditioning feed.

It is important to consider that 
for future application, the nutritional 
formulation of  the microcapsules 
would need to be tailored further 
for increased protein content or fed 
alongside a quantity of  live algae. The 
current protein content of  the mi-
crocapsules is lower than that of  live 
algae (6 vs. 31 g protein per 100 g dry 
weight, see Table 1). Protein is im-
portant in bivalve larval development 
and for shell formation, and if  it is 
insufficient juvenile growth can be 
suppressed. There would be signifi-
cant value in performing additional 

studies investigating the effectiveness 
of  a higher protein formulation of  
microcapsules on bivalve broodstock 
conditioning and juvenile develop-
ment.

Regarding the newly developed 
microcapsules, the size is tailored to 
maximize bivalve feeding efficiency 
(20–140 µm diameter) and buoyancy 
neutral to ensure particles remain 
within reach of  the filter feeders. 
This is an improvement over a ba-
sic freeze-dried algal powder deliv-
ery system. Powders tend to float on 
the water surface and can clump into 
particles too large to be accessed by 
bivalves. The waxy encapsulant mini-
mizes pre-ingestive nutrient loss by 
allowing particles to remain stable 
and retain nutrients in seawater yet 
still be rapidly digested on entry to 
the bivalve gut. The specialized coat-
ing allows minimal leaching to the 
surrounding water, reducing eutro-
phication risks. The encapsulant also 
has strong antibacterial properties, 
and contents are sterile, which reduc-
es disease incidence in aquaculture 
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relative to live feeds and enables re-
duced antibiotic usage.

Sustainability and commercial 
implications. The use of  live algae is 
driving excessive and unsustainable 
energy and resource use in bivalve 
production. This investigation dem-
onstrated that sustainable Schizochy-
trium-based microencapsulated diets 
could help support more effective 
sexual maturation in oyster brood-
stock.

However, given that microencap-
sulated diets enabled comparable 
and improved sexual development in 
bivalve broodstock, there is potential 
to reap even further commercial and 
sustainability benefits. Higher quality 
broodstock with greater lipid stores 
directly translates into a higher qual-
ity seed with a greater inherent sur-
vival rate. More rapid sexual matura-
tion enables seed production earlier 
in the season, giving the seed a great-
er growing period before their first 
overwintering. The corresponding 
greater size and cold tolerance again 

increase survival. Increased sexual 
maturation rates also mean shorter 
conditioning cycles and greater lar-
vae and seed production for a given 
hatchery each year. As the supply of  
bivalve seed is one of  the biggest 
factors limiting the growth of  the 
bivalve industry, with demand far 
outstripping supply, microencapsu-
lated feeds could play an important 
role in enabling the bivalve industry 
to expand.

Bivalve aquaculture is far more en-
vironmentally sustainable than other 
aquaculture and meat production 
forms and even some cereal crops. 
We spare 9 ha of  land, 67 tonnes 
of  CO2 emissions, and 40,000 L of  
freshwater for every new ton of  pro-
tein produced from bivalve instead 
of  fish aquaculture. Any technology, 
such as microencapsulated diets that 
might enable bivalve aquaculture to 
grow instead of  other aquaculture, 
should be viewed as of  great benefit 
and a worthwhile recipient of  fur-
ther research and industry attention.

Methods 
Microcapsule manufacture. Lipid-
walled microcapsules containing 
50% powdered Schizochytrium algae 
by weight were manufactured under 
patent by BioBullets (BioBullets Ltd, 
Cambridge, UK). To manufacture 
the particles, a premix slurry contain-
ing a waxy encapsulant with antibac-
terial properties and powdered algae 
was prepared under controlled shear 
conditions. The slurry was pumped 
into an ultrasonic atomizing nozzle 
at the top of  a cooling chamber. The 
atomized particles formed near-per-
fect spheres as they cooled and fell 
to the chamber base. Further particle 
cooling was achieved with an air-
conveying system before discharge 
via cyclone to a fluid bed processor. 
The encapsulated particles were then 
coated with a proprietary non-ionic 
surfactant to aid dispersion in wa-
ter. Further cooling in the fluid bed 
removed all heat of  crystallization 
from the microparticles before pack-
aging. All components of  the formu-

The waxy encapsulant 

minimizes pre-ingestive 

nutrient loss by allowing 

particles to remain stable 

and retain nutrients in 

seawater yet still be rapidly 

digested on entry to the 

bivalve gut.
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lation were food grade. The final mi-
crocapsules had a diameter between 
20 and 140 µm, spherical shape, and 
near-neutral buoyancy.

Broodstock conditioning. Con-
ditioning experiments on O. edulis 
broodstock took place under com-
mercial production conditions in 
England. Experiments took place 
over 6-weeks and were carried out 
in three 25 L aerated flow-through 
tanks kept at ambient hatchery tem-
peratures (18–24 °C) and salinities 
(26–28 ‰), offering further com-
mercial context to our experiments. 
Each tank contained 15 O. edulis 
broodstock and received one of  the 
following three diets: live algae, mi-
crocapsules (BioBullets), or algae + 
microcapsules. Each feed was fed at 
3% daily, considering dw for food 
and broodstock. It means oysters on 
the algae + microcapsules diet re-
ceived twice as much food as oysters 
on the single food diets. The 3% ra-
tio is recommended as an additional 
algal ratio above this value has been 

shown to have little effect on O. edulis 
nutrient uptake. Feed was delivered 
using a continuous system. At the 
end of  the 6-week conditioning pe-
riod all broodstock were frozen and 
transported to the Department of  
Zoology, University of  Cambridge, 
England, where they were frozen at 
-80°C. Before the conditioning peri-
od began, an additional sample of  15 
broodstock was also frozen for use 
as pre-conditioning controls.

Gonad weight analysis. The en-
tire gonad mass was dissected from 
nine oysters from each diet and the 
control sample, keeping the samples 
below 0 °C on dry ice. Gonad wet 
weight for each oyster was measured 
to a precision of±1 mg. Gonad tissue 
was stored at -80 °C.

Fatty acid and lipid analyses. 
Reagents, Extraction of  the lipid 
fraction, and Mass spectrometry are 
fully described in the original publi-
cation.

Sexual maturation analyses. To 
assess sexual maturation, all gonadal 

tissue was dissected from 5 oys-
ters from each diet and the control. 
Tissue was fixed, sectioned, stained 
using hematoxylin and eosin, and 
imaged under light microscopy fol-
lowing a standard protocol.

Data processing and statisti-
cal analyses. Methods are fully de-
scribed in the original publication, 
cited at the end of  this article.

*This is a summarized version developed by Ph.D. 
Carlos Rangel Dávalos, researcher and professor at 

the University of Baja California Sur México from the 
article “Microencapsulated algal feeds as a sustainable 
replacement diet for broodstock in commercial bivalve 
aquaculture” written by David F . Willer, Samuel F urse, 
and  David C . Aldridge that was originally published on 

2020 through the Journal of Scientific Reports of Nature 
Research (10:12577) under a creative commons 4.0 

open access license. 

The original version can be accessed online at: 
https://doi.org/10.1038/S41598-020-69645-0

Correspondence email: dw460@cam.ac.uk 
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This analysis developed by researchers at the University of California, 

the University of Stirling, NOAA, and collaborative agencies and institutes 

from Germany, Spain, the UK, Finland, and the USA reflects on the future 

of seafood for the ICES nations and food system accountability in a global 

market, including adaptive strategies under a changing climate, based on 

the comparative analysis of general trends of wild capture from fisheries vs. 

aquaculture production over the last five decades.

By: Halley E. Froehlich, Jessica Couture, Lynne Falconer, Gesche Krause, James A. Mor-
ris, Montse Perez, Grant D. Stentiford, Harri Vehvila¨inen, and Benjamin S. Halpern *

Many of  the 20 Inter-
national Council for 
the Exploration of  the 
Sea (ICES) member 

nations have been global leaders in 
protecting and managing wild fisher-
ies. Still, to date, we found that most 
ICES nations lack long-term strate-
gies for aquaculture growth, with 
an increasing gap between future 
domestic production and consump-
tion. Thus, resulting in a potential 
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Mind the gap between 
ICES nations’ future 
seafood consumption and 
aquaculture production
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7 million tonne domestic seafood 
deficit by 2050, which imports from 
other countries would supplement. 
Our findings highlight the need to 
prioritize aquaculture policy to set 
more ambitious domestic produc-
tion goals and improve sustainable 
sourcing of  seafood from different 
parts of  the world, with explicit rec-
ognition and strategic planning for 
climate change affecting such deci-
sions.

The lack of  effective management 
during the rise of  industrial-scale 
fishing led to the overharvest and 
collapse of  many stocks. Yet, policy 
reform and associated fisheries man-
agement, initiated mainly during the 
mid-1990s, demonstrated effective 
ways to recover and sustain several 
major fisheries. However, while most 
assessed fisheries appear sustain-
able, meeting the growing demand 
and food security need for seafood 
has not and cannot be met without 
other forms of  seafood production 
(freshwater and marine), particularly 
aquaculture—now accounting for ap-
proximately of  all global aquatic pro-
duction.

As the human population has ex-
panded to 7.7 billion people, changes 
in the availability and access to sea-
food have influenced the contribu-
tion of  ICES nations to global sea-
food production and consumption. 
First, improved fisheries manage-
ment has recovered many stocks, but 
global catches have stagnated in the 
absence of  global reform adoption, 
particularly in coastal developing na-
tions more dependent on seafood 
for food security and livelihoods. As 
a result, a major factor contributing 
to the change in seafood production 
came from countries focused on fish-
ing and aquaculture development. 
Importantly, the growth in aquacul-
ture production occurred in parallel 
with global trade, transporting wild 
and farmed seafood products all over 
the world. As a result, ICES nations 
now account for a much smaller pro-
portion of  global consumers and 
producers. Yet, total demand for sea-
food continues to increase in ICES 
countries and around the world and 
the associated food security issues 
therein.

The fundamental question of  
how ICES nations will continue to 
develop sustainable aquaculture in-
dustries to help meet their own ex-
pected seafood needs and contribute 
to the global market is still unan-
swered; this is an issue that is likely 
to become even more relevant in the 

face of  climate change. For fisheries, 
many wild-stock ranges are expected 
to shift out of  originally managed ex-
tents to track ocean temperature, and 
productivity and recruitment declines 
may lower the overall productivity. 
For aquaculture, marine production 
faces similar temperature and acidi-
fying pressures as their wild coun-
terparts, while inland production is 
combating flooding and sea-level rise 
while compromising the health and 
infrastructure of  cultured systems. 
Thus, although there is recognition 
that climate change threats to aquatic 
systems will likely grow, the longer-
term strategic adaptive planning, es-
pecially for aquaculture, still appears 
nascent.

Given the history and relevance 
of  seafood for ICES countries, we 
ask what role sustainable aquaculture 
may play in these countries in the fu-
ture, including consideration of  trade 
and climate change. Drawing on ex-
isting quantitative and qualitative 
data sources, we explored the relative 
trends and forward-looking strategies 
for aquaculture among the respec-
tive nations that were, and continue 
to be, leaders in fisheries science and 
management. First, we assessed the 
change in aquatic sources of  the col-
lective and individual 20 ICES na-
tions by comparing the general trends 
(tonnage and interannual variation) 
of  wild capture vs. aquaculture pro-
duction over the last five decades, 
paying particular attention to the top 
producing countries. Next, to deter-
mine how future aquaculture goals 
of  the ICES members matched the 
prevailing trends. From the referenc-
es, we extracted set goals, if  any, for 
future aquaculture production (year, 
tonnage, and type). We then modeled 
the potential 2050 aquaculture in-
creases (based on the growth targets) 
to that of  the possible total seafood 
consumption (i.e. demand) over the 
same period, noting years of  surplus 
or deficit. Recognizing that seafood 
from other countries fills domestic 
deficits, we highlight the top non-
ICES seafood-trade partners, aqua-
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culture production in those countries, 
and the implications for sustainable 
seafood. Lastly, we sought evidence 
of  a base-level consideration of  cli-
mate change concerning future ICES’ 
goals, given the increasing recogni-
tion climate change-related impacts 
may challenge aquaculture globally. 
Based on the results, we reflect on the 
future of  seafood for the ICES na-
tions and food system accountability 
in a global market, including adaptive 
strategies under a changing climate. 

Methods
We used United Nations’ Food and 
Agriculture Organization (FAO) 
data (production and food supply) 
to compare general trends of  pro-
duction and variation in wild capture 
and aquaculture (freshwater and ma-
rine, excluding aquatic plants) of  the 
20 ICES’ nations over the last five 
decades. First, we assessed how the 
percentage of  contribution of  ICES 
total (in tonnes) consumption and 
production (capture plus aquacul-
ture) has changed over time relative 
to global trends. Finding declining 
trends, which suggests a smaller role 
in global seafood overall, we next as-
sessed which ICES nations contrib-
uted to the past and the more recent 
production of  wild and farmed sea-
food, and the evenness of  that ton-
nage per country by comparing the 
coefficient of  variation (C.V.) of  the 
intercountry output. Lastly, we com-
pared the yearly percentage change in 
capture and aquaculture production 
and the probability of  seeing more 
increases instead of  declines over 
time in the respective systems.

We compiled information (gov-
ernment and industry) on proposed 
growth targets for the ICES member 
nations for assessing future aqua-
culture goals since 2013. From both 
experts and Internet searchers, we 
incorporated industry-reported val-
ues for nations where we could not 
find explicit government targets (Ice-
land) or that were cited by the gov-
ernment. We also noted if  the asso-
ciated references mention the term 

“climate change”, which we used as 
a basic indicator of  recognition and 
possible consideration for aquacul-
ture growth. While our approach re-
sulted in information on aquaculture 
growth for every ICES country, we 
may have missed other, less acces-
sible documents or sources due to 
language barriers, policy relevance, or 
limits on information sharing.

To test the feasibility and trajectory 
of  ICES seafood production and con-
sumption, we combined and fit mod-

els to past and future FAO aquaculture 
data (production and consumption) 
and the extracted future values. We 
then compared future production 
goals to the potential total consump-
tion trend—assuming a statistically 
significant linear increase in total con-
sumption to 2050—to calculate the 
seafood production deficit. We focus 
on the “domestic deficit” because sea-
food imported from other countries 
(external to ICES) has different envi-
ronmental and policy implications.



» 45

In addition to assessing the “do-
mestic deficit”, we compiled the top 
import-seafood-trade ICES partners 
(USD$) and the production of  aqua-
culture and wild fisheries to qualita-
tively compare the dependence on 
other, potentially less regulated coun-
tries for seafood.

Past trends of catch and produc-
tion
The volume of  wild-capture fisheries 
production dwarfs total aquaculture 
among the ICES countries. As of  
2015, eight nations (Canada, Den-
mark, Iceland, Norway, Russia, Spain, 
the United Kingdom, and the United 
States) accounted for nearly all (87%) 
of  the total ICES wild capture (16.8 
million tonnes). These same coun-
tries contributed the vast majority of  
aquaculture production (88%) among 
the 20 top countries that contributed 
to this result. However, the contribu-
tion of  the tonnage of  wild capture is 
much more evenly distributed.

In evaluating past and current 
temporal trends in production for 
wild-caught and farmed seafood, we 
see that capture fisheries production 
has varied little over time. On aver-
age, yearly catches in a given ICES 
country have a slightly higher prob-
ability of  declining from the previous 
year since the 1990s. Consistent with 
global trends, present capture fish-
eries within ICES countries appear 
either relatively stable or declining, 
while aquaculture has been steadily 
increasing.

Targets for aquaculture growth
Since 2013, all ICES countries have 
government-sponsored or industry-
led reports or initiatives that state po-
tential growth interests or goals for 
aquaculture (freshwater and marine) 
within their territorial boundaries. 
Only three countries (Canada, Spain, 
and Norway) outlined more strategic 
planning for 2030–2050. Nearly all 
documented targets were for a dou-
bling of  production or less, with only 
four countries setting more ambi-
tious growth production goals into 

the future: Portugal, Belgium, Spain, 
and Norway. Norway’s target repre-
sents the most substantial proposed 
increase in total production, while 
Portugal, Belgium, and Spain’s targets 
represent more modest increases of  
25 000 tonnes, 820 tonnes, and 447 
000 tonnes, respectively.

In addition to general production 
goals, we found a tendency of  focus-
ing on marine expansion compared 
to freshwater. This is not necessar-
ily surprising, given current marine 
production is approximately fourfold 

that of  freshwater aquaculture in 
ICES countries. Some countries even 
specified the species or mode of  pro-
duction they were interested in ex-
panding. Of  note, nearly all of  ICES 
countries mentioned spatial planning 
or zoning as part of  the specific strat-
egy for growth.

Sources with mentions of  spatial 
planning tended to cooccur with the 
acknowledgment of  preparation for 
climate change (84% of  sources). 
However, detailed climate change ac-
tion plans for aquaculture, especially 
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long-term, were not apparent in the 
documents we assessed. 

Looking across the ICES mem-
bers’ goals, what emerges is the clear 
pattern that most countries have es-
tablished comparatively conservative 
targets for increasing aquaculture 
production. However, interest in 
some level of  growth appears ubiq-
uitous.

Mind the domestic production 
gap
Applying each country’s aquaculture 
growth trajectories out to the year 
2050 and modeling the potential 
growth over time, we uncovered that 
ICES nations’ goals appear feasible 
given past aquaculture production 
trends. However, while the trajecto-
ries may seem achievable based on 
previous growth of  the sector, there 
are potential constraints and bottle-
necks to aquaculture development, 
such as a lack of  available sites, lost 
production from disease, highly re-
strictive regulations, and poor public 
perception and social license, among 
other factors. Nonetheless, assuming 
that these challenges are addressed, 
and aquaculture production goals of  
each country are met, ICES coun-
tries’ goals could reflect production 
potential in the future, with Norway 
driving 2050 growth.

We also found that ICES nations 
have a mounting domestic seafood 
production deficit from consuming 
more seafood than they produce, 
which means a growing reliance on 
imports that may be less sustainable. 
If  we assume a linear relationship 
of  total seafood consumption over 
time, we expect to see an average 
of  57% increase in the total amount 
consumed by 2050. Accounting for 
a continued rise in ICES consump-
tion and the production goals of  the 
associated nations, we project a sea-
food deficit of  7 million tonnes by 
2050. While an ICES seafood deficit 
in production is not a certainty, this 
analysis demonstrates that it is much 
more likely under current production 
and consumption trends and poten-

tially presents a greater risk of  sourc-
ing less sustainable food items in the 
future.

Conclusions and recommenda-
tions
While great strides were made to 
support best fisheries practices—in-
cluding governance, funding, and 
research support—to recover many 
wild stocks, much less effort has been 
given in most of  the ICES nations 
to usher in aquaculture practices 
in a similar, but more anticipatory 
manner. Interestingly, we found that 
even with the apparent recognition 
by all current ICES countries that 
aquaculture will play an increasingly 
important role in future seafood pro-
duction, most planning appears very 
short term and conservative. The 
development of  long-term aquacul-
ture strategies is not just about total 
production. It must also include mea-
sures to advance improved farming, 
technology, and participation in the 
changing seafood market, ideally with 
sustainability leading these compo-
nents. While the goals moving for-
ward to 2050 by the ICES nations may 
be feasible as the growing challenges 

are addressed, growth predominantly 
depends on one country, Norway. 
Even if  the goals are met, this does 
not reconcile the deficits in seafood 
production, requiring increases in 
seafood imports, often from places 
with considerably fewer rules and 
regulations for sustainable harvest or 
production. In addition, lack of  aqua-
culture consideration creates a major 
gap in adaptively planning for climate 
change impacts on the seafood sec-
tors domestically and from exporting 
countries.

Governance is key to adaptive 
planning, and targeted policies that 
support, not just regulate, domes-
tic aquaculture are needed if  ICES 
countries wish to address the skewed 
production landscape. Aquaculture-
specific national legislation, which 
clearly defines requirements and ob-
jectives, is important but not always 
guaranteed (e.g. Canada), particularly 
for marine aquaculture. Importantly, 
the legislation likely needs to go be-
yond robust regulatory standards, 
which exist in many of  these nations, 
to include explicit support—which is 
debatably the case for wild-capture 
fisheries. For instance, zoned Aqua-
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*This is a summarized version developed by the editorial 
team of Aquaculture Magazine of the original article 

“Mind the gap between ICES nations’ future seafood 
consumption and aquaculture production” a contribu-
tion to the themed section ‘Marine Aquaculture in the 

Anthropocene” developed by Halley E. Froehlich, Jessica 
Couture, Lynne Falconer, Gesche Krause, James A. Mor-
ris, Montse Perez, Grant D. Stentiford, Harri Vehvila¨inen, 

and Benjamin S. Halpern that was originally published 
on the ICES Journal of Marine Science (2021), 78(1), 

468–477. The full version can be found online at: 
doi:10.1093/icesjms/fsaa066

culture Management Areas—a des-
ignated area shared by farmers to 
minimize risk and impact to the sur-
rounding environment—could be a 
tangible near-term goal for pursuing 
longer-term aquaculture growth, es-
pecially for countries with some form 
of  spatial planning and management 
already in place.

Trade is intertwined with domes-
tic seafood governance, especially 
if  ICES nations intend to address 
the displacement of  social and eco-
logical burdens bound to imported 
seafood. We found the potential for 
a domestic seafood production defi-
cit more likely now and increasingly 
so in the future, which increases the 
chance of  imports of  less expensive 
seafood from less regulated countries 
in the absence of  interregional laws. 
This “whole system” perspective (i.e. 
beyond local or domestic impacts) 
applies to nearly every commodity in 
this globalized age. Still, seafood, in 

particular, is one of  the most traded 
commodities on the planet, and pro-
duction is so heavily skewed globally 
(ca. 90% of  production in SE Asia). 
Accountability of  the impacts of  our 
food beyond local and national bor-
ders is legally difficult but morally de-
serves attention.

Not only do ICES countries need 
strategic domestic and international 
aquaculture policies, but these efforts 
should also be done in the context of  
changing environmental conditions. 
Climate change is already impacting 
fisheries and aquaculture, including 
ICES members, and conditions are 
predicted to get more challenging in 
the coming decades, especially in the 
absence of  active mitigation and ad-
aptation measures.

In general, ICES’ governments 
need more deliberate and strategic 
plans about the extent to which they 
wish to increase aquaculture produc-
tion in their own waters vs. import-

ing farmed and capture species from 
other countries’ waters and how these 
decisions may fare under a chang-
ing climate. While the solution of  
“producing more” domestically may 
sound simple, it is, in fact, a grand 
challenge that emerges from highly 
complex socioeconomic and cultur-
al values around seafood, alongside 
population and demand growing for 
seafood, and climate change threat-
ening both fishing and aquaculture 
sectors, as well as the people who de-
pend on them.
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zner, and Jenny Rodríguez *

Despite its significant growth, the shrimp farming industry has constantly 

been hit by viral and bacterial pathogens. Recently, the emergence of new 

strains of highly virulent vibrios, capable of causing severe mortalities has 

been reported within the shrimp farming industry. Most strains of pathogenic 

vibrios have shown resistance to common antibiotics, making them 

difficult to control in aquaculture production systems. To a large extent, the 

emergence of resistant strains is due to the misuse of antibiotics, commonly 

adopted by producers to treat vibriosis.

A promising low-risk and 
environmentally friendly 
strategy is antivirulence 
therapy. Antivirulence 

therapy is based on the interruption 
of  bacterial communication, known 
as quorum sensing (QS). It minimizes 

Essential oils mediated 
antivirulence therapy 
against vibriosis in Penaeus vannamei

ARTICLE

the risk of  microbial resistance as it 
inhibits virulence without affecting 
bacterial growth. Bacteria communi-
cate through QS using small chemical 
molecules called autoinducers and ac-
quire collective behaviors to regulate 
the expression of  several virulence 

factors. QS is involved in factors such 
as: bioluminescence production, bio-
film development, exopolysaccharide 
production, swarming motility, plas-
mid transfer, secondary production 
of  metabolites, and interactions with 
the host and other microbes.
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It is well known that biolumines-
cence, biofilm formation, swarm-
ing motility, and toxin production in 
Vibrio species are mediated by the 
QS system to distinguish between 
high or low population density and 
coordinate the genetic expression 
of  the entire community. Vibrios 
can launch a coordinated attack that 
facilitates overcoming the host’s de-
fense barriers thanks to QS-mediated 
mechanisms. QS has been linked to 
the virulence of  pathogenic vibrios 
important to aquaculture. Prevent-
ing vibrios communication or alter-
ing their QS mediated responses are 
appealing strategies to reduce or even 
abolish their virulence.

Natural products, specifically es-
sential oils (EOs) at sublethal doses, 
can alter the QS system and thus the 
virulence of  pathogenic bacteria. As 
a result, EOs have recently been pro-
posed as an efficient and safe alterna-

tive for antibiotics replacement. The 
purpose of  this study was to identify 
EOs that can interfere with the QS 
of  known pathogenic vibrios in P. 
vannamei farming.

Bacterial strains, growth condi-
tions, and essential oils evaluation
Four vibrios were used in this study, 
V. harveyi (strain E22), V. campbel-
lii (stain LM2013), V. parahaemo-
lyticus (strain ATCC 27969) and V. 
vulnificus (strain S2). All strains were 
grown aerobically in Luria Bertani 
agar. Five essential oils (EOs) were 
evaluated, essential oil of  Organum 
vulgare (EOOv), Melaleuca alternifolia 
(EOMa), Cymbopogon citratus (EOCc), 
Cinnamomum verum (EOCv), and Thy-
mus vulgaris (EOTv). For the anti-QS 
assays, the EOs were emulsified. It 
was previously determined that the 
dosage of  the substance used as an 
emulsifier does not influence the pa-

rameters evaluated.
Minimum inhibitory concentra-

tion (MIC) and minimum bactericidal 
concentration (MBC) values of  Eos 
were determined to establish sub-
lethal doses, affecting only the QS in-
dicators of  bioluminescence, biofilm 
development and swarming motility, 
without affecting the viability of  vib-
rios. A positive control (containing 
inoculum but no EO) and negative 
control (containing EO but no in-
oculum) were included on each mi-
croplate, in addition to six replicates 
for each concentration of  EOs and 
controls.

Effect of EOs on the biolumines-
cence and biofilm formation 
Given that bioluminescence in Vib-
rio species is one of  the phenotypes 
which is controlled by quorum sens-
ing (Manefield et al., 2000), we exam-
ined the possibility that EO may af-
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fect bioluminescence in V. harveyi and 
V. campbellii wild type strains.

The effect of  EOs on biofilms of  
the four Vibrio strains, V. harveyi, V. 
campbellii, V. parahaemolyticus and V. 
vulnificus, was assessed. The bacte-
rial biofilm biomass was stained with 
violet crystal (CV) and quantified 
spectrophotometrically. Bacterial sus-
pensions for each Vibrio strain were 
prepared. A control was performed 
containing bacterial suspension with-
out EO with six replicates for each 
concentration. The planktonic cells 
were removed, and the generated 
biofilms were carefully washed twice. 
The plates were then rinsed to remove 
excess dye and dried at room tem-
perature. The data were transformed 
to (%) biofilm formation considering 
100% biomass of  untreated bacterial 
biofilms (negative control).

Effect of EOs on swarming motility
The effect of  the EOs on the swarm-
ing motility of  the four vibrios was 

also evaluated. The LBb supplement-
ed was autoclaved. After the medium 
LB was cooled to 45 ± 3 °C, the 
EOs were added separately to each 
concentration to be evaluated. The 
medium LB was dispensed in Petri 
dishes, and the plates were dried for 
15 min and immediately following 
vibrios inoculum was inoculated in 
the center of  the plates. The plates 
were incubated at 26 °C for 72 h, and 
the migration of  the swarming motil-
ity was measured in mm. The swarm-
ing motility migration of  the treated 
vibrios with EO was compared with 
the swarming motility migration of  
the untreated vibrios. In addition, the 
effect of  EOs on swarming motility 
in the presence of  the antibiotic was 
also evaluated.

In vitro and in vivo toxicity of EOs
Initially, the toxicity of  the EOs was 
determined in vitro by MTT reduc-
tion assay. First, hemolymph was ex-
tracted from healthy shrimp. Then, 

a primary culture of  hemocytes was 
carried out with Hanks salts. The pri-
mary cultures were incubated, and 
there were six replicates for each con-
centration evaluated. A control of  
hemocytes without EO was included. 
The results were transformed into 
percentages of  cell viability.

To determine the safety of  EOs 
in vivo, P. vannamei larvae were used 
in three larval stages, zoea 1 (Z-1), 
mysis 1 (M-1), and post larva (PL-
3). Shrimp larvae were provided by a 
commercial hatchery. Each trial was 
carried out independently. The water 
used in the tests was filtered and ster-
ilized in an autoclave. The EOs were 
applied every eight hours in relation 
to the total volume of  water of  each 
experimental unit. As a control, lar-
vae were included under the same 
conditions but without exposure to 
EOs. The larvae were monitored for 
96 h. The data were transformed to 
survival percentages, considering 
100% as the survival of  larvae that 

Natural products, specifically 

essential oils (EOs) at 

sublethal doses, can alter 

the QS system and thus 

the virulence of pathogenic 

bacteria.
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did not receive EOs. Additionally, the 
data obtained were determined the 
dose causing 50% mortality (LD50) 
for each larval stage of  shrimp.

In vivo antivirulence effect of EOs 
and Effect of EOs application in P. 
vannamei grow-out ponds
 The antivirulence effect of  the EOs 
was verified by a challenge test using 
healthy P. vannamei larvae of  the stage. 
The bacterial inoculum was prepared, 
and as control, a culture of  V. camp-
bellii without EO was performed. The 
culture flasks were incubated. Subse-
quently, the cultures were centrifuged, 
the supernatants were discarded, and 
the pellet cells were resuspended and 
immediately inoculated to each treat-
ment assigned. This bioassay consid-
ered 100% of  the virulence to the 
inoculum of  V. campbellii cultivated 
without EO. 

The potential effect of  two EOs 
in shrimp production grow-out sys-
tems was evaluated. Each day, the 

EOs were incorporated into the 
commercial pelleted feed and were 
immediately supplied to the assigned 
ponds. Daily feeding was set initially 
to approximately 3% of  the aver-
age body weight of  the shrimp and 
adjusted weekly based on observed 
feed consumption and growth. Final 
shrimp survival (%), average weight 
(g), production yields (kg/ha) and 
feed conversion ratio (FCR) were 
evaluated at harvest time.

Statistical analysis
All experiments were done in six rep-
licates, except in the bioassay in grow-
out ponds that four replicas were 
used. The results were expressed as an 
average (±standard deviation) of  the 
replicates. Statistical analyses were per-
formed to determine significant dif-
ferences using one-way ANOVA after 
verifying the normality and variance 
homogeneity assumptions. When sig-
nificant differences were detected, a 
Dunnett’s analysis was applied.

EOs sublethal doses 
determination and 
bioluminescence inhibition
EOs exhibited different MIC and 
MBC values against the four Vib-
rio strains evaluated. MIC and MBC 
values were lowest for EOOv and 
EOMa, showing that their inhibi-
tory and bactericidal activities were 
stronger compared to the other es-
sential oils evaluated. MIC and MBC 
values were used as references for 
subsequent tests, and only sublethal 
concentrations below the MIC were 
assayed in each case. Results shown 
indicate that none of  the EOs affect-
ed the growth of  the four pathogenic 
vibrios at the highest concentration 
assayed.

Only EOOv and EOMa signifi-
cantly reduced the bioluminescence 
of  V. harveyi and of  V. campbellii. The 
percentage of  bioluminescence inhi-
bition in each bacterial strain showed 
a marked concentration dependency 
for the case of  EOOv and EOMa. 
EOOv was the most efficient oil to 
inhibit bioluminescence.

EOs effect on biofilm formation 
and swarming motility
EOCc, EOCv, and EOTv did not 
inhibit biofilm formation in the four 
pathogenic vibrios evaluated, so 
they were not further considered for 
the swarming test and in vivo trials. 
EOOv and EOMa significantly re-
duced the biofilms of  the four vibrios 
in a concentration-dependent man-
ner. EOOv was the most efficient 
oil in reducing the biofilms of  the 
four pathogenic vibrios by more than 
50% in each case. The antibiotic oxy-
tetracycline inhibited vibrios biofilm 
formation less efficiently than the 
EOs, especially in V. parahaemolyticus. 
The swarming motility of  the four 
pathogenic vibrios was significantly 
affected by the EOs in a concentra-
tion-dependent manner.

For the oxytetracycline swarm-
ing motility test, we selected the V. 
vulnificus strain due to its swarming 
ability to cover the entire Petri dish 
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Vibrios form biofilms on the 

surfaces of a cement slab, plastic, 

and steel coupons elements 

widely used in shrimp farming 

systems. Adhesion and proliferation 

within the biofilm are established 

mechanisms of pathogenesis and 

infection of some Vibrio species in 

shrimp.

in 96 h. In this trial, we found that 
EOs also affect antibiotic resistance. 
Since EOs decreased the swarming 
motility of  V. vulnificus, oxytetracy-
cline inhibition halos in the presence 
of  EOs were kept until the end of  
the experiment 96 h. In the control 
group, inhibition halos were reduced 
as the hours passed.

In vitro and in vivo toxicity of EOs 
and beneficial effects of EOs in P. 
vannamei grow-out ponds
EOs in vivo toxicity tests revealed that 
the earlier the larval stage, the greater 
their susceptibility to the EOs. In the 
zoea stage, the two EOs significantly 
affected the survival in most of  the 
doses evaluated. Regarding the my-
sis stage, EOs only showed a nega-
tive effect on survival at the highest 
doses evaluated. Regarding the PLs, 
EOOv decreased survival only at a 
concentration of  10.0 µgmL-1, and 

EOMa did not affect the survival of  
the PLs at any of  the concentrations 
evaluated.

Significant differences were re-
corded between the cumulative mor-
tality rates of  P. vannamei PLs, chal-
lenged with V. campbellii grown in the 
presence and absence of  EOs.

Cumulative survival and yield 
improved significantly (P < 0.05) in 
ponds treated with EOOv at both 
doses evaluated, compared to the 
control group. Regarding EOMa, 
only at the highest dose (5.0 mg kg-1) 
were survival and production perfor-
mances significantly higher compared 
to the control group.

Results Analysis
EOs have a well-reported ability 
to inhibit QS in human and animal 
pathogenic bacteria. The results we 
obtained showed that EOOv and 
EOMa can inhibit QS-mediated 

processes in four pathogenic vibrios 
related to shrimp farming. Obser-
vations from the in vitro assays al-
lowed us to determine actives doses 
for in vivo tests, in which EOOv and 
EOMa significantly increased sur-
vival of  shrimp challenged with the 
V. campbellii pathogen. EOOv and 
EOMa also showed encouraging re-
sults when used feed supplements in 
shrimp ponds.

EOOv and EOMa were able to 
inhibit the bioluminescence of  V. 
harveyi and V. campbellii. Biolumines-
cence production is positively regu-
lated by the QS and is involved in the 
establishment of  the pathogen in the 
host. Luminescent vibrios are widely 
used as models in the search for anti-
QS products because this phenotype 
is only expressed when bacteria reach 
the quorum. We assessed the effect of  
Eos on QS-mediated processes, such 
as biofilm formation and swarming 

Figure 2. Effect of essential oils and oxytetracycline on Vibrio strains swarming motility. All pictures were recorded after 
72 h of incubation. Essayed concentrations were: Essential oil of oregano (EOOv) 1.0 μgmL−1; essential oil of tea tree 
(EOMa) 5.0 μgmL−1; antibiotic (oxytetracycline) 10.0 μgmL−1; control: no essential oil or antibiotic added.
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This is a summarized version developed by Aquaculture 
Magazine’s editorial team of the original article “Essential 

oils mediated antivirulence therapy against vibriosis in 
Penaeus vannamei” written by Cristóbal Domínguez-
Borbor, Aminael Sánchez-Rodríguez, Stanislaus Son-

nenholzner, and Jenny Rodríguez  which was published 
on June 2020, by the Aquaculture Journal of Elsevier. 

The full version of the article can be accessed online at: 
https://doi.org/10.1016/j.aquaculture.2020.735639

Correspondence autor at: ESPOL Polytechnic University, 
Guayaquil, Ecuador.

E-mail address: jenrodi@espol.edu.ec (J. Rodríguez).

motility. The two EOs (EOOv and 
EOMa) that negatively affected the 
bioluminescence production were 
also shown to affect biofilm inhibi-
tion in the four studied pathogenic 
vibrios.

Vibrios form biofilms on the sur-
faces of  a cement slab, plastic, and 
steel coupons elements widely used 
in shrimp farming systems. Adhe-
sion and proliferation within the bio-
film are established mechanisms of  
pathogenesis and infection of  some 
Vibrio species in shrimp. When bio-
film formation capacity is reduced, 
antibiotic resistance and pathogen-
esis potential are also reduced in the 
population of  free-living vibrios. 
Once a mature biofilm is established, 
it is very difficult to eliminate since 
the bacteria embedded in the biofilm 
exhibit a 1000-fold increased resis-
tance to conventional antimicrobial 
agents, in this way limiting the pos-
sibilities of  treatment. 

EOOv and EOMa showed a clear 
effect on preventing biofilm forma-
tion in the four vibrios evaluated in 
the present study. To our knowledge, 
it is the first report where EOOv is 
evaluated as an agent that prevents 
biofilm formation in pathogenic vib-
rios of  P. vannamei. In addition to 
biofilms, another aspect that must 

be considered in tissue colonization 
is swarming motility, through which 
pathogenic vibrios can move collec-
tively. Vibrios are highly motile bacte-
ria due to the rotation of  the flagella 
that facilitate movement. It has been 
proven that the swarming motil-
ity of  several pathogenic vibrios of  
aquaculture interest is also positively 
regulated by QS, such is the case of  
V. harveyi, V. campbellii, V. lginolyticus. 
The swarming motility of  the vib-
rios allows them to develop a colo-
nial bacterial population both inside 
and outside the host, form biofilms, 
and become resistant to antibiotics. 
Interfering with vibrios swarming 
motility is essential to affect their 
virulence. EOOv, and EOMa signifi-
cantly reduced the swarming motility 
of  the four pathogenic vibrios for 
the control group. Swarming motil-
ity generates resistance to antibiotics 
since it facilitates close contact of  the 
bacteria with antibiotics, resulting in 
greater acquired resistance. In con-
sequence, swarming motility is more 
significant in the presence of  anti-
biotics. We observed EOs ability to 
inhibit swarming motility even in the 
presence of  the antibiotic oxytetracy-
cline, a result that indicates an addi-
tional application of  EOs, potentiat-
ing antibiotics effectiveness.

In the present study, the EOOv 
was the most efficient to inhibit QS-
mediated processes in the four vibrios 
evaluated. Most likely, the anti-QS ac-
tivity observed is related to the con-
siderable proportions of  carvacrol 
(45.6%) and thymol (5.2%) present 
in this EOOv. EOs have been widely 
used in food preparation and as a food 
preservative for human consumption 
for several decades. Both EOOv and 
EOMa were tested in shrimp grow-
out ponds, and greater survival and 
production yields were obtained. In 
both in vivo trials, better results were 
obtained with the EOOv. This result 
matches results obtained in vitro, in 
which the EOOv was more effec-
tive in arresting QS indicators. EOs 
are aromatic and limpid substances 
that can be obtained from different 
parts of  the plants, and their effec-
tiveness is given by the proportions 
of  the bioactive molecules being able 
to vary in a broad and diverse spec-
trum of  action within the same plant 
genus. In addition, EOs from the 
same plant species can vary in their 
chemical composition, depending 
on the environmental and climatic 
conditions in which they grow, their 
maturity, and the extraction method. 
In this sense, it is important to men-
tion that a disadvantage of  the use of  
EOs to control vibriosis in shrimp 
farming is that they do not have a 
standard composition. It is advisable 
to obtain EOs from guaranteed pro-
viders and evaluate each batch’s qual-
ity by means of  controlled in vitro 
tests.

Figure 3. Essential oil attenuating effect on the swarming motility of V. vulnificus in the presence of oxytetracycline 
antibiotic. After 96 h.
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The ability to predict disease resistance using genomic information in 

aquaculture species has attracted considerable research efforts. In the 

current study, various Machine Learning (ML) models were evaluated in 

terms of their efficiency in detecting disease-resistant animals through 

their genomic profile.

Predicting for 
disease resistance 
in aquaculture species 
using machine learning 
models
By: Christos Palaiokostas, Department of  Animal Breeding and Genetics, Swedish Uni-
versity of  Agricultural Sciences, Uppsala, Sweden *

Advancements in sequenc-
ing technologies over 
the last decade have 
transformed the field of  

aquaculture breeding and genomics. 
It is not uncommon nowadays for 
selection decisions in aquaculture 
breeding programs to be guided by 
genomic information derived either 
through the usage of  single nucleo-
tide polymorphisms (SNPs) arrays 
or genotyping by sequencing (GBS) 
platforms. Furthermore, a plethora 
of  research studies in the last five 
years has demonstrated the value of  
genomic selection (GS) practices in 
a wide range of  aquaculture species, 
including, amongst others, salmo-
nids, tilapias, carps, bass, and oysters.

Current knowledge suggests that 
genomic information is particularly 
valuable in studying traits related to 
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disease resistance. Disease outbreaks 
in farmed fish tend to be devastat-
ing both in economic and welfare 
aspects. Since there is a lack of  ef-
ficient therapeutic agents for various 
commonly encountered diseases in 
aquaculture, selective breeding prac-
tices can offer solutions.

GS practices are usually consid-
ered the preferred route of  action as 
resistance to diseases usually resem-
bles a polygenic trait. Therefore, the 
most common applications of  GS 
typically involve the usage of  algo-
rithms based on genomic best linear 
unbiased predictor (GBLUP) or its 
variants like single-step approaches 
and Bayesian linear regressions.

With a few exceptions, the vast 
majority of  published studies to 
date have assessed the prediction 
efficiency of  GS models for disease 
resistance based on data of  a single 
generation. The above is mainly due 
to two reasons: 1. disease challenge 
experiments have high-cost require-
ments, and 2. aquaculture breeding 
programs up to date are relatively 
new compared to their livestock 

counterparts, and in many cases, ge-
nomic information beyond a single 
generation is not available. There-
fore, most of  the studies aiming to 
pick the best performing model for 
predicting disease resistance have 
used cross-validation strategies on 
animals from the same generation 
to train GS models and minimize 
the chances of  overfitting. How-
ever, the aforementioned does not 
necessarily provide information re-
garding the model that best predicts 
future performance, which is the 
overall aim of  selective breeding. 
In contrast, in equivalent situations 
in livestock, it is common to train 
the GS models on multi-generation-
al datasets and validate the latest 
generation(s).

A most common approach is 
where disease resistance is regarded 
as a binary trait. In such situations, 
the objective of  the tested model 
is to efficiently classify the animals 
of  each category (resistant vs. non-
resistant) based on the available ge-
nomic information. However, lim-
ited attention has been placed in the 
scenario where the phenotypic dis-
tribution among resistant and non-
resistant animals is skewed towards 
one category. 

Machine learning (ML) tools 
have been recently in the spotlight, 
finding applications in numerous 
real-life situations. ML algorithms 
have also been gaining momentum, 
finding applications in a wide range 
of  prediction tasks in animal breed-
ing. Even though no single model, 
whether based on ML or more affili-
ated with traditional animal breed-
ing, seems to provide optimal pre-
dictions for all traits of  interest and 
breeding schemes, ML appears to 
have a role in the animal breeder’s 
toolbox. 

It should be noted that ML mod-
els compared to commonly used an-
imal breeding models usually shine 
in scenarios where interactions in-
fluencing the phenotype of  interest 
exist amongst the model predictors.

In the current study, the predic-
tion efficiency of  Decision Trees 
(DT), Support Vector Machines 
(SVM), Random Forests RF) and 
boosting based approaches like 
AdaBoost and Extreme Gradient 
Boosting (XGB) was compared 
against GBLUP-MCMC. Each 
model prediction efficiency was also 
evaluated in situations where the ra-
tio of  the two observed phenotypes 
(resistant vs. non-resistant) is unbal-
anced. Finally, the required compu-
tational time for training each ML 
model was benchmarked against 
GBLUP-MCMC. 

 
Materials and methods 
The QMSim software was used for 
simulating phenotypic and their cor-
responding genotypic datasets. The 
initial historic population consisted 
of  2,000 generations with a constant 
size of  10,000 animals. The used pa-
rameters for simulating the historic 
population included equal sex ratio, 
random mating, and discrete gener-
ations. After that, ten discrete non-
overlapping recent generations were 
simulated using a breeding design 
often encountered in salmonids. In 
particular, 100 sires were considered 
to be uniquely mated with 200 dams 
in each generation, with 30 animals 
from each family being phenotyped. 
The heritability of  the simulated 
trait was equal to 0.3 with 300 bi-
allelic and randomly located quanti-
tative trait loci (QTL) affecting the 
trait. Furthermore, individuals from 
generation nine and ten (12,000 
animals) were genotyped for 9,000 
SNPs randomly distributed across a 
genome consisting of  30 chromo-
somes each of  100 cM in length. 
The animals were assigned into two 
categories using different thresholds 
on their true breeding value to sim-
ulate a binary phenotypic trait. The 
thresholds were chosen to simulate 
a scenario where the phenotypic 
distribution amongst the two cat-
egories (resistant vs. non-resistant) 
was approximately balanced and an-

It is not uncommon nowadays for 

selection decisions in aquaculture 

breeding programs to be guided by 

genomic information derived either 

through the usage of single nucleotide 

polymorphisms (SNPs) arrays or 

genotyping by sequencing (GBS) 

platforms.
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other scenario where the percentage 
of  resistant and non-resistant ani-
mals was between 20 and 25 % and 
between 75 and 80 %, respectively.

An intercept term (known as bias 
in ML terminology) and the SNP 
genotypes were used as predictors 
(known as features in ML termi-
nology) in all the ML models. The 
response variable in all the tested 
scenarios was a vector containing 
the disease resistance status of  each 
animal. In order to reduce overfit-
ting, appropriate regularization hy-
perparameters for each model were 
applied. In the case of  DT, the 
maximum tree depth was restricted 
to 8. The magnitude of  regulariza-
tion in the case of  SVM was con-
trolled through the C parameter us-
ing a value of  1. For the ensembles, 
RF and XGB, a learning rate of  0.1 
was used to minimize overfitting in 
addition to a maximum tree depth 
of  8. In the case of  Adaboost, the 
maximum tree depth was fixed to 
1. Moreover, the ensembles (RF; 
AdaBoost; XGB) were fitted using 
a maximum number of  2,000 base 
estimators.

The prediction efficiency of  
each tested model was assessed us-
ing receiver operating characteristic 
(ROC) curves. The models were 
ranked based on the area under the 
curve (AUC) metric, which by con-
struction ranges between zero and 
one, with the latter representing the 
perfect classifier.

 
Simulated datasets
Notably, the tested ensembles (DT, 
RF, Adaboost, XGB) provide esti-
mates regarding the importance of  
each feature. With the exception of  
RF the rest of  the ensembles per-
formed and variable selection by 
assigning values of  zero to certain 
features.

Two different scenarios were 
tested in the current study regard-
ing the phenotypic distribution of  
animals characterized as resistant 
or susceptible. More specifically, the 

model performance was tested in 
cases where the two recorded phe-
notypic categories had approximate-
ly an equal number of  observations 
and in cases where the phenotypic 
distribution was skewed towards 
non-resistant animals. Overall, the 
model ranking was not affected by 
the ratio of  resistant to non-resis-
tant animals, with differences in 
AUC scores.

Carp resistance to the koi her-
pes virus 
Model performance was inferred 
by following a 5-fold cross-valida-
tion scheme consisting of  sets of  
1,004 animals for training and 251 
animals for validation purposes. 
The percentage of  resistant animals 
amongst the training and validation 
sets ranged between 33–37%. Over-
all, the ranking of  models was the 
same as in the case of  the simula-
tion datasets.

Hyperparameter tuning - com-
putational time
The number of  available hyperpa-
rameters for the ML models ranged 

between 5 – 18. Adaboost had the 
lowest number of  hyperparameters, 
while XGB the highest. The mag-
nitude of  influencing the predic-
tive ability of  each ML by hyperpa-
rameter tuning varied substantially 
amongst the tested models. Hyper-
parameter tuning had a more pro-
found effect in the case of  Ada-
boost, where fixing the maximum 
allowed depth of  the underlying 
DT classifiers to 1 resulted in 40–50 
% increase of  the AUC score. On 
the other hand, changing the hyper-
parameter values from the default 
ones in the case of  SVM resulted in 
worse predictions.

All ML models required substan-
tially less computational time com-
pared to GBLUP-MCMC for fitting 
and prediction purposes.

 
Discussion
The ability to predict disease resis-
tance using genomic information 
in aquaculture species has attracted 
considerable research efforts. In the 
current study, various ML models 
were evaluated regarding their effi-
ciency in detecting disease-resistant 
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animals through their genomic pro-
file. Overall, promising results were 
obtained with the derived predic-
tions of  the best performing ML 
models, being in close proximity 
or even higher than the equivalent 
ones from GBLUP-MCMC.

Traditionally the performance 
of  various GS models for regres-
sion tasks in aquaculture species is 
mainly evaluated based on the so-
called accuracy metric, which is, in 
fact, the Pearson correlation coeffi-
cient between the predicted values 
and the true breeding values (in case 
of  a simulated dataset) or the phe-
notypic recordings (in case of  em-
pirical data) of  the validation-test 
dataset (usually adjusted for fixed 
effects). Interestingly, it was recently 
pointed out that reliance solely on 
the correlation coefficient can result 
in a non-optimal model selection. 
The usage of  the above accuracy 
term is the most common approach 
also for binary traits, even though 
the definition of  correlation, in this 
case, could be deemed somewhat 
problematic. However, the accuracy 
term is also commonly encountered 

in a broad literature of  various clas-
sification problems where it denotes 
the number of  cases predicted suc-
cessfully out of  the whole predic-
tion attempts. Nevertheless, it can 
be argued that none of  the above 
definitions-usages of  accuracy is 
optimal for binary traits. More spe-
cifically, the usage of  accuracy for 
evaluating either GS or ML model 
performance in binary traits with 
a skewed ratio among the two ob-
served phenotypic categories con-
veys limited practical value.

The results of  the current study, 
including both simulated and empir-
ical datasets, demonstrated that ML 
models could be successfully ap-
plied in classification problems rel-
evant to breeding. According to the 
current results, the ranking of  the 
tested models was not affected in 
the cases where an unbalanced dis-
tribution amongst the two observed 
phenotypes was used.

Even though no application of  
XGB in aquaculture selective breed-
ing seems to have been documented 
as of  now in the literature, the re-
sults of  the current study coupled 

with the fact that it is one of  the 
most powerful ML algorithms sug-
gest that it could be a valuable tool 
in future genetics studies of  disease 
resistance in aquaculture. Interest-
ingly, XGB was amongst the best 
performing models in terms of  
prediction efficiency for either sire 
conception rate in Holstein bulls or 
simulated datasets. Furthermore, in 
the latter case, XGB ranked first in 
scenarios where non-additive genet-
ic effects primarily controlled the 
trait of  interest.

Notably, as is the case for most 
ML algorithms, XGB is particularly 
prone to overfitting, especially in 
datasets where the number of  fea-
tures (SNPs in the current case) far 
surpasses the number of  observa-
tions. As such, XGB requires the a 
priori setting of  regularization hy-
perparameters, which in the current 
case was achieved primarily by us-
ing the hyperparameters of  learning 
rate and the maximum number of  
estimators.

From all the tested ML models, 
hyperparameter fine-tuning had the 
most substantial effect in the case 

Even though no single model, 

whether based on ML or more 

affiliated with traditional animal 

breeding, seems to provide optimal 

predictions for all traits of interest 

and breeding schemes, ML 

appears to have a role in the animal 

breeder’s toolbox.
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of  Adaboost, where setting a single 
hyperparameter resulted in a 40–50 
% increase of  the AUC score. On 
the other extreme, changing hyper-
parameter values from the default 
ones resulted in worse predictions 
in the case of  SVM, indicating that 
fine-tuning hyperparameters in ML 
is a far from trivial task. Especially 
in the case of  models with a high 
number of  hyperparameters like 
XGB, an exhaustive search would 
be deemed particularly difficult 
and time-consuming. Interestingly, 
XGB, Adaboost, and RF are ensem-
ble learning algorithms relying on 
aggregating the outcomes of  base 
estimators (e.g., weak learners like 
DT) following different optimiza-
tion routes like bagging or pasting. 
In all three cases, the most common 
base estimator is the DT, with the 
fundamental idea that through ag-
gregating across the outcomes of  
several simple estimators, the pre-
diction efficiency of  the model can 
be improved compared to the equiv-
alent of  a single estimator. Even 
though gaining a full picture of  the 
exact internal optimization route 

for each of  the ensemble models 
is most challenging, it was evident 
from the acquired results that sub-
stantial differences exist in terms of  
the magnitude of  variable selection.

Constraining our focus on the 
task of  predicting disease resis-
tance in aquaculture and taking into 
consideration the wide variation 
of  the underlying genetic mecha-
nisms involved in various diseases, 
it is doubtful that a single model, 
whether from the GS or ML, will 
be optimal for all cases. However, it 
is fair to state that GBLUP-MCMC 
is a robust approach, as was also 
clearly shown in the current study. 
Nevertheless, a significant advan-
tage of  the tested ML models lies 
in substantial reductions of  compu-
tational time compared to GBLUP-
MCMC in terms of  model fitting.

In the current study, a relatively 
high number of  iterations was used, 
as in the case of  binary traits, the 
mixing of  the MCMC is slow. De-
spite the above, it is still apparent 
that ML, mainly due to paralleliza-
tion of  the assigned tasks, clearly 
outperforms MCMC based algo-

rithms in terms of  computational 
efficiency. Notably, more substantial 
differences could be expected be-
tween the two classes using high-
performance computing (HPC). 
Elaborating on the latter in a for-
mer study of  genetic resistance of  
sea bream to pasteurellosis where 
the percentage of  resistant animals 
was approximately only 5%, a na-
ïve classifier always predicting for 
a non-resistant animal would have 
achieved an accuracy of  about 0.95. 
Model assessment was performed in 
the current study with ROC curves 
using the AUC metric.

It is important to stress that the 
model evaluation was conducted 
based on disease resistance being 
simplified as a binary trait. Even 
though this approach is appealing 
from a practical perspective, it could 
be argued that genetic resistance 
against disease is a far more compli-
cated process. As such, future stud-
ies, including information regarding 
the resilience and tolerance of  the 
host against pathogens, can shed 
additional light and contribute to 
expediting genetic progress through 

The results of the current 

study, including both simulated 

and empirical datasets, 

demonstrated that ML models 

could be successfully applied in 

classification problems relevant 

to breeding.
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*This is a summarized version developed by the Aqua-
culture Magazine editorial team of the original article 

“Predicting for disease resistance in aquaculture species 
using machine learning models” written by Christos 

Palaiokostas from the Department of Animal Breeding 
and Genetics at the Swedish University of Agricultural 
Sciences. The article was originally published through 

the Aquaculture Reports Journal of Elsevier in 2021 
and it can be found online through this link: https://doi.

org/10.1016/j.aqrep.2021.100660

selective breeding. Moreover, the 
performed simulations considered 
the genetic architecture of  the trait 
as purely additive. Even though the 
latter has repeatedly proven to be a 
reliable approximation, it could well 
be the case that various interactive 
effects amongst the determining ge-
netic components play an essential 
role in disease resistance. Interest-
ingly, ML models usually shine in 
detecting non-linear patterns and 
interactions.

Conclusions 
The present study results suggest 
that ML can be valuable tools in 

ARTICLE

aquaculture breeding studies that 
aim to predict disease-resistant 
animals. XGB was the model that 
ranked first, conveying a slight 
advantage over GBLUP-MCMC 
that ranged between 1–4%. Fur-
thermore, SVM and RF delivered 
competitive predictions as well. 
The application of  solely DT is 
not recommended as low predic-
tions were obtained consistently in 
all tested datasets. Finally, in terms 
of  required computational time, all 
ML models outperformed GBLUP-
MCMC.
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Latin America Report: 
Recent News and Events
Poseidon Ocean Systems An-
nounces Chile Office Opening
Poseidon Ocean Systems, a Canadian 
company specializing in the develop-
ment of  salmon farming infrastruc-
ture and life support systems, has an-
nounced today that it will be expanding 
its offerings to the Chilean market. The 
opening of  an office in Puerto Montt 
is the next step in the company’s ex-
pansion and growth plans.

Chilean customers will now have 
access to the innovative solutions that 
Canadian customers are accustomed 
to, including Poseidon’s award-winning 
Flowpressor™ system for mitigat-
ing against the effects of  harmful al-
gae, and Poseidon’s Trident Hybrid™ 
steel cage system—the most advanced 
square steel cage system available on 
the market.

Xpand: Skretting’s gateway inno-
vation to maximize shrimp farm 
performance and flexibility set to 
launch in Latin America
Extensive and successful local vali-
dation sees Skretting Latin America 
launch Xpand, the next generation 
of  premium grower feed for shrimp. 
Without taking any shortcuts or un-
necessary risks, feeding Xpand enables 
farmers to reduce the associated costs 
and impacts of  farming in exposed 
water locations by harvesting earlier 

at the same size; or alternatively, they 
can produce larger shrimp within their 
usual production schedules.

Throughout the past three decades, 
the Skretting Aquaculture Research 
Centre (ARC) has conducted pioneer-
ing research into the functionality of  
the different nutrients in aquaculture 
feeds. With the knowledge generated, 
Skretting ARC set about developing a 
new diet tailored to the shrimp sector’s 
unique needs and economic circum-
stances. 

Xpand is the result of  five years of  
R&D, incorporating the investigation 
and validation of  many different ideas. 
Built upon a thorough understanding 
of  the digestive physiology of  shrimp, 
this development work focused on 
three pillars: 
• Improved growth 
• Improved nutrition 
• Pond support 

Further information at: https://
www.skretting.com/en/

Cargill empowers female entre-
preneurs in the shrimp sector with 
business skills
Cargill and the Edes Business School 
of  the Universidad Técnica Particular 
de Loja will train and improve income 
potential for 100 women from Mexico, 
Nicaragua, Honduras, and Ecuador.

Cargill and the Edes Business 
School of  the Universidad Técnica 
Particular de Loja (UTPL) in Ecuador 
signed an alliance to carry out a train-
ing program for 100 female shrimp 

producers from Mexico, Central 
America, and Ecuador. The program 
will help the women access technology 
and technical knowledge, eliminating 
obstacles to improve their sources of  
income and enrich the industry and 
their communities. This partnership 
aligns with Cargill’s commitment to 
promoting gender parity and women’s 
empowerment along its supply chains.

Together, Cargill and UTPL will 
develop the entrepreneurial skills of  
women shrimp farmers on the coast 
of  the states of  Sonora and Sinaloa, 
Mexico; in the Choluteca and Valle re-
gions of  southern Honduras; Chinan-
dega in Nicaragua; and the provinces 
of  Oro, Guayas, and Santa Elena in 
Ecuador, through education, so they 
can expand their knowledge and apply 
it in their respective businesses.

The training program will be aca-
demically led by the Universidad Téc-
nica Particular de Loja, through the 
Fundación para el Desarrollo Empre-
sarial y Social (FEDES) as a strategic 
ally of  the University for the promo-
tion and sustainable development of  
the communities and its Escuela de 
Negocios EDES as executor of  the ac-
ademic training.  UTPL consists of  six 
academic modules that will be taught 
in the form of  online studies, cover-
ing content such as: leadership, moti-
vation, finance, digital culture, among 
others. The modules are focused on 
strengthening the skills and competen-
cies of  the female shrimp farmers.

By: Aquaculture Magazine Staff  *
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AQUACULTURE WITHOUT FRONTIERS  

AwF update & Aquaculture 
news snippets 
In San Antonio – see you 
there! 
AwF Directors, Angela Caporel-
li and Marty Riche (through the 
World Aquaculture Society) have es-
tablished the AwF Special Session 
“Aquaculture Development, Welfare 
and Poverty Alleviation”, which will 
be held as part of  AQUACULTURE 
AMERICA 2021, San Antonio, Texas 
11-14 August 2021. Come and meet 
our new President, hear some of  the 
terrific project work that is happen-
ing, and share your ideas. 

This follows the recently signed 
new Affiliations Agreement between 
the World Aquaculture Society and 
AwF and will enable further coop-
erative exchanges and broaden the 
international collaboration on infor-
mation and knowledge. 

AwF and Tamaulipas Aquaculture 
AwF has been involved in Mexico 
since 2013 when it created a MoU 
with the Technological University 
of  Mar de Tamaulipas (UTMarT) to 
build an Aquaculture Learning Cen-
tre for long-term sustainable aquacul-
ture. 

An overall plan has stayed intact, 
but the annual plans have constantly 
changed with conditions and vari-
ables, but there has been improve-
ment and expansion every year. Hav-
ing a vision and getting everyone 
engaged in that, getting the support 
of  expert volunteers in priority areas, 
and getting the Government of  Tam-
aulipas involved and supporting has 
all worked to create the first aquacul-
ture product.

The Government of  Tamaulipas, 
aware of  the importance of  aqua-
culture, has developed an innovative 
economic model for creating vari-
ous aquaculture parks in the State to 
promote aquaculture activities that 
propel the region’s economic devel-
opment.

The first park in operation is 
called “Park Aquaculture Tamaulipas 
1 “. It is located in the Almagre la-
goon of  the Village La Pesca, munic-
ipality of  Soto La Marina, with 190 
hectares, suitable to produce various 
species of  bivalve mollusks. Its main 
objective is to provide the right spac-
es and the conditions necessary for 
the development of  the operations 

of  aquaculture, fostering economic 
development, and promoting private 
investment in sustainable projects.

The main features and advantages 
of  the Tamaulipas Aquaculture Park 
1 are:
a) It is an integrated business ap-
proach in aquaculture, including the 
private and public sectors.
b) The concept of  the park is intend-
ed to provide order in aquaculture ac-
tivities in the region.
c) The aquaculture and service in-
frastructure provided by the State 
Government; consists of  docks, dis-
embarkation areas, accesses, launch 
ramp, and the provision of  public 
services.
d) The park creates a favorable envi-
ronment in which aquaculture pro-
ducers can operate farms safely, prof-
itably, and sustainably.
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Further information available at: 
http://www.aquaculturewithoutfrontiers.org/

ment, increasing crop production and 
profitability.
g) The operation of  the aquaculture 
park takes account of  the ecological, 
social, and economic aspects, as well 
as the people involved. 
h) It is a valuable tool for using re-
sources such as water, where the gov-
ernment regulates the activities and 
the dimension of  projects.

Of  course, it is one thing to talk 
and plan, but it is another to deliver, 
and so we are all very pleased to see 
families being trained and Oysters 
being grown and eaten in this tech-
nological park. 

We will write more about this 
project in future collaborations of  
AwF.

e) Creates livelihood opportunities 
for communities through the genera-
tion of  formal jobs with gender eq-
uity.
f) The aquaculture park facilitates 
research and technological develop-
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RAS systems that use renewable energies such as wind, solar, 

or geothermal are outlined to ensure aquaculture’s environmental 

and financial sustainability. Not so much because of an increase in 

production per unit area, but because of the decrease in resources 

waste from the feed not consumed in cages and ponds.

OUT AND ABOUT

Sustainability: 
the challenge of 
aquaculture 

By: Salvador Meza *

In a world that is getting smaller 
every day, where the limit of  
the exploitation of  many natu-
ral resources, which previously 

seemed infinite, is already in sight, the 
challenge of  any economic activity is 
the possibility of  remaining sustain-
able and financially viable on a pre-
dictable timescale.

In this sense, the perennial poten-
tial that we have always wanted to see 
in aquaculture also draws its limits on 
that timescale, and although it has not 
exploited all its desired growth, its de-
velopment could be caught between 
the challenges of  climate change, the 
increase of  greenhouse gases, the 
availability of  water, the viability of  
agriculture, and the disorder of  fish-
ing.

Aquaculture expansion depends 
not only on the environmental and 
financial sustainability of  its farms 
and production centers but also on 
the sustainability of  the entire sup-
ply chain that makes fish and shell-
fish production possible. And in this 
sense, aquafeeds bear the greatest re-
sponsibility.
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It is difficult to imagine, in a world 
limited by all these environmental 
and economic factors, the situation 
of  feeding shrimp in a pond, where 
we know in advance that the cultured 
shrimp will not ingest a greater per-
centage of  this feed. We use 10 grains 
or pellets of  feed so that perhaps a 
shrimp consumes one or two entirely. 
And what happens to the rest of  the 
pellets? Although the rest of  the pel-
lets can become part of  the feed of  a 
zooplankton chain, which is later as-
similated by the shrimp or colonized 
by bacteria, and becomes a floc rich 
in nutrients to be later ingested by the 
shrimp, it is, in reality, a waste.

In this wasted feed, or expensive 
fertilizer and floc, there are a few 
tons of  fishmeal, soybean meal, rice, 
oil, canola, and a few kilos of  other 
high-tech and high-value inputs, such 
as vitamins, minerals, probiotics, and 
even peptides, free amino acids, or-
ganic acids, essential oils, etc. We 
should not waste one gram of  such a 
wide variety of  inputs, coming from a 
technological development support-
ed by other resources and a consider-
able financial investment. This makes 
the uneaten feed a true waste of  valu-
able agricultural, livestock, and fish-
ing resources.

In this sense, aquaculture in gen-
eral and especially shrimp and salm-
on aquaculture, which demand the 
most significant amount of  special-
ized feeds with a composition of  
high-value ingredients, must urgently 
evolve towards technological produc-
tion systems that minimize resources 
waste.

This is the great challenge that we 
all have and that aquafeed companies 
must lead. It is no longer about mak-
ing extruded foods that last longer 
in water without leaching, with at-
tractive additives to be consumed in 
less time, or feeding on demand with 
automatic feeders. Although all these 
technologies have given aquaculture 
an important advance, they still do 
not limit the waste of  resources of  
uneaten feed, which, in a world con-
vulsed by the availability of  resourc-
es, will not be possible.

What is the way forward, then? 
Production in RAS systems where 
there is maximum control of  all the 
crop variables, but especially of  the 
feeding. Production systems in which 
the species will certainly consume 
each pellet that is put into the water. 
Thus limiting, on the one hand, the 
over-formulation of  additives to en-
sure that they will arrive in quantity 

and form at the organisms in culture. 
On the other hand, the amount of  
food that went to waste in traditional 
systems.

Finally, to reflect on. If  we consid-
er that 10% of  the feed that is used in 
shrimp ponds and pools in the world 
is not consumed by organisms in cul-
ture (which is a conservative percent-
age) and that the average FCA is 1.3 
(** which is conservative as well), we 
could well speak of  650 thousand 
tons per year of  uneaten feed that is 
a total waste. If  we multiply these 650 
thousand tons by USD 850.00 per 
ton of  shrimp feed, we would have 
$552 billion annually dumped into 
the culture ponds that the shrimp will 
not consume until they become zoo-
plankton or bacteria flocs.

An alliance of  global shrimp feed 
manufacturers that constitutes an In-
vestment Fund with these 552 billion 
dollars per year for the feasible devel-
opment of  RAS technologies with re-
newable energies could be better than 
throwing them away in shrimp ponds.

** (Figures based on 2020 produc-
tion, according to GOAL.) 
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DIGITAL AND SOCIAL MARKETING BYTES

By: Sarah Cornelisse*

Effectively responding to communications is imperative for cultivating 

a positive consumer experience. Social media carries with it an 

expectation regarding responsiveness that you need to be aware of; 

however, in general, the quicker you respond, the more favorably you 

will be viewed.

Responding to 
Customer Social Media 
Communications

Customer service is a cru-
cial facet of  social media 
marketing. Social media 
is consumers’ most pre-

ferred channel for customer service 
issues or questions and for sharing 

feedback about products or services 
as related in a 2021 Sprout Social re-
port. 

Effectively responding to commu-
nications is imperative for cultivating 
a positive consumer experience. Un-

derstanding social media customer 
service expectations and developing 
a comprehensive response plan will 
ensure that you excel with social me-
dia customer communications.

As reported in a 2021 Sprout 
Social report, “78% of  consumers 
agree that social media is the fast-
est and most direct way to connect” 
with a business. However, prefer-
ence for and use of  social media for 
communications with companies will 
vary with demographic characteris-
tics such as age, education, income, 
or other factors. For instance, a 2018 
Salesforce report showed that while 



» 67

a majority (52%) of  Millennials and 
Gen Z consumers prefer communi-
cating with businesses via social me-
dia, only 14% of  Baby Boomers and 
29% of  Gen Xers share the same 
preference.

The consequences of  poor social 
media customer service can be signif-
icant. For example, in 2020, Sprout 
Social reported that 49% of  consum-
ers would stop following a business 
on social media due to poor customer 
service. Further, research has found 
that consumers are less likely to pur-
chase from businesses that don’t an-
swer questions or engage with the 
public on social media, and they are 
more likely to buy from businesses 
they can reach on social media. 

Social media carries with it an ex-
pectation regarding responsiveness 
that you need to be aware of; how-
ever, in general, the quicker you re-
spond, the more favorably you will 
be viewed. A 2020 Sprout Social 
report indicated that 79% of  con-
sumers expect a response with 24 
hours, and 40% expect a response 
within one hour. Social media tools 
should be viewed individually as well. 

A 2020 HubSpot article indicated 
that 85% of  Facebook users, for ex-
ample, expect a response within six 
hours, while 64% of  Twitter users 
expect a response within one hour. 
If  a consumer has a question and 
contacts you but doesn’t hear back 
for several days, what’s the likelihood 
that they’ve moved on – perhaps 
to another business that quickly re-
sponded?

Consumers’ experiences com-
municating with other businesses 
develop their expectations for future 
communications. Therefore, it is im-
portant to understand the implied 
response times for each social me-
dia tool; it’s important to know your 
audience. For instance, are your cus-
tomers familiar with the demands of  
your industry and business? 

If  not, are your response time-
frames visible online, or should you 
consider adjusting someone’s work 
responsibilities to ensure timely 
communications? For example, 
Facebook provides users with infor-
mation on how quickly businesses 
respond to private messages (not 
comments on page posts). If  you re-

ceive private Facebook messages, it 
will pay to ensure that you have re-
sources in place to quickly respond 
– for example, a mobile device with 
notifications turned on or scheduled 
times in your day to check your so-
cial media.

Developing a response plan is 
a step that you can take to ensure 
that you provide quick and effective 
social customer service. Below are 
some questions to guide you in your 
development of  a response plan. In 
addition, your individual business 
and past experiences may provide 
you with additional questions and 
answers to incorporate into your 
plan.
• Who will respond? 
• Does an employee need to have re-
sponses approved by a supervisor?
• How quickly will you respond?
• What will you respond to?
• What documentation is necessary 
for complaints? Will you require re-
ceipts, return of  a product, etc.?
• Is there a limit to what you will do, 
or offer, to resolve complaints?
• When will you take a conversation 
offline?

If a consumer has a question 

and contacts you but doesn’t hear 

back for several days, what’s the 

likelihood that they’ve moved on – 

perhaps to another business that 

quickly responded?
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With answers to these questions 
in mind, you can prepare yourself  for 
responding to customers using the 
following five-step process.

A response process
1. Listen. As with in-person cus-
tomer service, social service requires 
that you understand the needs of  the 
customer. Take the time to under-
stand customer questions which may 
require you to try to learn where and 
how they are getting their informa-
tion. This will enable you to most 
effectively address any concerns that 
they have and earn their trust.

2. Acknowledge. It’s always best 
practice to acknowledge a customer 
communication that occurs on social 
media. With compliments, a simple 
acknowledgment along the lines of  
“thank you for the kind words” is all 
that is needed. If  a question or com-
plaint requires you to do some work 
(e.g. perhaps you need to ask others 
for information) before responding, 
or more time than you have at hand, 
take a moment to quickly let the cus-
tomer know that you’ve seen their 
message and will be in touch. When 
you do this, provide a time frame in 

which you know you will be able to 
respond.

3. Ask Questions. Ask follow-up 
questions if  a question or complaint 
is unclear or requires additional in-
formation or details before you can 
appropriately respond. Think about 
how in-person conversations take 
place – there’s a dialogue between 
the people involved. If  the additional 
information or details will help you 
to provide an answer or solve their 
problem, let the customer know. 

4. Respond. While seemingly ob-
vious, ensuring you respond to the 
compliment, question, or complaint 
is essential as sometimes tasks can 
be forgotten, or there may be a ten-
dency to procrastinate if  responding 
to a complaint. Make sure that your 
response completely answers the cus-
tomer’s question or addresses their 
complaint, using any additional infor-
mation you may have asked for. 

5. Follow Up. There will be in-
stances where you will want to follow 
up with customers. Perhaps they had 
a unique question or criticism that re-
quires a passage of  time before it can 

be determined whether your response 
or solution met the customer’s needs. 
Following up with sincere interest to 
whether the customer’s issue was re-
solved satisfactorily demonstrates the 
value you hold for your customers.

Everyone in your business who 
has social media responsibilities, 
whether family members or employ-
ees, should be trained on the custom-
er service response plan that you de-
velop. They should feel empowered 
to respond and care for customers. 
You may find it helpful to develop a 
flowchart to provide guidance on re-
sponding to different types of  com-
munications.

Personal, timely, and thoughtful 
responsiveness to customer social 
media communications is a key com-
ponent to social media marketing. 

Focus on social media customer 
service as a competitive differentia-
tor. By bringing the same focus on 
responsiveness to your social media 
interactions with customers as you 
do to in-person communications, 
you can build trusting relationships 
with your social media community 
that they will appreciate and value 
and for which you will reap financial 
rewards. 
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TECHNICAL GURU 

by Amy Stone*

TESTING, TESTING AND 
MORE TESTING….

No matter how well a system is designed or installed, there will 

always be times when water quality will have challenges. It is critical 

to be able to test the water to understand the actual challenge.

In our last column, we discussed 
oxygen meters and the available 
styles. Keeping with the theme, 
we will be covering water test-

ing equipment in this issue. In gen-
eral, water quality for this column is 
referring to pH, ammonia, nitrites, ni-
trates, calcium hardness, and alkalinity. 
However, testing is available for other 
parameters for all of  the methods dis-
cussed.

No matter how well a system is 
designed or installed, there will always 
be times when water quality will have 
challenges. It is critical to be able to 

test the water to understand the ac-
tual challenge. Of  course, there are 
times when changes in water qual-
ity are expected, and there are times 
when it is the hidden culprit.

The most volatile parameters 
can be tested using handheld meters 
which are an absolute necessity in 
aquaculture. However, even though 
there have been small breakthroughs 
on handheld testing of  ammonia, ni-
trite, and nitrate, there has not been a 
long-term solution made available to 
our market. We often get questions 
about these probes available, and the 

available scale is not conducive to use 
in aquaculture. Ammonium probes 
are manufactured for use in wastewa-
ter applications where the demand is 
higher.

As much as we, as an industry, 
have begged major manufacturers to 
build probes effective for aquaculture, 
the demand is not high enough to pay 
for the development of  the product. 
One day we hope that the market will 
be large enough to get that attention. 
In the meantime, we do have a few 
options for testing.

Depending on the size of  your 
facility, testing equipment can be as 
simple as a wet chemistry test such as 
those made by LaMotte or as tech-
nical as a YSI photometer or Hach 
spectrophotometer. The accuracy of  
the tests in all cases is directly related 
to the end-user and their attention to 
detail. It is also important to select 
the proper test reagents for all these 
options based on both the scale of  
the results and the type of  water it 
can test (saltwater or freshwater).

Manual Testing
For those tests that use liquid drops 
or test strips, the end-user is tasked 
with comparing a known color scale 
with the test sample. Depending on 
who is reading the samples, the out-
come can vary. While the results can 
be imperfect, it does provide a gen-
eral idea of  if  there is an issue with 
water quality. This style of  testing is 
the most economical and is generally 
used in non-critical applications or in 
situations where it is difficult to sup-
port an indoor water quality lab.
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Photometers and 
spectrophotometers
This testing equipment measures 
the wavelength of  the light pass-
ing through the water sample with 
the appropriate reagents. These test 
systems are supplied with computer 
programming to be able to scale the 
sample within the range reflected on 
the unit’s technical specifications. For 
example, if  testing ammonia, the end-
user would choose the ammonia test 
code, prepare the sample, and run it 
through the test.

Each manufacturer has their own 
protocol for the test procedures, so 
it is important to read the instruction 
manuals to ensure the results are ac-
curate. If  the sample is out of  range, 
the readout will indicate that, and the 
sample will need to be diluted or it is 
so low that there is no issue at all.

The most popular versions of  this 
style of  testing are Hach and YSI. 

Both systems use premeasured test 
reagents. Either a pill or a pillow pack 
is the typical packaging. This helps re-
duce user error because they do not 
need to be measured or weighed out.

Many of  these machines have in-
ternal memory and can connect to 
computer systems to help with re-
cord keeping. And in some cases, the 
reagents are interchangeable between 
manufacturers, allowing the end-user 
to source the test reagents from mul-
tiple sources.

New Spintouch
There is one newer photometer sys-
tem on the market that is made by 
LaMotte Company. It is their new 
Waterlink Spin Touch machine. This 
system uses discs with several test pa-
rameters premeasured. The end-user 
fills the disc with sample water and 
then runs it through the photometer. 
The test discs are pre-determined for 

which parameters they will test and 
are available in several configurations, 
including salt water, fresh water, pool 
water, and others. It is important to 
choose the correct discs when order-
ing to make sure the results are accu-
rate to the application.

At the end of  the day, regardless 
of  what style of  testing equipment 
is chosen, it is definitely necessary to 
have this available on the farm.

Lamotte Test kit.

YSI-9500-Photometer. Spin touch FF.

Spin disc. 
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Providing food for a growing global population within planetary 

ecological limits is a major challenge without naysayers and negativity, 

especially in these difficult pandemic days. So, with that background, it 

is essential we do not get depressed on the journey, so to assist, here 

are two pieces of positive seafood news that we all need to grasp and 

promote to show that fish/seafood is the protein for the future.

THE FISHMONGER

Two 
brilliant 
positives 
By: The fishmonger *

Firstly, the 2021 World Food 
Prize has been awarded to 
Dr. Shakuntala Haraksingh 
Thilsted for her ground-

breaking research, critical insights, and 
landmark innovations in developing 
holistic, nutrition-sensitive approach-
es to aquaculture and food systems. 
By bringing together interdisciplinary 
and international collaborators, she 
has driven transformations in aquatic 
food systems to deliver improved nu-
trition, resilient ecosystems, and secure 
livelihoods for millions of  vulnerable 
people across the globe.

The Fishmonger first met this 
great lady in 2010 when speaking 
at the FAO Global Conference on 
Aquaculture in Phuket, Thailand and 
was immediately impressed with her 
passion and desire in helping in nour-
ishing hundreds of  millions of  people 
who depend on fish and other aquatic 
foods as an integral part of  their food 
security, livelihoods, and culture. 

Dr. Thilsted is a citizen of  Den-
mark, although born in Trinidad and 
Tobago. Her family were descendants 
of  Indian families brought there as 
agricultural laborers. We learned that 

Shakuntala would observe her grand-
mother’s cooking and appreciate the 
nuances of  its impact on health as a 
young girl. She started her career as 
the first and only woman in the Minis-
try of  Agriculture, Lands, and Fisher-
ies on the island of  Tobago and has 
flourished from that time and is cur-
rently Global Lead for Nutrition and 
Public Health, WorldFish.

In 2011 Dr. Thilsted made an im-
portant keynote presentation at The 
Seafood & Health Conference in Mel-
bourne, Australia, and in 2015 she was 
recognized as one of  the few women 
invited to present a plenary at WAS 
Global Aquaculture Conference in 
Jeju, Korea. 

Increase in consumption of fish in 
Bangladesh
In evaluating the nutritional compo-
sition of  small native fish species in 
Southeast Asia, Thilsted was the first 
to establish that commonly consumed 
small fish were important sources of  
essential micronutrients and fatty ac-
ids. In addition, she led ground-break-
ing research showing that the content 
and bioavailability of  necessary nutri-
ents in small fish species were much 
higher than previously reported and 
revealing that consuming fish en-
hanced the absorption of  nutrients 
from plant-based foods. This new, ex-
panded knowledge of  the nutritional 
profile of  fish reshaped the scientific 
understanding of  the benefits of  fish 
in diets.

“Eating more fish and other aquat-
ic foods means a more diverse and nu-
tritious diet. Aquatic food needs more 



» 73

space on people’s plates across the 
world,” Thilsted said.

With this information, Thilsted 
set out to increase consumption of  
small fish, especially for women and 
their children in the first 1000 days of  
life, the most critical period for nutri-
tion in a child’s development. To this 
end, Thilsted pioneered more produc-
tive, environmentally responsible fish 
farming methods, developed cultur-
ally appropriate fish-based foods, and 
promoted nutrition-sensitive practices 
and policies with communities, re-
searchers, development agencies, and 
government institutions.

In Bangladesh, smallholder farm-
ers supply most of  the fish production 
from the country’s four million house-
hold ponds. In the 1970s, most fish 
farmers “cleaned” their ponds with 
pesticides. This expensive practice 
was thought to eliminate competition 
from the small, lower-yielding native 
fish species before farmers stocked 
their ponds with more marketable fish 
such as carp or tilapia. 

From her research, Thilsted knew 
the importance of  small, native fish 
species, such as Mola (Amblypharyngo-
don mola), for a nutritious diet. Working 
closely with Dr. Abdul Wahab, Dean 
of  the Faculty of  Fisheries at the Ban-
gladesh Agricultural University (BAU), 
she initiated a partnership with BAU 
and the Royal Veterinary and Agricul-
tural University (now part of  the Uni-
versity of  Copenhagen) in the 1990s. 
Together, they led a talented team of  
Bangladeshi and Danish students and 
researchers in developing pond polyc-
ulture systems, farming small fish to-
gether with large fish. 

Contrary to popular belief  at the 
time, small fish did not compete with 
large fish for space or food. Instead, 
the approach increased total produc-
tivity by as much as five times and 
enhanced species diversity and the 
nutritional value of  the production. 
Furthermore, consumption of  fish 
in the home increased when Thilsted 
introduced an inexpensive, home-
made gill net designed for women to 
harvest mola in small amounts for 

daily household use easily. Incred-
ibly, though mola only accounted for 
15 percent of  production by weight, 
it contributed 54 percent of  vitamin 
A, 42 percent of  vitamin B12, and a 
quarter of  the calcium and iron of  the 
needs of  a family of  four.

As a woman and a researcher es-
pousing better nutrition rather than 
simply increasing production, Thilsted 
had to work hard to convince her peers 
of  the merits of  pond polyculture. 
Her efforts paid off  in 2004 when the 
Bangladesh Ministry of  Fisheries and 
Livestock banned cleaning ponds and 
prohibited the use of  pesticides to kill 
naturally occurring fish. Thilsted had 
convinced the leadership of  a nation 
to convert to practices that were not 
only more economical and nutrition-
sensitive but reduced environmental 
pressures, habitat loss, and health risks 
in rural communities. The results have 
been stunning.

Understanding that increased fish 
production was just one part of  nu-
trition-sensitive food systems, Thilsted 
extended her innovative approach by 
creating new, ready-to-use, fish-based 
foods especially targeted for mothers 
and their young children, who are par-
ticularly vulnerable to micronutrient 
deficiencies. Building on popular local 
recipes, she developed original whole 
dried fish food products, such as fish 
chutney and fish powder, with four 
times the nutrient density of  fresh fish. 
Improvements in processing practices 
also resulted in reduced fish waste and 
loss and increased incomes for entre-
preneurs, most of  them women, who 
produced these value-added foods. 

Worldfish reported that guided by 
her insights into the role of  fish in 
increasing the absorption of  miner-
als from plant-source foods; she cre-
ated highly nutritious combinations of  
dried fish, high-iron rice, and vitamin 
A-rich orange sweet potato. She then 
promoted pond polyculture together 
with sweet potato and vegetable cul-
tivation as a practical way for rice 
farmers to diversify their farms and 
diets. In Cambodia, where millions of  
people depend on rice field fisheries 

for income and food, she helped es-
tablish rice field ponds to produce fish 
through the dry season.

BRAC and the Copenhagen Con-
sensus Center evaluated Thilsted’s 
pond polyculture system as one of  
the most cost-effective methods of  
supplying nutrients in Bangladesh. 
For supplying vitamin A alone, pond 
polyculture generated 3.5 U.S. dollars 
of  benefits for each dollar spent. This 
conclusion prompted the government 
of  Bangladesh to promote pond poly-
culture as the foremost food-based 
intervention in its country investment 
plan, dramatically increasing the sup-
ply and consumption of  fish produced 
across the country by smallholder 
farmers, 60 percent of  them women. 
Since 2000, aquaculture production in 
Bangladesh has increased threefold, 
and the sector now supports 18 mil-
lion people, making Bangladesh the 
fifth largest aquaculture producer in 
the world. Increased incomes and ac-
cess to nutritious fish contributed to 
Bangladesh cutting chronic hunger by 
more than half  and the number of  
underweight children by one quarter 
within the same period.

Shakuntala is reported as saying, 
“When I visited the villages in which 
pregnant women had got the fish 
chutney, villagers will greet me, say-
ing: ‘Come let us show you the Pusti 
Bachcha,’ meaning ‘Well-nourished 
Children’ – and they would lead me to 

The understanding of what 

is wildlife and what is food is 

determined predominantly by 

necessity. Many nations are not 

necessarily more enlightened than 

the communities that still hunt 

whales for their meat, but wealthier 

nations show arrogance in that area.
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a home with a glad mother and a well-
nourished child.”

The Fishmonger finds it interest-
ing that poor people are not seeking 
costly certification, which has been al-
lowed to build an additional wall be-
tween producers and consumers. 

Bivalve and seaweed habitat val-
ue analysis 
The second important positive news 
relates to an important systematic lit-
erature review of  studies focused on 
understanding habitat-related interac-
tions associated with bivalve and sea-
weed aquaculture and a brief  meta-
analysis of  65 studies to evaluate fish 
and mobile macroinvertebrate popula-
tions at farms and reference sites. The 
paper which has recently been pub-
lished is ‘Habitat value of  bivalve shellfish 
and seaweed aquaculture for fish and inver-
tebrates: Pathways, synthesis and next steps’ 
by Seth J. Theuerkauf  et al. 

The document states that bivalve 
and seaweed aquaculture were associ-
ated with higher abundance and spe-
cies richness of  wild, mobile macro-
fauna. Suspended or elevated mussel 
and oyster culture yielded the largest 
increases in wild macrofaunal abun-
dance and species richness. They de-
scribe the major mechanisms and path-
ways by which bivalve and seaweed 
aquaculture may positively influence 
the structure and function of  faunal 
communities including provision of  
structured habitat, provision of  food 
resources and enhanced reproduction 
and recruitment and identify the role 
of  the species cultivated and cultiva-
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tion gear in affecting habitat value.”
The conclusion of  the paper high-

lights that global objectives attest to 
the complexity of  realizing multiple 
goals for sustainable development, 
goals that have inherent and often un-
avoidable trade-offs, such as realizing 
effective security in seafood produc-
tion and biodiversity outcomes. In re-
cent years, a major trend within food 
systems research has been to advance 
food production methods that reduce 
negative environmental impacts and 
simultaneously provide ecological val-
ue (e.g., ecosystem service provision, 
regenerative approaches to agricul-
ture). The projected rapid growth of  
aquaculture presents an opportunity to 
focus on developing the positive influ-
ence of  this sector, guiding it towards 
being one that produces food along-
side a wide range of  ecological values 
for marine and coastal environments. 
A deeper understanding of  the role of  
existing bivalve and seaweed aquacul-
ture practices within ecosystems and 
the farming practices, markets, and 
management options that create and 
enhance ecological value are necessary 
to achieve this objective.

Additionally, they identify that 
higher abundance and species rich-
ness of  wild mobile macrofauna are 
generally associated with bivalve and 
seaweed aquaculture (than reference 
sites) and that certain species groups 
(i.e., oysters and mussels) and cultiva-
tion methods (i.e. off-bottom) provide 
measurable enhancements. Future re-
search should seek to understand how 
aquaculture can best function in step 

with local environmental characteris-
tics, appropriate culture intensities and 
scales, and farm management practices 
that drive consistent, potentially wide-
spread delivery of  habitat values. If  re-
peatable operational circumstances for 
habitat benefits can be identified and 
acknowledged or rewarded through 
proactive policy or market-based in-
centives, it would become possible 
to expand local effects to generate 
regional and national ecosystem out-
comes. As our understanding of  the 
ecological role of  bivalve and seaweed 
aquaculture within coastal ecosystems 
deepens, corresponding changes in 
the industry’s existing management 
could reinforce practices that improve 
aquaculture’s delivery of  habitat values 
and ecosystem services and potentially 
achieve impact at a global scale.

The understanding of  what is wild-
life and what is food is determined 
predominantly by necessity. Many 
nations are not necessarily more en-
lightened than the communities that 
still hunt whales for their meat, but 
wealthier nations show arrogance in 
that area. We need to understand that 
not everyone is able to turn food into 
wildlife or pets (who need feeding, by 
the way).

Governments and industry need to 
grasp these two important news items 
and get cracking with their plans to 
take up the aquaculture challenges for 
the sake of  their nation’s future food 
security and nutrition.

Happy Fishmongering!
*References cited by the author available under 

previous request to our editorial team 
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 For over 15 years, the University of Wisconsin-Stevens Point Northern 

Aquaculture Demonstration Facility (UWSP NADF) has experienced 

substantial success raising both walleye and hybrid walleye (saugeye) 

in indoor, intensive systems for research and demonstration of food-fish 

production.

Although most walleye fil-
lets are imported into 
the United States from 
Canada, this well-known 

species in the Midwest has a strong 
existing food fish market as well as 
fillet prices ranging from $26-40/kg 
(12-18$/lb.).

For over 15 years, the Univer-
sity of  Wisconsin-Stevens Point 
Northern Aquaculture Demonstra-
tion Facility (UWSP NADF) has 
experienced substantial success rais-

Applied Research Aims to 
Enable the Commercialization 
of Walleye for the Food Fish Industry

By: Greg Fischer and Emma Wiermaa *

HATCHERY TECHNOLOGY AND MANAGEMENT 

ing both walleye and hybrid wall-
eye (saugeye) in indoor, intensive 
systems for research and demon-
stration of  food-fish production. 
Building on previous research on in-
tensive culture of  walleye, the facil-
ity is utilizing specialized larval rear-
ing systems, optimized starter diets, 
enhanced husbandry, and indoor, 
land based, closed-loop production 
through recirculating aquaculture 
system technology (RAS), to as-
semble a systematic culture protocol 

that has advanced walleye food fish 
production to the point that a com-
mercial walleye industry is emerging. 

Prior facility research has demon-
strated walleye growth potential in 
indoor systems, reaching an average 
of  .45kg (1.0lb) in 12 months from 
egg to market size utilizing RAS at 
commercial density levels of  60-
90kg/cubic meter. Not only there is 
demand for this market-size walleye, 
but also an additional market exists 
for pellet fed and intensively reared 

12-month post hatch, intensively reared walleye in RAS at UWSP NADF.
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Prior facility research has 

demonstrated walleye growth 

potential in indoor systems, reaching 

an average of .45kg (1.0lb) in 12 

months from egg to market size 

utilizing RAS at commercial density 

levels of 60-90kg/cubic meter.

fingerlings, which are highly bios-
ecure and can be utilized for stock-
ing into other RAS or aquaponics fa-
cilities for grow-out. UWSP NADF 
Assistant Director and Research 
Programs Manager, Greg Fischer 
explains “We are seeing more and 
more interest in rearing walleyes in-
tensively for both food fish and con-
servation stocking practices from a 
variety of  state, federal, tribal and 
private agencies.”

There remains a limited number 
of  bottlenecks for commercial wall-
eye industry production. One of  the 
most important is a domesticated 
in-house broodstock reared in RAS 
that can supply high-quality eggs and 
fry for out-of-season commercial 
production. Building upon past and 
moving forward with recent research 
projects related to commercial wall-
eye production with the University 
of  Wisconsin Sea Grant Institute 
(WISG) and the North Central Re-

gional Aquaculture Center, the facil-
ity is very close to achieving the goal 
of  a commercial, land-based, region-
al walleye industry. The most recent 
walleye project, funded by WISG, 
“Commercial application of  out-of-
season spawning of  walleye (Sander 
vitreus)”, is succeeding in completing 
the entire life cycle of  walleye repro-
duction under intensive conditions 
within a land-based, sustainable, re-
circulating aquaculture system and is 
providing the methodology for sup-
plying suitable eggs and fingerlings 
to a growing commercial walleye in-
dustry. 

Efficient technology and infor-
mation transfer of  research findings 
to the industry is crucial for species 
adoption as well as success; there-
fore, the facility shares research out-
comes, best management practices 
and techniques to farmers through 
on-site demonstration, publications, 
workshops, presentations at indus-

UWSP NADF larval walleye.
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*Greg Fischer and Emma Wiermaa.
University of Wisconsin Stevens Point Northern

Aquaculture Demonstration Facility, Bayfield, WI
Correspondence author: Greg Fischer at 

gfischer@uwsp.edu

try events as well as technical videos 
such as the UWSP NADF Walleye 
Video Manual. This research, dem-
onstration, and technology transfer 
renders UWSP NADF as the leading 
research facility that is advancing the 
commercialization of  raising walleye 
intensively for food fish production. 
In addition, the facility has strong ex-
isting partnerships with both private 

industry and public agencies, includ-
ing The Conservation Fund Freshwa-
ter Institute in West Virginia and the 
Rathbun State Fish Hatchery in Iowa, 
collaborating in the forefront of  wall-
eye research and demonstration.

For further information on UWSP 
NADF research, demonstrations, and 
deliverables, please visit aquaculture.
uwsp.edu

This research, demonstration, and 

technology transfer renders UWSP 

NADF as the leading research 

facility that is advancing the 

commercialization of raising walleye 

intensively for food fish production.

Room for intensive production of walleye raised on commercial feed from hatch.
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THE GOOD, THE BAD AND THE UGLY

By: Ph.D Stephen G. Newman*

Seven myths 
about 
microbial 
products used 
in aquaculture  

Bacteria are thought of as being primitive. This is far from reality. 

They are highly evolved and well adapted to the myriad of environments 

that a given species and its many strains may occupy. They constantly 

evolve in response to changing environments and adapt accordingly. 

They do have some limitations, the nature of which are frequently 

glossed over.

If I were in the market for prod-
ucts of  this nature, I would be 
concerned if  I was seeing puff-
ery-based claims of  benefits 

that are not supported by science. It 
is a safe bet that misspelled bacterial 
names are not necessarily solely a re-
flection of  spell-checking errors.

I have outlined several myths that, 
based on my 40 plus years of  experi-
ence with the global aquaculture in-
dustry, and the knowledge that being 
a professional microbiologist has af-
forded me, can help one better under-
stand some fundamentals about bacte-
ria and what the science supports and 
does not. 

Note that this is a very complex 
topic that could easily be the subject 
of  an extensive article with references. 
I have focused on some aspects of  
this, and certainly, there are omissions.     

MYTH 1. We know exactly what spe-
cies and strains of  bacteria are in any given 
environment, so we know what will happen 
when we add external sources of  bacteria.  
Some years ago, there were a few sci-
entists that voiced that they thought 
we might have isolated all of  the bac-
teria that there are from given envi-
ronments. As molecular biology has 
increased in its scope and utility, we 
are able to detect the biochemical fin-
gerprints of  bacteria without cultur-
ing them. We now know that most of  
the bacteria present cannot be grown 
up on media. We also know that what 
we can culture is a tiny fraction of  the 
total species present.  

What appeared to be simple turns 
out to be far from it. The environ-
ments in which we culture shrimp and 
fish are loaded with complex mix-
tures of  microbes that are constantly 

being impacted by each other and by 
the various inputs and outputs. Add-
ing bacterial mixtures appears to be 
useful in some instances in terms of  
bringing about short-term changes 
(such as reduction in organic matter), 
but there is a lot more to be learned.

MYTH 2. When someone grows large 
numbers of  bacteria in noncontrolled sys-
tems, the only bacteria that will proliferate 
is what they add. 
In my opinion, perhaps the single 
most dangerous practice that farm-
ers are being encouraged to engage in 
is the pond side culture of  mixtures 
of  various bacteria and fungi with-
out quality control. Powdered prod-
ucts are frequently contaminated by 
a myriad of  fungi and airborne bac-
teria. This makes it less than straight-
forward that culturing them in mass 
will result in only what is purported 
to be in the initial inoculum. Micro-
biologists will tell you that even un-
der highly controlled conditions, this 
is uncertain. With no to little qual-
ity control, the risks of  adding and/
or creating potential pathogens is 
not small. Bacteria readily exchange 
genetic material and encouraging a 
practice that ensures this is, at best, 
risky. The risks far outweigh any ben-
efits. Under ideal conditions many 
vibrios double in 10 to 15 minutes. 
When present as contaminants, they 
readily outgrow any other bacteria 
that might take an hour or more to 
double. Many farmers are dumping 
potential pathogens into their ponds.    

MYTH 3. Nutrients are never limiting.   
As with all living organisms, bacte-
ria have metabolic requirements for 
specific macro (such as proteins, fats, 
carbohydrates, etc.) and micronutri-
ents (vitamins, minerals, etc.). When 
one grows bacteria in a highly con-
trolled environment, such as a fer-
menter, it can be challenging to pre-
vent contamination and to allow the 
process to proceed to where it needs 
to go. Depending on what one is try-
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ing to accomplish, specific nutrients 
may need to be added to ensure that 
the bacteria have what they need to 
grow and function in the manner that 
they need to. An example might be 
that with certain nutrients, the bacte-
ria produce a valuable metabolite at 
a specific stage of  development. If  
and when the critical nutrients are de-
pleted, the metabolite can not be pro-
duced. This is true whether you are 
using a fermenter or looking at what 
is happening in any given aquatic en-
vironment.     

Competition for nutrients is likely 
the main mechanism of  action of  
the vast majority of  microbial prod-
ucts being sold into aquaculture. 
They outcompete other microbes in 
the production environment for cer-
tain macro and micronutrients in the 
short term by producing powerful 
enzymes that degrade organic mat-
ter and impact other aspects of  water 
quality. Without these, the bacteria 
eventually die. This, more than like-
ly, is why these products need to be 
added repeatedly. Nutrients are con-
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stantly being used and replaced when 
shrimp are fed.  

MYTH 4. The best products are those 
with the highest bacterial counts. 
There is no biological basis for this. 
All bacteria need nutrients to grow. 
Some, such as the Bacillus species, 
will form spores when critical nutri-
ents run out or the environment be-
comes hostile for other reasons. Most 
simply die. What limits the ability of  
bacteria that we add to production 
systems are several things. The envi-
ronment (temperature and salinity are 
two factors) has an impact, as does 
the presence of  bacteriophages (vi-
ruses that kill bacteria) and species of  
competing bacteria (and other micro-
organisms) that may produce bacte-
riocins (antibiotics) among a few oth-
ers. The most important limitation is 
nutrient-related.   

Many of  the enzymes that all liv-
ing organisms produce require cofac-
tors. These are micronutrients, typi-
cally a metal ion, such as iron, zinc, 
magnesium, or a vitamin, etc. When 
these become limiting, the enzymes 
cannot function. If  their role in the 
host metabolism is critical for surviv-
al, the host will die. Therefore, start-

ing with excessive-high numbers of  
bacteria, whether it is a single species 
or a dozen, makes no sense biologi-
cally as there are not enough nutri-
ents to support the growth of  all of  
them. No one knows what the least 
number of  bacteria is that one can 
start with to see the desired benefit, 
although anecdotal studies suggest 
that it is well below what most prod-
ucts contain.

Spore-forming bacteria germinate 
at differential rates and have varied 
enzyme profiles. Much as there are 
differences between bacterial species 
and strains on how rapidly they grow 
and divide, some species germinate 
much faster than others. It stands to 
reason that those species and strains 
that become metabolically active 
quicker will dominate over those that 
lag. Nutrient limitation will ensure 
that the first to feast prevent those 
that come in after from easily access-
ing the nutrients that they require.  

MYTH 5. One can readily mix spore 
formers with non-spore formers, and they 
will all survive equally well under the same 
storage conditions. 
Most of  the companies that fer-
ment Bacillus spores will tell you that 

blending spores with viable metaboli-
cally active bacteria or fungi is not 
conducive to these added organisms 
surviving for a significant period. 
Many of  these die-off  under the nor-
mal storage conditions.  

They may require refrigeration to 
maintain shelf  life, or they must be 
produced in a costly manner (spray 
drying or freeze-drying) and increases 
the chances that blending with spores 
will reduce their viable shelf  lives. 
Much as with yogurt, where claims of  
viable bacteria for the entire shelf  life 
require the addition of  very high lev-
els, one cannot be sure what is alive 
and how much of  it is alive.

MYTH 6. These products are probiot-
ics that will have a huge impact on animal 
health and disease resistance, and tolerance.
The agreed-upon definition of  probi-
otics (WHO/FAO) is:
• living organisms (bacteria or fungi 
as examples) 
• that are fed to an animal (they must 
be ingested orally) 
• that colonize the digestive organ 
surfaces, becoming a part of  the mi-
crobiome (not as simple as it sounds 
by a long stretch) 
• and that has a positive impact on 
the animal’s health. This is widely 
held to be due to the production of  
metabolites that favor the animal in a 
manner that makes them better able 
to tolerate diseases.

The term has become so widely 

misused that for all practical 

purposes, any bacteria used in 

any way on any animal, plant, 

environment, etc., is now called a 

probiotic.
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The term has become so widely 
misused that for all practical purpos-
es, any bacteria used in any way on 
any animal, plant, environment, etc., 
is now called a probiotic. This has 
resulted in a great deal of  easily ex-
ploited confusion about what is really 
happening. Colonization of  the gut is 
uncertain, and claims about impacts 
on animal health because of  this are 
as well. Very few, if  any, products be-
ing sold as probiotics are going to act 
on the animals via these mechanisms. 
Most products in the marketplace 
function via bioremediation and bio-
augmentation external to the animals. 
The need to add the products regu-
larly leads to an inference that stable 
colonization of  the microbiome is 
not occurring and those other non-
probiotic mechanisms are respon-
sible for the observed impacts. 

MYTH 7. The more species and strains in 
the product, the better.   
There is no scientific basis for this. 
The vast majority of  the different 
species added act in a similar manner. 

They produce enzymes that degrade 
organic matter. From a strictly bio-
chemical perspective, adding differ-
ent bacterial species and even genera, 
most of  which produce the same 
enzymes only to varying degrees, to 
production environments makes little 
to no sense. It appears to be a du-
plicative effort geared more towards 
selling the product than towards 
proving that this actually makes sense 
biologically in every instance.   

The use of  microbial products in 
aquaculture is in its relative infancy. 
These products are tools that, when 
used properly, can be components of  
sustainable practices. They have lim-
its in what they can do. At this time, 
for the most part, they act on the en-
vironment with little indication in the 
field that they have a direct impact on 
the animals (i.e. colonization and the 
production of  metabolites internally 
that have a positive benefit on animal 
health).   

Unfortunately, it is my belief, that 
as long as companies continue to sell 
products using some or all of  these 

myths as part of  their marketing ap-
proach there will be little incentive 
to develop true probiotics (if  this is 
even possible for aquatic animals in 
uncontrolled production environ-
ments).     
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