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1.1. Background

1.1.1. Eutrophication and trophic transfer in aquatic ecosystems

Today, a key issue in ecology is to understand and predict the impact of anthropogenic
climate change caused by greenhouse gas emissions (rising temperatures and acidification
of oceans), and exploitation of natural resources (overexploitation and waste production)
on ecosystem dynamics. Impacts are found on both terrestrial systems and marine systems
and include decreased productivity and shifted species distributions (Hoegh-Guldberg and
Bruno, 2010). As a result of intensified industrialization and agribusiness, eutrophication
increases in coastal and estuarine waters, causing changes in organism communities and
food web distributions (Parry et al., 2006). In hypereutrophic lakes it can often be observed
that algae standing stock build up in the system with limited transfer to the next trophic
level. As a consequence, the potential contribution of algae into higher trophic levels in the
aquatic food web is not fully realized. It has been suggested that the plant-animal trophic
link is the most unpredictable in the food web. Biomass and energy transfer are regularly
inhibited at the phytoplankton-zooplankton link (Brett and Goldman, 1996, Brett and
Goldman, 1997, McQueen et al., 1989, Miiller-Navarra et al., 2000, Muller-Navarra et al.,
2004, Micheli, 1999). The empirical relation between high nutrient loading, limited trophic
transfer and low productivity has been studied for decades but is still not fully understood
(Vollenweider, 1976, Carpenter and Kitchell, 1984, McQueen et al., 1986, McQueen et al.,
1989, Sommer et al., 1986, Schindler, 1987). Today, there is a broad consensus that the
nutritional quality of food is a key factor determining trophic transfer (DeMott and Tessier,
2002, Miiller-Navarra and Lampert, 1996, Elser et al., 1998). In general, the high nutritional
quality of microalgae, providing protein, energy, vitamins and minerals, are vital to the food
web. In addition, some algae species store large quantities of fat or are a source of long-
chain polyunsaturated fatty acids. The latter are conserved by higher organisms in algae-
based food webs (Dalsgaard et al., 2003).

1.1.2 The HUFA bottom-up hypothesis in aquatic ecosystems

Long-chain polyunsaturated fatty acids (PUFA) are biochemical compounds affecting the
physiology, development and health status of animals. Although only alpha-linolenic acid
(18:3n-3, ALA) cannot be synthesized de novo by animals and is therefore essential within
the w-3 group, the health and growth performance stimulating role of the highly unsaturated
fatty acids (HUFA; polyunsaturated fatty acids with more than 20 carbon length and more
than 4 double bounds) eicosapentaenoic acid (20:5n-3, EPA) and docosahexaenoic acid
(22:6n-3, DHA) became well recognised. Animals can convert ALA into EPA and DHA, but
with an efficiency of only 5% (Stark 2008, Wall 2010, Davis 2003). Therefore, direct access to
EPA or DHA through the diet is beneficial and by some researchers considered conditionally
essential. Already at the base of the aquatic food web, the stimulating role of EPA and DHA
can be observed. Studies show that a high content of EPA and DHA in algae is a strong
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predictor of zooplankton growth and reproduction, and may therefore be important for the
development of the entire food web (Miller-Navarra et al., 2000, Miiller-Navarra, 1995,
Jonasdottir et al., 1995, Brett and Goldman, 1997, Gladyshev et al., 2011). Brett et al., (1997)
compared Eltonian biomass pyramids between a hypereutrophic fresh water lake and the
marine Peruvian upwelling zone and stated that in efficient systems like marine upwelling
zones, a given amount of phytoplankton biomass can support a 25 times larger zooplankton
biomass and 50 times larger fish biomass compared to inefficient systems like many
hypereutrophic fresh water lakes (Figure 1) (Brett and Miiller-Navarra, 1997). They relate
this efficiency directly to the content of HUFA in the phytoplankton biomass, since marine
upwelling zones are known for a constant high abundance of diatoms and cryptophytes,
phytoplankton with high EPA content. This is in contrast with hypereutrophic lakes which are
characterized by growth of HUFA-poor cyanophytes and green algae with a poor nutritional
quality resistant to grazing. Trophic transfer driven by HUFA content is known as the HUFA
bottom-up hypothesis, and proposed to be a bottleneck in eutrophic aquatic ecosystems
(Miller-Navarra et al., 2000, Mller-Navarra et al., 2004).

Bsisn
El()(mplankton
Dl’h) toplankton

Clear Lake Peruvian Upwelling

Figure 1. Figure adopted from Brett and Miiller-Navarra, 1997. In efficient systems like marine
upwelling zones (in this example the Peruvian Upwelling), a given amount of phytoplankton relative
biomass results is 25x more zooplankton and 50x more fish relative biomass than in hypereutrophic
lakes (Clear Lake). It shows that food web structures depend on trophic transfer efficiency, supported
by food quality of primary producers.

This proposed bottleneck is supported by Gladyshev et al., (2011), emphasizing the role of
w-3 HUFA in shaping the aquatic food web pyramid (Gladyshev et al., 2011). They found that
trophic transfer between phytoplankton and zooplankton of w-3 PUFA and HUFA in eutrophic
fresh water systems was about twice as high as bulk carbon transfer, pinpointing high rates of
bioaccumulation of HUFA by zooplankton. These findings agree with the suggestion of Brett
et al., (2006) stating that zooplankton preferentially catabolizes other fatty acids in order to
store ALA, EPA and DHA (Brett et al., 2006). However, when studying the HUFA-bottom-up
hypothesis in lakes under eutrophic conditions characterized by cyanophyte blooms, there
could also be other factors than low HUFA content inhibiting trophic transfer, making low
HUFA concentrations a consequence rather than a cause. Other factors include ingestion
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or digestion problems related to the uptake of specific phytoplankton species (Rohrlack et
al., 1999, Lance et al., 2006), or a disparity in elemental ratios between prey and consumer,
known as stoichiometry mismatch (Schoo et al., 2013).

1.1.3 Stoichiometry affecting trophic transfer in aquatic ecosystems

Besides energy content and biochemical composition affecting nutritional quality and
thus trophic transfer, also elemental (nitrogen and phosphorous) ratio differences
between producers and consumers are important since such differences may correspond
with differences in physiological functions. For example, organisms relatively high in
carbohydrates or lipids show higher carbon:nitrogen (C:N) or carbon:phosphourous
(C:P) ratios than organisms relatively high in proteins or nucleic acids (Waal & Boersma
unpublished). The field of stoichiometry describes the relationship between organisms and
their environment by looking at the elemental balance of energy (carbon) and nutrients
(nitrogen or phosphorous). Heterotrophic organisms show a narrow range in elemental
composition due to homeostasis. They take up carbon and nutrients at the same time, and
their uptake therefore reflects the biochemical composition of their food. Food quality
for heterotrophic organisms depends on how closely the food’s elemental ratios match
the species own elemental ratio. Primary producers however reflect the stoichiometry
of their environment. Primary producers, being autotrophic organisms, standing at the
base of the food web transforming inorganic nutrients into organic compounds, take up
carbon and nutrients separately. This results in an elemental composition reflecting the
elemental availability of their surroundings, which may vary largely. Although primary
consumers possess several mechanisms to cope with differences in food quality such as
selective feeding or increased turnover rates, there is a point where a mismatch with the
stoichiometry of their prey hinders trophic transfer, affecting the whole food web (van de
Waal et al., 2009) (Figure 2). Monitoring the stoichiometry of producers and primary and
secondary consumers should therefore allow to predict food quality and transfer efficiency
of energy and nutrients through the food web. Miiller-Navarra et al., (2004) showed that
phytoplankton HUFA content, was negatively correlated to the total exogenous phosphorous
concentration in fresh water lakes. They explained their findings by the fact that a high
phosphorous concentration in the water column is in favour of fast growth of cyanobacteria,
which contain some ALA, can store large amounts of phosphorous, but hardly contain HUFA
and are therefore minimally consumed, decreasing trophic transfer efficiency. Unfortunately,
since the HUFA bottleneck was proposed by Miiller-Navarra et al., (2000, 2004), little
experimental work has followed, but some modelling work has been done on biochemical
food quality, stoichiometry, and yield distributions over the food web. Perhar et al.,(2012)
incorporated the HUFA bottom-up hypothesis in a limiting nutrient mathematical model to
investigate the ecological implication of aquatic food web dynamics (Perhar et al., 2012).
They showed that in oligotrophic water bodies, biomass distribution had a strong reliance
on exogenous phosphorous, often resulting in inverted food web distributions (relatively
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high consumer biomass supported by comparatively low primary producer biomass). But
in eutrophic systems, the consumers relied mostly on HUFA availability, and often HUFA
limitation resulted in algal blooms. The study showed that optimal levels of both HUFA as
well as phosphorous (stoichiometry) at the plant-animal interface are crucial for shaping the
food web pyramid and HUFA conservation through the food web.
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Figure 2. Picture from van de Waal et al., (2009). Primary producers show a wide range of C:P ratios.
Consumer animals like zooplankton or fish show a narrow-fixed range due to homeostasis. According
to the stoichiometry hypothesis, a possible mismatch and trophic decoupling might be expected when
C:N:P ratios become too far apart between food and consumer.

1.2. Formulation of the problem

1.2.1 Challenges in aquaculture

World aquaculture production continues to be the fastest growing animal-food producing
sector with an immense increase from 32.4 to 66.6 million MT in the period 2000-2012.
Aquaculture products are an important source of animal protein and HUFA, which are
crucial for human health. The production from capture fisheries reached its maximum
potential in most main fishing areas and further increases in seafood supply need to come
from aquaculture. To meet the growing demand for fish-food products with an increasing
world population to 10.5 billion people in 2050 (an increase of 36 % compared to 2019
and constant birth rates), aquaculture production needs to grow to 150 million ton by
2050. To do so, the aquaculture sector needs to intensify, bringing along serious challenges
regarding sustainable growth. In aquaculture, more than 80% of fish and 98% of shrimp are
produced in ponds (FAO 2014). Over the last decades, pond production intensified. This
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was done by changing traditional “grassland ponds” that relied on in situ produced natural
foods, into “holding tank ponds” relying on externally produced complete feeds. The use of
complete feeds increased production and feeding efficiency, but also increased metabolic
waste production. These metabolic wastes outstrip the carrying capacity of stagnant ponds
and demand water replacement, waste removal or in situ mineralisation to maintain water
quality. With high water exchange rates, microbial communities are diluted before reaching
full equilibrium, and it is proposed this makes the pond more vulnerable for diseases
(Figure 3). Insufficient control on metabolic wastes in aquaculture is a major factor affecting
environmental sustainability (FAO 2014; Verdegem 2013). In holding tank ponds, half of the
costs for shrimp production are made up by feeding costs (NRC 2011). Unfortunately, some
raw feed ingredients such as fishmeal and fish oil, major sources of HUFA for shrimp and
fish, are becoming scarce and this may inhibit further aquaculture expansion in the near
future (Boyd et al., 2007, FAO 2014). A promising approach is to develop a more ecological
“nutritious pond” farming system, targeting to reduce waste production and enhance the
contribution of in situ produced natural foods through alterations in diet formulation, while
maintaining current shrimp harvest rates.

/Water use: 10 times T [a]

Pollution: Eutrophication surface
waters [b, c] =
Diseases: Losses T [d] =
Antibiotics T [e]
Chemicals T [e]
Fishmeal/oil: Continued reliance [f]
Essential quality food for poor { [g]

iguality: Human health & mental health 4 [h]
Food quality ¥ i, j]

£

' Mitigation
Nutritious-system pond 6

* Feed the whole system

e Fish, shrimp

« Algae, microbiota
» * Enhance internal purification

* Upgrade quality natural food

* Reduce fishmeal/fish oil
e Less water use, less pollution
* No antibiotics/chemical

Figure 3. Problems related to the increase of intensification and development from traditional
grassland ponds to holding tank ponds, and the mitigation towards developing the nutritious-pond
system concept. a) Verdegem et al., 2006, b) Mischke, 2012, c) Nhan et al., 2008, d) Stentiford et al.,
2012,, e) Bondad-Reantaso et al., 2005, f) Tacon and Metian, 2008, g) Tacon and Metian, 2013, h)
Crawford and Broadhurst, 2012, i) Mrdz et al., 2012 j) Watters et al., 2013.
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1.2.2 Increase contribution high quality natural foods in pond

Numerous studies have shown that natural food production can contribute to shrimp
nutrition in production ponds, ranging from extensive to hyper-intensive production systems
(Jory, 1995, Anderson et al., 1987, Sangha et al., 2000, Lavens and Sorgeloos, 2000, McIntosh
et al., 2000, Bojorquez-Mascarefio and Soto-Jiménez, 2013, Martinez-Cordova et al., 2003,
Soares et al., 2004, Decamp et al., 2002, Browdy and Moss, 2005, Wasielesky et al., 2006).
High quality natural foods such as copepods or diatoms contain significant amounts of EPA
and DHA, and are known to stimulate shrimp production. In shrimp feed formulations, a
grading order was found in growth promoting effect of dietary PUFA and HUFA, where EPA
was found to be the most performance enhancing: EPA>DHA>ALA>18:2n-6 (Glencross and
Smith, 1999, Glencross and Smith, 2001a, Glencross and Smith, 2001b, Glencross et al.,
2002b, Glencross et al., 2002a). Based on stable isotope measurements it has been suggested
that in shrimp ponds the contribution of natural foods can reach up to 50% of the total diet
selection (Burford and Williams, 2001). This shows that part of the complete formulated
feed administrated to ponds acts as expensive fertilizer stimulating natural production. The
resulting natural foods are only partially eaten by culture organisms, depending on species
specific foraging behaviour. For example, with increasing age, P. vannamei switches from
phytoplankton and zooplankton eater to mainly benthic bottom feeder. Meaning that during
the shrimp grow-out phase, energy in form of phytoplankton biomass in the water column
is to a lesser extent accessible to the animal, and therefore only a minor percentage of this
potential energy and nutrient source ends up in the shrimp. In aquaculture, this inefficiency
in nutrient transfer into the culture species is partly addressed by making use of polycultures
(canalizing nutrients in an additional species with complementary foraging habits) or biofloc
systems (canalizing nutrients in flocculating bacterial biomass as additional accessible food
source for the culture species) (Lombardi et al., 2006, Rahman et al., 2008, Rahman et
al., 2006, Roos et al., 2007, Avnimelech, 2009). The fertilizing properties of uneaten feed
and metabolic wastes can be influenced through alterations in diet formulation targeting
a faster nutrient turnover and more complete mineralisation through the entire pond’s
food web. For example, Hari et al., (2006) showed that protein retention from feed into
harvested shrimp biomass significantly increased when carbohydrates where added to
the pond water as fertilizer stimulating in situ produced heterotrophic microbial biomass.
As a result, less protein needed to be added to the diet, waste output was reduced and
water quality parameters improved (Hari et al., 2006). Looking at the high availability of
nutrients, aquaculture ponds can be considered hypereutrophic lakes with a primary
production exceeding 4 g C m2d. As described above, aquatic ecology studies proposed
that insufficient HUFA content and insufficient stoichiometry at the plant-animal interface
are bottlenecks for trophic transfer of energy and nutrients in eutrophic waterbodies. It
is unknown if these bottlenecks are also applicable to crustacean biology, which rely on
the benthic based food web instead of the phytoplankton-based food web (see Figure 4).
Nevertheless, several studies have shown that benthic diatoms are a high-quality food
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source for aquatic invertebrates due to high HUFA content, and herbivorous fish grazing on
periphyton showed strong accumulation of HUFA derived from diatoms, while diatoms only
made up for a small proportion of the periphyton (Johnson and Wiederholm, 1992, Delong
et al., 1993, Napolitano et al., 1996). Flows of energy and nutrients, including HUFA through
food webs in aquaculture production ponds are very unpredictable and presently not well
understood. To develop the shrimp nutritious pond system, our understanding of the flow
and fate of energy from sunlight and external feed into biomass must increase, as well as
our knowledge on diet selection of shrimp in outdoor ponds. Defining bottlenecks of energy
and nutrient transfer in ponds may contribute to increasing turnover rates and therefore
may increase contribution of natural food in shrimp nutritious pond systems.
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Figure 4. Schematic drawing of the aquatic food web in outdoor shrimp ponds (P. vannamei) fed with
formulated feed at low/zero-water exchange rates, and primary production stimulated by sunlight.
Additionally added is the transfer of essential omega-3 fatty acids (PUFA & HUFA) through this food
web. With increasing age, shrimp natural diet selection relocates to mainly the benthic food web.

1.3. Scope and objectives of this thesis

This thesis aimed to provide insight in the actual contribution of HUFA and protein by
primary production to whiteleg shrimp (Litopenaeus vannamei) production in mesocosms.
Mesocosms were used in all experiments to mimic semi-intensive outdoor shrimp ponds.
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By studying nutrient compartmentalization as a result of alterations in diet formulation, the
role of external fish meal and fish oil, and external organic and inorganic fertilization (carbon,
nitrogen and phosphorous) was quantified. Each chapter of this thesis describes a specific
aspect of nutrient compartmentalization in shrimp mesocosms. Since HUFA, nitrogen,
carbon and phosphorus all co-influence nutrient dynamics, a multi-nutrient approach was
considered throughout all thesis chapters.

In chapter 2 the focus lies on HUFA-sourcing by shrimp. The role of dietary fishmeal and fish
oil on shrimp production and meat quality is assessed. By comparing the difference between
a standard commercial diet and a HUFA-deficient diet lacking both fishmeal and fish oil,
the contribution of HUFA derived from natural production into shrimp biomass has been
guantified. This was something poorly understood nor quantified in the past (lzquierdo et
al., 2006, Bojérquez-Mascarefio and Soto-Jiménez, 2013, Neori, 2011). The focus in chapter
3 is on the quantification of in situ produced and accumulated HUFA in the mesocosm
compartments. By leaving out both fishmeal and fish oil from the formulated diet, it was
attempted to increase the contribution of in situ produced natural food by encouraging
shrimp to forage more on natural resources. Where in chapter 2 and 3 the role of HUFA
from natural production is the main topic, in chapter 4 the role of protein (nitrogen) from
natural food in shrimp biomass production is described. By replacing the nitrogen input
through feeding with inorganic nitrogen, effects on nitrogen cycling and nitrogen utilization
in the mesocosm are described. Additionally, the effect of inorganic fertilization on algae
HUFA-content is assessed. Chapter 5 provides insight in the nutrient distribution over time
in the mesocosm and C:N:P ratios of mesocosm compartments as a results of replacing 50
% of the formulated diet with carbohydrate and inorganic-N. Chapters 2-5 describe specific
aspects concerning nutrient flows, accumulation and utilization in shrimp mesocosms.
In the final chapter of this thesis, the general discussion, results of present studies were
placed into broader context. The wins and flaws of this thesis are discussed, resulting in
future recommendations. Also, the role of shrimp as HUFA-source for human consumption
is criticised, as well as the sustainability of aquaculture and possible future effects of climate
change on pond culture. Furthermore, a reflection on shrimp diet formulations in the light
of the findings of this thesis are presented, and a link between ecological research versus
aquaculture research is made.

18 CHAPTER 1



GENERAL INTRODUCTION 19






CHAPTER2

IN SITU FATTY ACID PRODUCTION SUP 0R
YIELDS IN DIETS LACKING FISH OIL AND F

THIS CHAPTER HAS BEEN SUBMITTED FOR PUBLICATION Tl] ﬂ%ﬂ L3 x .

: _\ S f el
HERMSEN, D., VAN DE WAAL, D.B., DECLERCK, S.A.J., VERRETH, J.AJ., \ 3_‘;@-
FATTY ACID PRODUCTION SUPPORTS SHRIMP YIELDS IN DIETS LAGKI[I&



Abstract

The use of capture fisheries derived fish oil and fishmeal in aquaculture diets is highly
unsustainable. This study assessed HUFA contribution by dietary fish oil and fishmeal on
whiteleg shrimp (Litopenaeus vannamei) production and meat quality. Mesocosms were
used to mimic a semi-intensive pond production system, including primary producers.
Fatty acid mass balances were computed to distinguish between diet-based and primary
production-based contributions to shrimp production. Performance and body fatty acid
composition were evaluated of shrimp fed a commercial shrimp diet rich in omega-3 fatty
acids and containing fish oil and fishmeal (control) with a fishmeal and fish oil free diet
low in omega-3 fatty acids (low HUFA diet: Lw-HUFA). Six mesocosms were each stocked
with 60 juvenile shrimp and randomly assigned to the two diets. After an 8-week grow-out
period, shrimp growth, total biomass production, survival and proximate body composition
were similar between diets. Absence of fish oil and fishmeal in the formulated diet did
not reduce growth performance in the mesocosms. However, shrimp fed the control diet
contained twice as much HUFA and omega-3 fatty acids than Lw-HUFA shrimp. Shrimp
arachidonic acid (ARA) content was not affected by diet, while linoleic acid (LA) and alpha-
linolenic acid (ALA) were higher in shrimp fed the Lw-HUFA diet. Eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA) were significantly higher in shrimp fed the control
diet. Fatty acid mass balances showed large quantitative losses in both treatments of the
precursors ALA and LA that were being used as energy source by the shrimp instead for
HUFA synthesis. Whereas losses were also observed for EPA and DHA in the control group,
there was a remarkable gain for these components in the Lw-HUFA tanks. Lw-HUFA shrimp
sourced 32 % of their total EPA-gain and 6 % of their total DHA-gain from the algal-based
food web. This quantitative analysis of the fate of major dietary fatty acids strongly suggests
that the pond’s primary production can provide shrimp additional HUFA. Nevertheless,
when fully excluding fishmeal and fish oil from formulated feed, the HUFA content is lower
than normally observed in cultured or wild caught shrimp. Finding a balance between HUFA
contribution through formulated feed and natural production seems possible but deserves
further research. There is need of a better understanding of the flow and fate of energy and
essential fatty acids from primary producers and external feed into consumer biomass to
make shrimp production more sustainable.

Keywords: EPA, DHA, omega-3 fatty acids, fishmeal, fish oil, mesocosm, Litopenaeus
vannamei



2.1 Introduction

2.1.1 Dependency on fisheries hinders sustainable aquaculture

Aquaculture production needs to grow with 12 % following the estimated population
growth from 7.7 billion in 2019 to 8.6 billion in 2030 (U.N. 2019). Maintaining current per
capita seafood consumption, would mean an additional 13.2 million ton seafood is needed
to fulfil the growing demand for protein. In aquaculture, more than 98 % of shrimp are
produced in brackish water ponds. In semi-intensive and intensive ponds, the feed is the
most expensive input, accounting for half of the production costs (Hardy, Gatlin-Ill et
al., 2011). Unfortunately, some raw feed ingredients such as fishmeal and fish oil -major
sources of highly unsaturated fatty acids (HUFA) for shrimp and fish- are becoming scarce
and this may inhibit further aquaculture expansion (Boyd, Tucker et al., 2007, FAO 2018).
Some aquaculture practices are actual net consumers of fish than producers (IFFO 2018).
Estimates for 2006 indicate that the aquaculture sector used an equivalent of 16.6 million
MT small pelagic forage fish with an overall fish-in fish-out ratio of 0.7 (Tacon and Metian
2008). This highlights our inefficient and unsustainable use of natural resources, adding
substantial pressure to natural ecosystems. Marine fisheries expanded rapidly since the
80’s, and global fishing effort together with the related environmental impact continues
to increase. Capture fisheries result in the decline of fish standing stocks and the alteration
of life history traits. Effects are not limited to fish but extend often to the entire aquatic
food web, including groups such as mammals, turtles, seabirds and the benthic community
(Dayton, Thrush et al., 1995, Clark and Tilman 2017, Ortufio Crespo and Dunn 2017). As a
result, the overall biodiversity and resilience of natural systems is reducing. Avoiding use of
capture fisheries derived products in animal feeds is thus desired. This leads to an urgent
need for alternative lipid sources other than fish oil in aquaculture diets, that can meet the
dietary requirements for omega-3 (n-3) fatty acids, in particular eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA) (NRC 2011).

2.1.2 Alternative fatty acid sources

Lots of research has been done to find alternative ingredients to substitute fishmeal or
fish oil in aquaculture diets without compromising on current production rates. Studies
on replacing both fishmeal and fish oil without EPA or DHA supplementation are rare.
Outcomes suggest that nutritionally balanced diets can partially replace fishmeal or fish
oil without negatively affecting shrimp survival and growth. These diets contained soybean
meal, animal by-product meal, vegetables oils and insect derived ingredients (Turchini,
Torstensen et al., 2009, Xu, Wang et al., 2016, Cummins, Rawles et al., 2017). Furthermore,
biotechnology made great progress in producing EPA and DHA from algae, fungi, bacteria
or thraustochytrids (Boelen, van Dijk et al., 2013, Amiri-Jami, LaPointe et al., 2014, Wang,
Li et al.,, 2017), which are frequently used in human diet supplements or baby milk
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powder. Unfortunately, these ingredients are still too expensive to be used as ingredient in
aquaculture feed.

A potential alternative to lipids from fishmeal and fish oil are plant oils, although also
expensive and containing higher amounts of n-6 oils instead of n-3 oils. Within the n-3 oils,
plants mainly contain poly unsaturated fatty acids with up to three double bonds (PUFA),
such as alpha-linolenic acid (ALA), compared to HUFA such as EPA and DHA, containing 5
and 6 double bonds, respectively. In the search for fishmeal and fish oil replacements, the
emphasis has been predominantly on n-3 fatty acids due to the important physiological
functions of n-3 HUFA and its limited availability. The importance of n-6 fatty acids, for
instance arachidonic acid (ARA) and its precursor linoleic acid (LA), has been largely
overlooked but is now gaining more attention due to their role in fish and shrimp health
performance (Bell and Sargent 2003).

2.1.3 Enzymatic conversion

Animals can enzymatically convert ALA into EPA and DHA (n-3 pathway), and LA into ARA (n-6
pathway), though efficiencies are low, ranging between 1 and 5 % (Figure 1). Therefore, EPA,
DHA and ARA are considered conditionally essential for animals since enzymatic conversion
can hardly provide sufficient EPA and DHA levels from ALA (Stark 2008, Wall 2010, Davis
2003) or ARA from LA. Direct access to EPA, DHA and ARA through the diet is beneficial, and
required for optimal animal health and performance.

In shrimp feed formulations, the growth promoting effect of dietary PUFA and HUFA can be
ranked. EPA enhances growth best, followed, in this order, by DHA, ALA and LA (Glencross
and Smith 1999, Glencross and Smith 2001, Glencross and Smith 2001a, Glencross, Smith
et al., 2002, Glencross, Smith et al., 2002). The desaturase enzymes involved in biosynthesis
of HUFA from PUFA are driven by competitive substrate inhibition showing a preference for
longer and more saturated molecules, leading to a hierarchy with DHA as most preferred
substrate, followed by, in this order, EPA, ARA, ALA and LA (Sargent, Bell et al., 1993, Glencross
2009). Both n-6 and n-3 are desaturated by these enzymes. Consequently, when the balance
between n-6 and n-3 fatty acids is altered, for example by replacing n-3 HUFA rich fish oil by
n-6 rich plant oils, thus replacing DHA and EPA by ARA and LA, this may negatively affect the
animal’s capacity to desaturate n-3 HUFA from their precursor ALA since n-6 oils will occupy
the majority of the enzymes.
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PUFA ALA C18:3n-3 C18:2n-6 LA PUFA
NE desaturation NE
HUFA C18:4n-3 C18:3n-6
J elongation J
C20:4n-3 C20:3n-6
NE desaturation NE
EPA C20:5n3 C20:4n-6 ARA HUFA
N2 N2
N% N2
NE elongation NE
N% N2
N2 N2
DHA C22:6n-3 C22:5n-6

Figure 1. Conversion pathway of omega-3 (n-3) and omega-6 (n-6) fatty acids. Abbreviations: Alpha-
linolenic acid (ALA), eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), linoleic acid (LA),
arachidonic acid (ARA), poly unsaturated fatty acids (PUFA), highly unsaturated fatty acids (HUFA).
PUFA: 2 or 3 double bonds. HUFA: minimum 4 double bonds.

2.1.4 Fatty acid requirements versus meat quality

In feed formulation for L. vannamei diets, a minimum HUFA requirement of 0.3-0.5 % (diet
weight basis) is commonly used, including 0.2 % EPA and 0.1 - 0.3 % DHA (Gonzélez-Félix,
Gatlin lll et al., 2003). Nowadays partial fishmeal and fish oil replacement by soybean meal
and vegetable oils has become customary practice. Although replacement of fishmeal
and fish oil by vegetable products in shrimp diets has no effect on growth or survival, it
produces shrimp low in HUFA content. Indeed, in the period 2006-2015 the n-3 HUFA
content of aquaculture seafood decreased drastically, e.g. 50 % in Atlantic salmon and 52 —
68 % in shrimp (Izquierdo, Forster et al., 2006, NRC 2011, Sprague, Dick et al., 2016). Thus,
although it is possible to make aquaculture less dependent on capture fisheries, it concurs
with a decrease in nutritional quality. Such a reduction in quality can have far reaching
consequences for human health, since seafood products are a major source of EPA and DHA
for humans (Yashodhara, Umakanth et al., 2009).

2.1.5 Pond natural food as additional fatty acid source

Studies evaluating alternative lipid ingredients are often conducted in clear water systems,
where growth of natural food is prevented and food supply is fully controlled by external
inputs. This approach however neglects the potential contribution of natural food present
to shrimp production in fed outdoor production ponds and may lead to the overestimation
of the utilization efficiency of supplemented feed. For example, shrimp reared in outdoor
mesocosm systems incorporated higher levels of EPA and DHA when fed fish oil-poor diets
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than shrimp reared in clear water systems (lzquierdo, Forster et al., 2006). High quality
natural foods, such as copepods or diatoms contain significant amounts of EPA and DHA,
and are known to stimulate shrimp production (Johnson and Wiederholm 1992, Delong,
Summers et al., 1993, Napolitano, Shantha et al., 1996). Numerous studies have shown that
natural food production can contribute to shrimp nutrition in production ponds, ranging
from extensive to hyper-intensive production systems (Anderson, Parker et al., 1987, Jory
1995, Lavens and Sorgeloos 2000, Mclntosh, Samocha et al., 2000, Sangha, Cruz et al., 2000,
Decamp, Conquest et al., 2002, Martinez-Cordova, Campana Torres et al., 2003, Soares,
Peixoto et al., 2004, Browdy and Moss 2005, Wasielesky, Atwood et al., 2006, Bojorquez-
Mascarefio and Soto-Jiménez 2013). More specifically, stable isotope measurements
suggest that in shrimp ponds the contribution of natural foods can reach up to 50 % of the
total diet selection (Burford and Williams 2001).

2.1.6 Study aim

In semi-intensive coastal brackish water ponds, the primary production often exceeds 4 g
C m2d™. The dry mass of algae produced in these ponds is similar to the amount of feed
administrated. Some marine or brackish water algae are good sources of HUFA and might
contribute to the shrimp diet. Yet, the actual contribution of primary production derived
fatty acids to the shrimp diet is poorly understood nor quantified (lzquierdo, Forster et al.,
2006, Neori 2011, Bojérquez-Mascareiio and Soto-Jiménez 2013). The first aim of this study
was to assess the HUFA contribution by dietary fish oil and fishmeal on whiteleg shrimp
(Litopenaeus vannamei) production and meat quality. Mesocosms were used to mimic a
semi-intensive outdoor pond production system, including primary producers. The second
aim was to compute PUFA and HUFA mass balances considering formulated feed input
and shrimp production. The goal was to distinguish between formulated diet-based and
primary production-based contributions to shrimp production. Finally, the feasibility and
sustainability to rely in semi-intensive production systems on in situ naturally produced
PUFA and HUFA for shrimp production was evaluated.

2.2 Material and methods

2.2.1 Experimental set-up

The experiment was conducted indoor under controlled temperature conditions at the
aquaculture research institute “Carus” of Wageningen University in The Netherlands. Six
experimental mesocosm tanks with a working volume of 700 L (1.25 m diameter, 90 cm
depth) were used as a model for outdoor commercial shrimp ponds. Seven agricultural lights
(Gavita; three LEP 270-01 SUP EU, and four Digistar 400W e-serie) were suspended above
the tanks. Each individual tank received an incident irradiance of 300 pmol photons/m?/s
under a 12h/12h day/night regime to enable autotrophic natural food production in the
tanks. The light system (Gavita; Master Controller EL1) controlled sunrise and sunset time
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and room temperature was maintained at 27-29 °C. Tank water was continuously mixed
and aerated by a looped aeration pipe, 7 cm above the sediment and perforated at 10 cm
intervals. Water temperature was 25-27 °C. All mesocosm tanks were filled with artificial
seawater with a salinity of 25 ppt (Reef Crystals) and a 7 cm sediment layer consisting of
homogenously sterilized pure sand. To inoculate the mesocosm ecosystem, 500 g of ‘live
rock’ (NMFS 1995) was added to the sediment of each tank (collected from tropical sea
aquarium Burger’s Zoo Arnhem, The Netherlands). The mesocosms were left to maturate
for 1 year. Three days prior to the start of the experiment, all tank walls were scrubbed
clean, and sediment and water were collected in a large basin and thoroughly mixed and
redistributed to ensure a similar start situation for the experiment. One day before the
start of the experiment (day 0), 60 1.5-g juvenile shrimp were stocked in each mesocosm
(approximately 50 ind/m?) (Florida Shrimp International Shrimp Harvesters USA, SPF-line,
imported by Crevetec Belgium), intending to mimic a farming system of intensive shrimp
farmers in the Vietnamese Mekong Delta with a potential shrimp production of more than
2000 — 3000 kg ha! (Joffre 2010).

2.2.2 Dietary treatments and feeding regime

Treatments were a control diet or a diet low in n-3 HUFA, randomly distributed over 6
mesocosms (3 replicates per treatment). The control diet was formulated according to
common commercial practice containing 1 % fish oil, 16 % fishmeal and 10 % soybean
meal (standard HUFA dietary group: control). In the low-HUFA treatment diet, fishmeal and
fish oil were fully substituted by casein and coconut oil, respectively (low-HUFA treatment
group: Lw-HUFA). Both diets contained the same amount of crude protein, essential amino
acids and vitamins, crude fat and energy (Table 1). Feeding regime was set initially to 4.9 %
body weight per day and gradually decreased reaching 3.4 % body weight per day at the end
of the experiment. Each tank received 433.5 g feed during the entire experiment. Feed was
continuously and uniformly added during day and night with an automatic 24h belt feeder.
The shrimp were not fed 24 hours before and after stocking, and 12 hours before and after
sampling. The fatty acid composition of the experimental diets is presented in Table 2. The
control diet contained sufficient amounts of HUFA, EPA and DHA, while the Lw-HUFA diet
was deficient. In general, the control diet contained 9.7 times more HUFA than the Lw-HUFA
diet, particularly EPA and DHA. ALA content was comparable between both diets while ARA
content was 7.5 times higher in the control diet. Both diets contained deficient ARA levels.
The n-6/n-3 ratio was 4.2 times higher in the Lw-HUFA diet.
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Table 1. Ingredient composition, proximate content and estimated digestibility of the experimental
diets containing standard HUFA levels (control) and low HUFA levels (Lw-HUFA).

Control diet LowH diet

Ingredient (in %):

Fishmeal 16.00 ---
Fish oil 1.00 -
Coconut oil --- 2.40
Casein -—- 13.20
Wheat gluten 10.00 10.00
Soybean meal 10.00 10.00
Krill protein hydrolysate 1.00 1.00
Wheat flour 27.60 27.00
Wheat 20.00 20.00
Wheat bran 10.00 10.00
Cholesterol 0.20 0.20
Soya lecithin 0.50 0.50
Monocalcium phosphate (Ca(H,PO,),) 1.60 2.75
Calcium carbonate (CaCO,) 0.40 0.95
Premix 1.00 1.00
Lysine hydrochloride 0.30 0.30
DL-methionine 0.20 0.20
L-Threonine 0.20 0.20
L-Arginine - 0.30
Total 100.00 100.00

Proximate content (g/kg dry matter):

Crude protein 354.9 3719
Crude fat 19.8 20.4
Crude ash 69.7 49.8
Carbohydrates 555.6 557.9
Energy (kJ/g DM) 19.8 20.4
Estimated digestibility:
Digestible energy content (MJ/kg dry matter) 15.36 15.31
Digestible protein/Digestible energy (g/MJ) 22.30 22.52
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Table 2. Fatty acid composition of experimental diets and dietary HUFA requirements for L. vannamei
(mg/g DM feed). Control diet: diet with standard HUFA content. Lw-HUFA diet: diet with low HUFA
content. (ALA — Alpha-linolenic acid; EPA — eicosapentaenoic acid; DHA — docosahexaenoic acid, LA —
linoleic acid; ARA — arachidonic acid.)

Control diet Lw-HUFA diet HUFA Requirements®

Y omega-3* 6.28 1.86
S omega-6** 12.87 16.10
omega-6/omega-3 2.05 8.63
Y saturatest 9.31 15.70
¥ monounsaturates# 9.99 6.55
3> PUFAS 13.9 17.43
> HUFAO 5.25 0.54 3.0-5.0
3> ALA 18:3n-3 1.19 1.35
> EPA 20:5n-3 2.07 0.17 2.0
3> DHA 22:6n-3 2.23 0.12 1.0-3.0
3 LA 18:2n-6 12.67 16.08
> ARA 20:4n-6 0.15 0.02 5.0

*S includes 18:3n-3, 18:4n-3, 20:3n-3, 20:4n-3, 20:5n-3, 21:5n-3, 22:3n-3, 22:4n-3, 22:5n-3, 22:6n-3.

**35 includes 18:2n-6, 18:3n-6, 19:2n-6, 20:3n-6, 20:4n-6, 22:4n-6, 22:5n-6.

13 includes 14:0, 15:0, 16:0, 17:0, 18:0, 19:0, 20:0, 21:0, 22:0, 23:0, 24:0.

15 includes 14:1n-5, 15:1n-5, 16:1n-7, 17:1n-7, 18:1n-9, 18:1n-7, 19:1n-9, 20:1n-9, 20:1n-7, 22:1n-9, 22:1n-7,
23:1n-9, 24:1n-9.

§ includes 18:2, 18:3, 19:2, 20:3, 22:3.

05 includes 18:4, 20:4, 20:5, 21:5, 22:4, 22:5, 22:6.

A For L. vannamei, (Gonzélez-Félix, Gatlin et al., 2002a, Gonzalez-Félix, Gatlin et al., 2002b, Gonzalez-Félix, Gatlin
Il et al., 2003).

2.2.3 Sampling and system control

During the 57 days of the experiment, shrimp were sampled on days 0 (= stocking day), 22,
43 and 57. On day 0, 20 shrimp were randomly selected as representatives of the initial
population, euthanized using ice water and stored at -20 °C prior to further analysis. At day
22 and 43, 20 shrimp were harvested, weighed, euthanized and stored at -20 °C. At day 57,
all remaining shrimp were harvested, counted, weighed, euthanized and stored at -20 °C.
Each week a grab sample was taken from the feed and added to an airtight container kept at
4 °C. At the end of the experiment, the feed in the container was uniformly mixed to obtain
a representative sample of the feed administrated during the experiment. Water quality
parameters were weekly checked using a multi-parameter portable meter (WTW Multi
3430) at 10:00AM for pH and oxidation reduction potential (ORP) (Sentix 940) and salinity
(Tetracon 925). The dissolved oxygen (DO) concentration was measured continuously during
24 hours and recorded every 10 minutes (FDO 925). Orthophosphate, NO,, NO," and total
ammonia nitrogen (TAN) were measured according to protocol NEN-ISO6777 and NEN-
ISO7150-1 using a Smartchem (Smartchem 200, Alliance Instruments, AMS Systea, Frepillon,
France). Nutrient concentrations and oxygen levels were managed to remain favourable
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for growth at <2 mg NO,/L, <50 mg NO, /L, <3 mg TAN/L, 7.0-8.8 pH and >6 mg DO/L.
Salinity was kept constant by adding fresh tap water of 22 °C twice weekly to compensate
for evaporation losses. When multiple samples for measuring a parameter were taken, they
were pooled within day and within mesocosm.

2.2.4 Chemical analyses

First, the gastrointestinal tract of sampled shrimp was removed, and shrimp were
subsequently freeze-dried (ZIRBUS technology, Sublimator 3X4X5, Zirbus technology GmBH,
Bad Grund, Germany). Shrimp and feed samples were ground using a centrifugal grinding
mill operated at 60 % amplitude for 3 minutes at 12,000 RPM (Retsch 200 ZM 1mm sieve).
Chemical analysis of shrimp and feed included determination of dry matter (DM) (protocol
I1SO6496), ash (1SO5985), crude protein (CP) (1S05983), crude fat (CF) (IS06492) and gross
energy (E) (1SO9831). Organic matter (OM) and carbohydrate (CH) content were calculated
based on dry matter content minus ash content, and organic matter content minus crude
protein and fat content respectively. Productive protein value was calculated as protein gain
divided by dietary protein intake. Feed conversion ratio was calculated as feed input divided
by shrimp biomass gain. Fatty acid profiles of shrimp and feed were analysed following
direct transesterification of fatty acid methyl esters (Lepage and Roy 1984).

2.2.5 Data analysis

The data analysis was carried out using IBM SPSS software package version 23 (IBM Corp.
Released 2013. IBM SPSS Statistics for Windows, Version 23.0. Armonk, NY: IBM Corp).
Mesocosm tanks were the experimental units. Comparison of means was performed by
independent t-tests. Outcomes are presented as treatment means (+ standard deviation,
n=3).

2.3 Results

2.3.1 Shrimp general performance

Shrimp growth, total biomass production and survival at the end of the experiment were
similar between both diets. Final individual body weight and total produced biomass were
not different between treatments, but the means of control shrimp were higher (Table 3).
The intended production performance was reached with an equivalent of 3047 kg/ha and
2244 kg/ha (control and Lw-HUFA groups respectively) produced in 8 weeks. Survival of 96
+1.9 % (n=6) was high in all tanks, and mortality was mainly caused by shrimp jumping out
of the tanks. Moulting seemed to occur simultaneously and exoskeletons were left in the
mesocosm to be re-eaten by the animals.
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Table 3. Performance parameters. Control: dietary group with standard HUFA content. Lw-HUFA:
dietary group with low HUFA content.

Control shrimp ~ Lw-HUFA shrimp Level of significance

Feed conversion ratio 1.1+0.2 1.5+0.2 P=0.112
Survival (%) 98.8+1.0 95.0 £1.7 P=0.067
Total produced biomass (g) 373.9+68.4 275.4 +45.8 P=0.109
Productive protein value (%) 58.5 +10.7 38.9+14.7 P=0.135
Individual final body weight (g) 11.4+1.9 9.4 +0.7 P=0.165

2.3.2 Water quality in mesocosms

No significant differences between treatments were observed for water temperature,
dissolved oxygen, pH, alkalinity, total ammonia nitrogen, nitrite, nitrate, orthophosphate
and oxidation reduction potential. Water temperature was on average 26.2 °C 0.5 (n=6)
across all mesocosms, with a largely constant pH of 8.46 +0.06 (n=6) for the duration of
the experiment. All tanks showed low levels of TAN, NO," and NO,” with maximal values
reordered 1.02 mg/L, 0.58 mg/L and 1.14 mg/L, respectively.

2.3.3 Shrimp biochemical composition

Final body biochemical composition did not show significant differences between treatment
groups (Figure 2). Although no differences were observed in total crude fat composition,
fatty acid profiles showed clear differences between treatments (Table 4). Shrimp from the
control diet contained twice as much HUFA and n-3 fatty acids than Lw-HUFA shrimp (P <
0.001). Shrimp from the Lw-HUFA diet contained significantly more n-6 fatty acids, PUFA and
saturated fatty acids. When focussing on single essential fatty acids, shrimp ARA composition
was not affected by diet, while LA and ALA were higher and EPA and DHA lower in shrimp
fed the Lw-HUFA diet. The n-6/n-3 ratio was about 2.7 times higher in the Lw-HUFA shrimp.
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Figure 2. Shrimp biochemical body composition at the start (start population) and end of the
experiment (control and Lw-HUFA). Control: dietary group with standard HUFA content. Lw-HUFA:
dietary group with low HUFA content. Abbreviations: organic matter (OM), crude protein (CP), crude
fat (CF), carbohydrates (CH) and energy (E). No error bars of start population are shown; one sample
was taken from base population (60 individuals pooled).

Table 4. Shrimp final fatty acid composition (mg/g shrimp DM) of dietary treatment groups. Control:
dietary group with standard HUFA content. Lw-HUFA: dietary group with low HUFA content. P-values
presented in bold highlight significant outcomes.

Control shrimp Lw-HUFA shrimp Level of significance
> omega-3* 11.05 +0.52 5.45 +0.12 P <0.001
Y omega-6** 11.61 +0.92 15.59 +0.66 P =0.004
omega-6/omega-3 1.05 +0.06 2.86 £0.15 P <0.001
Y saturatest 15.18 +0.91 18.34 +1.38 P =0.029
¥ monounsaturates¥ 11.92 +1.05 12.13 £1.23 P=0.833
2 PUFAS 10.84 £1.00 15.25 +0.77 P =0.004
¥ HUFAO 11.82 +0.54 5.79#0.16 P <0.001
Y ALA 18:3n-3 0.64 +0.13 1.13+0.04 P =0.003
2 EPA 20:5n-3 5.43 £0.24 2.35+0.08 P <0.001
2 DHA 22:6n-3 4.07 +0.32 1.40 £0.21 P <0.001
3 LA 18:2n-6 10.02 +0.85 13.88 +0.80 P =0.005
Y ARA 20:4n-6 1.41 +0.04 1.48 £0.15 P =0.442

*S includes 18:3n-3, 18:4n-3, 20:3n-3, 20:4n-3, 20:5n-3, 21:5n-3, 22:3n-3, 22:4n-3, 22:5n-3, 22:6n-3.

**5 includes 18:2n-6, 18:3n-6, 19:2n-6, 20:3n-6, 20:4n-6, 22:4n-6, 22:5n-6.

3 includes 14:0, 15:0, 16:0, 17:0, 18:0, 19:0, 20:0, 21:0, 22:0, 23:0, 24:0.

15 includes 14:1n-5, 15:1n-5, 16:1n-7, 17:1n-7, 18:1n-9, 18:1n-7, 19:1n-9, 20:1n-9, 20:1n-7, 22:1n-9, 22:1n-7,
23:1n-9, 24:1n-9.

85 includes 18:2, 18:3, 19:2, 20:3, 22:3.

05 includes 18:4, 20:4, 20:5, 21:5, 22:4, 22:5, 22:6.
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2.3.4 Fatty acid retention

Total ALA content in shrimp did not differ significantly between diets (control: 46.3 +12.2
mg, Lw-HUFA: 67.2 £10.6 mg, P = 0.089) (Figure 3A). The total shrimp ALA content was 89 %
lower than the input, representing an overall ALA-loss of 471 mg, leading to a dietary ALA
retention of 10 % after deducting fatty acid content of the start population. About twice
as much EPA accumulated in shrimp fed the control diet than in shrimp fed the Lw-HUFA
diet (381 49 mg versus 174 +17 mg, respectively, (P = 0.002) (Figure 3B). The total shrimp
biomass fed the control diet contained only 55 % of the EPA input, indicating a loss of 474
mg EPA. In contrast, Lw-HUFA shrimp contained 64.7 mg more EPA than provided through
initial biomass and feed. This concurs with a retention efficiency of 42 % for control shrimp
and an increase of 95% for Lw-HUFA shrimp considering the EPA supplied with the feed.
Control shrimp retained more DHA than Lw-HUFA shrimp (285 +29 vs. 107 +2 mg, P < 0.001)
(Figure 3C). In the control treatment, similar as observed for EPA, 69 % of the DHA fed,
equalling 642 mg, was not retained in shrimp biomass. With the Lw-HUFA diet, 10.3 mg DHA
more was retained in shrimp biomass than the amount fed. This corresponds to a 73 % loss
of fed DHA with the control diet and a 22 % gain with the Lw-HUFA diet. For n-6 essential
fatty acids, no differences were observed between treatments in total produced shrimp
LA content (control: 464 +52, Lw-HUFA: 528 +75, P = 0.290) (Figure 3D) and ARA content
(control: 113 £17 mg, Lw-HUFA: 108 +16 mg, P = 0.726) (Figure 3E). Shrimp lost the majority
of their LA content in initial biomass and feed (5210 mg) giving an LA retention of only 9 %.
Shrimp ARA content was overall 66.3 mg higher than input through initial biomass and feed,
highlighting an ARA increase of 51 % considering ARA supplied through feed.

ALA start ALA final
HALAshrimpcontentd0  WALA input feed
1000 1000
900 900
800 800
700 700
£ 60 600

Control Lw-HUFA Control Lw-HUFA

Figure 3A. Alpha-linolenic acid (18:3n-3 ALA) balance per tank. Left: ALA shrimp start content plus
external ALA input through feed (mg); Right: Shrimp final total ALA content (mg). Control: dietary
group with standard HUFA content. Lw-HUFA: dietary group with low HUFA content.
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Figure 3B. Eicosapentaenoic acid (20:5n-3 EPA) balance per tank. Left: EPA shrimp start content plus
external EPA input through feed (mg); Right: Shrimp final total EPA content (mg). Control: dietary
group with standard HUFA content. Lw-HUFA: dietary group with low HUFA content.
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Figure 3C. Docosahexaenoic acid (22:5n-3 DHA) balance per tank. Left: DHA shrimp start content plus
external DHA input through feed (mg); Right: Shrimp final total DHA content (mg). Control: dietary
group with standard HUFA content. Lw-HUFA: dietary group with low HUFA content.
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Figure 3D. Linoleic acid (18:2n-6 LA) balance per tank. Left: LA shrimp start content plus external LA
input through feed (mg); Right: Shrimp final total LA content (mg). Control: dietary group with standard
HUFA content. Lw-HUFA: dietary group with low HUFA content.
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Figure 3E. Arachidonic acid (20:4n-6 ARA) balance per tank. Left: ARA shrimp start content plus external
ARA input through feed (mg); Right: Shrimp final total ARA content (mg). Control: dietary group with
standard HUFA content. Lw-HUFA: dietary group with low HUFA content.

Figure 3A-E. Shrimp and feed essential fatty acid content presented as absolute amounts. Fatty acid
input (amount in the shrimp start population plus amount fed) and retention (amount accumulated
in shrimp) of n-3 fatty acids ALA, EPA, DHA and n-6 essential fatty acids LA and ARA. The horizontal
lines in the figures indicate the expected final level of essential fatty acid content of the total produced
shrimp biomass based on input and disregarding fatty acid synthesis by the shrimp.

2.4 Discussion

2.4.1 Performance

Individual shrimp growth, total biomass production and survival were similar between diets.
Therefore, absence of fish oil and fishmeal in the formulated diet did not reduce growth
performance in the mesocosms. This is in line with similar outcomes of other studies as
described in the introduction. Although water temperature was found to be on the low
side in this current experiment compared to reported growth optima (i.e. 27 - 30 °C;
(Wyban, Walsh et al., 1995)), shrimp showed normal growth. Given a production of 3047
kg/ha and 2244 kg/ha (control and Lw-HUFA groups respectively) over an 8 week period,
our experimental mesocosms mimicked a farming system of semi-intensive shrimp farmers
in the Vietnamese Mekong Delta well (Joffre 2010). The mesocosms maintained low TAN,
nitrite and nitrate concentrations during the entire experiment. This concurs with results
found in literature where stocking density up to 50 shrimp/m? in closed systems had no
negative effect on water quality and shrimp performance during 90 days (Thakur and Lin
2003). In this current study, survival rates were high (96 1.0 %, n=6) and feed conversion
ratio (1.3 £0.3, n=6) was on the low side in the range 1.2 - 2.5 as observed in greenhouse-
enclosed intensive shrimp production systems fed commercial diets (Venero, McAbee et al.,
2009). Shrimp performance was similar as reported by (Izquierdo, Forster et al., 2006), who
fed a fish oil free diet (96 % survival and a feed conversion ratio of 1.3) in mesocosms.
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2.4.2 Shrimp biochemical composition

Although the composition of shrimp of both treatments was similar in terms of fat,
carbohydrates, ash and organic matter, there were pronounced differences in fatty acid
composition. Shrimp fed the fish oil and fishmeal free diet had significant lower HUFA
content, mainly due to a lower EPA and DHA content, and a higher n-6/n-3 ratio. A
comparison between fatty acid contents in this current study (presented as % of total fatty
acid content) to cultured shrimp and wild caught shrimp is presented in Table 5. Captured
wild shrimp stand out to cultured shrimp in higher n-3 fatty acid content, especially EPA, and
consequently a low n-6/n-3 ratio. Compared to cultured shrimp fed other plant based diets
(Browdy, Seaborn et al., 2006, Ramezani-Fard, Zokaeifar et al., 2014), control shrimp in this
experiment show comparable n-6/n-3 ratios and similar essential fatty acid composition.
Lw-HUFA shrimp contained far less HUFA and n-3 fatty acids than cultured and wild shrimp.
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2.4.3 Shrimp meat quality

While leaving out fishmeal and fish oil from formulated shrimp feed has no effect on protein
production, meat quality is deteriorated due to decreased n-3 HUFA levels and increased
n-6/n-3 ratios. Unfortunately, one cannot escape the consequence of increasing n-6/n-3
ratios when replacing fish oil and fishmeal by plant products without making use of n-3
supplements. On top of low n-3 HUFA dietary input, the high n-6/n-3 ratio might have
further reduced the n-3 synthesis pathway inside the shrimp body due to enzyme substrate
competition. As seafood is the main source of HUFA to humans and is therefore essential for
health, fully leaving out fish oil and fishmeal from shrimp diet formulations may therefore
be undesired. However, the total lipid content of shrimp is low compared to fish. Therefore,
if one is aiming for seafood high in n-3 HUFA content, the choice for fish is easily made over
shrimp regardless of shrimp diet, even though also the fish n-3 HUFA contents depend on
diet formulation. Further, lipid and EPA and DHA composition of shrimp fed plant based
diets is still of better quality compared to beef, pork and chicken meat. In addition, meat
products contain higher fat and lower EPA and DHA levels (Browdy, Seaborn et al., 2006,
Sprague, Dick et al., 2016). Therefore, shrimp fed vegetable diets remain a healthy diet
choice for human consumption regarding protein and lipid composition.

2.4.4 Fatty acid quantitative losses and gains

In both treatments, there were large quantitative losses in total amounts of the precursors
ALA and LA. Whereas this was also observed for EPA and DHA in the control group, there
was a gain for these components in the tanks fed a diet without fish oil and fishmeal. The
observed balance losses can be partially explained by fatty acid synthesis from precursors
into HUFA, and by a poor lipid and fatty acid digestive capacity in crustaceans due to a lack
of gastric fat emulsifiers such as bile salt (Brockerhoff and Hoyle 1967, Glencross, Smith
et al., 1998). Although selective retention and bioaccumulation of essential fatty acids are
observed in a wide variety of animals at different trophic levels (Gladyshev, Sushchik et
al., 2013), this capacity is species dependent and influenced by diet composition and the
nutritive status of the animal. Starvation and malnutrition in different fish species showed
that fish have a retention preference of n-3 HUFA over n-6 HUFA and DHA over EPA.
Nevertheless, high catabolism of n-3 HUFA can also be observed in fish, and this increases
further during malnutrition (Glencross, Hawkins et al., 2003b, Oxley, Tocher et al., 2005,
Stubhaug, Lie et al., 2007, Glencross 2009). Shrimp have been reported to catabolize over a
third of their dietary EPA by R-oxidation for ATP production (Dall, Chandumpai et al., 1993).
Similar large losses of n-3 HUFA are also observed in this current study in the control group.

In contrast to the quantitative n-3 HUFA losses in the control group, shrimp without dietary
fish oil and fishmeal showed a remarkable gain in EPA and DHA. These gains cannot be
fully explained by enzymatic conversion of ALA into EPA and DHA. Shrimp are poor fatty
acid synthesizers due to low enzyme substrate affinity with a conversion rate of between 1

38 CHAPTER 2



and 5 % (Kanazawa, Teshima et al., 1979). But even when calculating with a high 5 % ALA
to EPA conversion and subtracting standard deviation of total biomass EPA content, Lw-
HUFA shrimp acquired 41.9 mg EPA de novo (Figure 1). Since it is unlikely shrimp converted
body and dietary DHA to EPA under sub-optimal nutritional condition caused by absence
of dietary fishmeal and fish oil, it is most likely this additional EPA gain originates from
primary production in the mesocosm, suggesting that the shrimp were able to exploit these
alternative sources. This means that Lw-HUFA shrimp sourced at least 32 % of their total
EPA-gain from the algal-based food web. Similarly, 3.6 mg de novo DHA must have been
sourced from primary producers directly, or indirectly via EPA derived from the primary
production in the mesocosm. This means that Lw-HUFA shrimp sourced at least 6 % of their
total DHA-gain from the algal-based food web. Due to the large balance losses in control
shrimp for EPA and DHA, it cannot be calculated if and to what extend control shrimp
sourced EPA and DHA from the mesocosm, but it is clear that they were much less efficient
in their use of these valuable fatty acids compared to the control shrimp with a diet deficient
in these components (control shrimp: 42 % EPA and 27 % DHA retention from feed, versus
Lw-HUFA shrimp: 195 % EPA and 122 % DHA retention from feed). The n-6 fatty acid ARA
showed gains in both treatments, but these observed gains can entirely be explained by
enzymatic synthesis from the precursor LA. LA is usually widely abundant in plant-based
diets, as well as in both experimental diets in this current experiment. Calculating with 5 %
enzyme efficiency converting LA into ARA, the LA content of the initial biomass plus input
through the feed of total 5706 mg can potentially have led to 285 mg ARA, covering the
observed shrimp ARA gain of 99.9 mg.

2.4.5 Mesocosm contribution allows changes in diet formulation

Our quantitative analysis of the fate of major dietary fatty acids strongly suggests that the
pond’s primary production can provide shrimp additional dietary EPA and DHA. Nevertheless,
when fully excluding fishmeal and fish oil from formulated feed, the HUFA content is lower
than normally observed in cultured or wild caught shrimp (Table 5). Overall, the EPA and
DHA contents were 2.4 to 3.0 times too low in Lw-HUFA shrimp compared to the control.
Since EPA and DHA production by primary producers is surface area dependent, based on
this current setup it is expected that when feeding a fishmeal and fish oil free diet, the
pond might be able to fulfil the HUFA demand at a shrimp biomass production of 2.4 to 3.0
times smaller than in this experiment. The latter statement is highly speculative. Quantifying
the HUFA accumulation in the whole mesocosm will be needed for confirmation, because
it could be possible that less HUFA will be produced at a lower culture intensity in the
mesocosm. In the same time, an inclusion level of 16 % fishmeal and 1 % fish oil as used in
the standard diet treatment of this experiment, seems too high regarding the relatively large
ALA, EPA, DHA, LA and ARA balance losses. From a diet formulating perspective, the large
balance losses of ALA in both dietary groups suggests that it might be possible to replace a
part of the ALA-containing diet ingredients, such as plant oils, by cheaper fat sources since
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the major part of ALA seems to have been used as energy source instead of acting as EPA and
DHA precursor. However, this is only possible when the overall dietary n-6/n-3 ratio will not
further increase to prevent stronger preference of the desaturase enzyme towards n-6 HUFA
synthesis leading to reduced activity in the n-3 HUFA synthesis pathway. Therefore, when
replacing ALA with alternative energy sources, dietary n-6 fatty acid containing ingredients
should be lowered in same or higher amounts. This is possible since LA balance loss was
found to be of relatively similar level as ALA balance loss, both around 90 %. Considering
diet formulation, finding a balance between HUFA contribution through formulated feed
and natural production seems possible but deserves attention for further research. Flows
of energy, nutrients and HUFA through food webs in aquaculture production ponds are
very unpredictable and presently not well understood. While the results show that algae
provide HUFA, it is not known how and where HUFA accumulates in the system. This should
be explored first before speculating on how to incorporate possible contributions through
the food web into a feeding strategy for semi-intensive shrimp ponds. There is need of a
better understanding of the flow and fate of energy and essential fatty acids from primary
producers and external feed into consumer biomass. In this study the focus was on feed
and shrimp, whereas no assessment was made of the biochemical composition of the
other food web components in the mesocosm. Therefore, the next step will be a follow-up
research with focus on specific HUFA content and quantified contribution of different food
web compartments of the mesocosms to shrimp production. Understanding underlying
metabolic processes in the natural food web of shrimp ponds may aid in moving towards
more sustainable aquaculture.
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Abstract

A promising approach to reduce aquaculture’s dependency on fishmeal and fish oil, is
to enhance the contribution of natural food into shrimp production. Pond food web
compartments in form of biofloc, seston, periphyton and detritus are potential additional
nutrient sources, but not all are accessible to the shrimp. Most of the studies on increasing
natural food contribution focus on protein content by managing heterotrophic microbial
biomass production. In contrast, the potential contribution of highly unsaturated fatty acids
(HUFA) by autotrophic production to shrimp biomass is poorly explored. Previous study of
current authors showed shrimp fed non-fishmeal and non-fish oil diets, source 32 % of their
total EPA-gain and 6 % of their total DHA-gain from the algal-based food web (Hermsen et
al., 2019a). It is currently unclear which parts of pond’s food web compartments contain the
highest HUFA, and if these parts are accessible to shrimp. This study follows previous study
by exploring into food web compartments. The aim was to increase the contribution of in
situ produced natural food into shrimp production, and secondly to localise and quantify
the de novo produced HUFA accumulation and distribution over the following food web
compartments in semi-intensive shrimp mesocosms: water column (sub-divided into seston
and biofloc), periphyton, detritus, external feed and shrimp. Shrimp were fed a HUFA-
deficient diet (LowH treatment) in order to ) encourage higher natural food uptake, and Il)
Identify in which compartments in situ produced HUFA accumulates most in the food web.
This was done by replacing dietary fish oil and fishmeal by vegetable non-HUFA substitutes.
The two dietary treatments (control versus LowH treatment) were randomly allocated over
six mesocosm tanks of 700 L working volume artificial seawater. At start and end of the
57-days experiment, all mesocosm compartments were sampled in order to make mass
balances of phosphorous, organic matter, and HUFA. Shrimp biomass production was not
affected by diet. Both treatments showed a large build-up of organic matter in the system
distributed over all food web compartments, but total accumulated build-up was less in the
LowH treatment, likely caused by increased consumption by shrimp in this group. Where
biofloc dominated in terms of biomass, seston dominated in terms of HUFA accumulation.
This total HUFA production was a more than 600% increase compared to the minimal HUFA-
input in the tanks receiving HUFA-deficient diets. Shrimp of both treatments showed active
PUFA to HUFA synthesis inside their body. This activity was twice as high in the control
group. Of the total feed input expressed in organic matter, 12% got incorporated into shrimp
organic matter biomass. The majority of all nutrients present in the system, including de
novo produced HUFA, remains in the food web compartments other than shrimp and
get lost after shrimp harvest. Future study should focus on finding ways to reclaim those
nutrients from the system in a more efficient way.

Keywords: natural food, HUFA, fishmeal, fish oil, Litopenaeus vannamei, mesocosm



3.1. Introduction

3.1.1 Challenges of pond intensification

Pond shrimp production has intensified over the last decades. This was done by changing
traditional extensive pond systems that relied partially on in situ produced natural food,
into holding tank ponds relying fully on externally produced formulated feeds. The use of
complete feeds increased production and feeding efficiency, but also increased metabolic
waste production. These metabolic wastes outstrip the carrying capacity of stagnant
ponds and demand water replacement and waste removal to maintain favourable culture
conditions (Kautsky et al., 2000, Brune et al., 2003, Bondad-Reantaso et al., 2005, Verdegem
et al., 2006, Mischke 2012, Stentiford et al., 2012). Insufficient control of metabolic wastes
in aquaculture leads to environmental pollution and is a major issue affecting the sector’s
sustainability (Verdegem 2013, FAO 2017). The use of high amounts of formulated feeds
in intensive systems involves wasteful use of limited resources such as protein and highly
unsaturated fatty acids (HUFA) which are commonly derived from fish meal and fish oil. This
makes aquaculture production dependent on capture fisheries, which should be avoided
(Boyd et al., 2007, FAO 2017).

3.1.2 The potential of natural food contribution

A possible way to reduce aquaculture’s dependency on fishmeal and fish oil as nutrient
resources, is to enhance the contribution of natural food into shrimp production. A positive
side effect of such an approach is that a healthy culture environment can be maintained
without the necessity of waste discharge and its associated environmental pollution. When
organic waste is kept in the system, such as in mesocosms (zero-water exchange), tiny
aggregates of microorganismsare being formed in the water column aslong as enough oxygen
is available. These aggregates are known as biofloc and can contain bacteria, zooplankton
and algae. Bacteria and algae in the water column that are not yet aggregated are defined
as seston. Biofloc and seston together with other types of natural food as detritus (settled
material on the bottom) and periphyton (biofilm on substrates), are a potential additional
nutrient source to shrimp although each compartment brings along challenges concerning
accessibility (Table 1). In natural systems without external feed input, autotrophic primary
production reaches an average of 4 g carbon (C) m?2 d*(Brune 1991, Verdegem et al., 1999,
Brune et al., 2003), an equivalent of 7-8 g organic matter (OM) m2 day. These extensive
systems can produce approximately 300 kg shrimp ha® per 120 days, an equivalent of 30
g wet weight shrimp m?, or 7 g OM shrimp m2in 120 days (Joffre, 2010). In such systems,
less than 1 % of the pond’s primary production contributes to shrimp biomass production.
In contrast, in (semi)intensive systems, by adding formulated feed into the pond, primary
production can reach an equivalent of 8 g m?2 d?, while shrimp production can exceed 3000
kg shrimp ha! per 120 days. This means that in (semi)intensive systems, around 3 - 4 % of
primary production contributes to shrimp biomass production. In such ponds, 50% of the
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shrimp’s diet consists of natural food intake (Burford et al., 2003, 2004, Van et al., 2017).
This highlights the potential to focus on the fertilizing properties of external feeds and the
potential to lower external feed input or the inclusion level of limiting ingredients without
lowering current shrimp production rates. For example, better growth parameters and food
conversion were observed for whiteleg shrimp fed low protein diets compared to standard
diets when reared in mesocosm systems. This was due to protein intake from natural food
and consequently lowering the total nitrogen load to the system maintaining favourable
water quality for a longer time (Martinez-Cordova et al., 2003). Therefore, a shift of the
focus towards the benefits from in situ produced nutrients and away from fish-based feeds
will render the aquaculture sector more sustainable.

Table 1. Overview of food web compartments and accessibility-challenges in shrimp ponds,
characterised based on location and appearance. Potential natural food for shrimp include seston,
biofloc, periphyton and detritus.

Food web Subject-matter Location Accessibility challenge

compartment

Seston Autotrophic and Water column, non- Particles potentially too small
heterotrophic algae and aggregated. for non-juvenile shrimp.
bacteria. Shrimp transfer into bottom

dwellers with age.

Biofloc Autotrophic and Water column, Biofloc believed to decrease
heterotrophic aggregated. algae (HUFA) abundance.
algae and bacteria, Shrimp transfer into bottom
microzooplankton. dwellers with age.

Periphyton Autotrophic and As biofilm on Algae containing periphyton
heterotrophic substrates such as needs light, therefore
algae and bacteria, pond wall or sticks.
microzooplankton.

Detritus Dead and live organic Settled material Oxygen-deprived areas at the
material, inorganic (organic and inorganic) bottom might prevent shrimp
material. on bottom. grazing on detritus.

Degradation processes might
decrease direct nutritional
quality for shrimp.

Shrimp Shrimp Young age: mainly Foraging strategies changes
water column and with age, from water column
substrate feeder. Adult feeding to bottom dweller.
age: mainly bottom
and substrate feeder.

External feed Formulated feed. External input. Sinking. Uneaten feed sinks to bottom.
Might acts as expensive
fertilizer.

Fertilizing properties might
disturb balance pond
ecosystem.
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3.1.3 Access to abundant natural food

The production of natural food in aquaculture ponds indicates that part of the formulated
feed is currently acting as expensive organic fertilizer to the pond’s ecosystem. For an
efficient system, the formulated feed must meet the nutritional requirement of the shrimp,
while the metabolic waste and uneaten feed must meet the fertilisation requirements for
heterotrophic and autotrophic food web production. By adjusting feed formulation, natural
food production and its contribution to shrimp production could be improved.

With increasing shrimp biomass, the pressure on natural food increases. Unfortunately, not
all of the produced natural food is food for the shrimp due to specific foraging behaviour
(Table 1). With increasing age, L. vannamei switches from water column feeder targeting small
particles, to mainly bottom feeder (Briggs 2006). Also, as the production cycle progresses
and feed input increases, sedimentation of organic material to the bottom increases. This
might result in anaerobic conditions and formation of potentially toxic materials. Shrimp, by
avoiding anaerobic sediment, loses forage area reducing production (Avnimelech and Ritvo,
2003). In aquaculture, this inefficiency in nutrient transfer into shrimp biomass is partly
addressed by making use of different production strategies. For example, polycultures aim
on canalising nutrients in an additional species with complementing foraging behaviour
(Lombardi et al., 2006, Fitzsimmons and Shahkar 2017). Biofloc systems canalise nutrients
into heterotrophic bacterial biomass (Avnimelech 2009), while periphyton systems canalise
nutrients into biofilm attached to substrates (like pond-walls or periphyton-sticks) and
include bacterial and algal biomass (Azim et al., 2005, Suryakumar and Avnimelech 2017).
These strategies stimulate the abundance of natural food in specific compartments with
the aim to enhance the contribution of natural food to pond production. Identification of
the nutritional value of each compartment might aid in better understanding the potential
of changing current production systems into systems with optimised contribution of in
situ nutrient production. Unfortunately, insight in the accumulation and partitioning over
compartments in aquaulture ponds is limited.

3.1.4 HUFA content natural food

Most of the studies on increasing the contribution of natural food to production, focus on
protein or amino acid content by managing heterotrophic microbial biomass production
(Hari et al., 2006, Facanha et al., 2016). In contrast, the potential increase of contribution of
essential HUFA by photoautotrophic production to shrimp biomass is poorly explored (Neori
2011, Bojorquez-Mascarefio and Soto-Jiménez 2013). Since shrimp, as fish and mammals,
are incapable of producing sufficient amounts of HUFA including 20:5n-3 (EPA), 22:6n-3
(DHA) and 20:4n-6 (ARA) from the precursors 18:3n-3 (ALA) and 18:2n-6 (LA), respectively
(Figure 1), it is recommended to include 0.3% n-3 HUFA in formulated diets (Gonzalez-Félix
et al., 2003). Algae are a well-recognized source of HUFA for aquaculture purposes. The
HUFA content between algae species varies and it is therefore recommended to have a
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broad scale of algae species present in the aquaculture system (Volkman et al., 1989).
Although bacteria-dominated biofloc contains sufficient amounts of amino acids, it contains
only modest levels of n-3 HUFA (Tacon et al., 2002). Therefore, biofloc alone cannot provide
shrimp the minimal required amounts of essential fatty acids. Nevertheless, n-3 HUFA
present in small simulated ponds (mesocosms) was -at least partly- responsible for improved
survival, growth and health performance of shrimp compared to clear water production
systems (lzquierdo et al., 2006). Some natural food sources such as copepods and diatoms
are known to stimulate shrimp performance due to high HUFA contents (Johnson and
Wiederholm 1992, Delong et al., 1993, Napolitano et al., 1996) and these organisms could
be present in the pond’s food web. Currently, the inclusion of 1% fish-oil and 16% fishmeal is
common practice in shrimp diet formulations. As the importance of both n-3 and n-6 HUFA
remains for optimal performance, the contribution of natural food derived HUFA may likely
reduce the necessity to include high levels of fish oil and fishmeal in formulated shrimp diets
(Izquierdo et al., 2006). Previous study of current authors showed that shrimp fed non-fish
oil and non-fishmeal diets contained more HUFA in their body than was provided through
feed. It was calculated shrimp resourced at least 15 — 32% of their total body n-3 HUFA
content from natural food, depending on the specific fatty acid (Hermsen et al., 2019a). It
is however yet unclear which parts of the mesocosm contain the highest, or any, essential
fatty acids, and if these parts are eaten by the shrimp.

Omega-3 Omega-6
PUFA ALA C18:3n-3 C18:2n-6 LA PUFA
J desaturation NA
HUFA C18:4n-3 C18:3n-6
NZ elongation d
C20:4n-3 C20:3n-6
J desaturation NA
EPA C20:5n3 C20:4n-6 ARA HUFA
N2 NZ
N2 NZ
N elongation NZ
N2 NZ
N2 NZ
DHA C22:6n-3 C22:5n-6

Figure 1. Conversion pathway of omega-3 (n-3) and omega-6 (n-6) fatty acids. Abbreviations: Alpha-
linolenic acid (ALA), eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), linoleic acid (LA),
arachidonic acid (ARA), poly unsaturated fatty acids (PUFA), highly unsaturated fatty acids (HUFA).
PUFA: 2 or 3 double bonds. HUFA: minimum 4 double bonds.

48 CHAPTER 3



3.1.5 Study aim

This study follows the previous study of current authors (Hermsen et al., 2019a) by exploring
into the food web compartments inside shrimp mesocosms. The aim was to increase the
contribution of in situ produced natural food to shrimp production, and localise and quantify
HUFA accumulation in the mesocosm compartments. Shrimp were fed a HUFA-deficient diet
in order to 1) encourage higher natural food uptake, and II) distinguish in situ produced HUFA
in the food web. This was done by replacing dietary fish oil and fishmeal -main sources of
HUFA in aquafeeds - by vegetable non-HUFA substitutes.

3.2. Material and methods

3.2.1 Mesocosm preparation and set-up

Six mesocosm tanks of each 1.25 m diameter and 90 cm depth were filled with 700L artificial
sea water (25 ppt, Reefs Crystals) and 7 cm sterilized sand, and inoculated with 500 g ‘live
rock’ (NMFS, 1995) retrieved from a tropical sea aquarium (Burger’s Zoo, Arnhem, The
Netherlands). While an aeration pipe at 7 cm above the sediment and perforated at 10 cm
interval, continuously aerated and mixed the water, the tanks were left to maturate and
develop an ecosystem over a year at the indoor research facility “Carus” at Wageningen
University, The Netherlands. Above the tanks seven agricultural lights (Gavita; three LEP
270-01 SUP EU, and four Digistar 400W e-serie) were positioned so that each tank received
an incident irradiance of 300 umol photons/m?2/s under a 12h/12h day/night regime to
enable autotrophic production. The light system was connected to an ambient climate
control system (Gavita; Master Controller EL1) regulating sunrise, sunset, room temperature
set to 27 — 29 °C. Consequently, water temperature was 25 — 27 °C. Two months before the
start of the experiment, six saline tilapia fish were kept for four weeks in each tank to further
stimulate green-water microalgae development (Brune et al., 2012). Three days prior to the
start of the experiment all tank water and all tank sediment were collected in large basins
and thoroughly mixed. Tank walls were cleaned and periphyton was removed. The water and
sediment were then homogeneously redistributed over the six tanks in an attempt to ensure
a similar start situation for each mesocosm. One day before the start of the experiment
each mesocosm was stocked with 50 ind/m?1.5-g juvenile whiteleg shrimp (Florida Shrimp
International Shrimp Harvesters USA, SPF-line, imported by Crevetec Belgium), mimicking
an intensive shrimp pond in the Viethnamese Mekong Delta (Joffre, 2010).

3.2.2 Dietary treatments and feeding regime

Two dietary treatments were randomly distributed over the six mesocosm tanks (three
replicates per treatment). The dietary treatments involved a control diet formulated
according to common practice containing fish oil and fish meal (HUFA treatment: control),
and a diet low in omega-3 HUFAs where fish oil and fish meal were replaced with casein
and coconut oil (low-HUFA treatment: LowH). Both diets contained the same amount of
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crude protein, essential amino acids and vitamins, crude fat and energy. Regarding shrimp
feeding requirements, the control diet contained sufficient amounts of HUFA, EPA and DHA,
while the LowH diet was n-3 HUFA deficient (Gonzalez-Félix et al., 2003) (feeding table in
supplementary information). An automatic 24h belt feeder was connected to each tank to
evenly distribute feed during the day and night. Each tank received 434 g feed (wet weight)
during the entire experiment, starting at 4.9 % shrimp body weight per day and daily
decreasing reaching 3.4 % body weight per day at the end.

3.2.3 Food web compartment sampling

All six food web compartments were sampled on days 0 and 57 (harvest) of the eight weeks
experiment. For shrimp, 20 individuals were selected at stocking as representatives of the
start population, euthanized using ice water and stored at -20 °C prior to further analysis.
At day 57 shrimp were harvested from each mesocosm, counted, weighed, euthanized and
stored at -20 °C prior to further analysis. At each sampling day, a representative 2L water
column sample was taken and passed through a 30 um mesh filter. A mesh size of 30 um
was chosen to separate flocculating matter and zooplankton from single cell algae and
bacteria. Most bacteria range from 0.2 — 2.0 um, whereas marine algae range from 2 — 6
um. Some zooplankton species range from 2 — 20 um (nano- and micro-zooplankton), but
zooplankton species of interest to shrimp production such as copepods and rotifers, exceed
30 um. The filter residue containing biofloc (>30 um) was washed-out with fresh water
and equally distributed over six glass microfiber filters (Whatman, GF/F, diameter 55mm)
using a high-pressure pump (Vacuubrand GMBH, MZ 2C NT, Germany). The water filtrate
containing seston (<30 um) was continuously stirred while taking six subsamples of know
volume, approximately 300 ml per sample, and distributed over glass microfiber filters using
a high-pressure pump while being washed-out with fresh water. All glass microfiber filters
containing seston and biofloc samples were immediately stored at -20 °C prior to further
analysis. To check water column food web compartments (seston and biofloc) for algae
abundance, three samples of the water column at 20 cm depth were measured weekly for
chlorophyll-a fluorescence based on Pulse Amplitude Modulation technique (Walz GmbH,
Germany). Periphyton samples were taken by scraping the tank wall from bottom to top
on three different spots with a 10 cm wide spatula, covering a total tank wall surface of
900 cm? per sampling. The periphyton was stored in aluminium containers at -20 2C prior
to further analysis. With a sediment sampler (Technical Development Studio, Wageningen
University, The Netherlands) 100 cm? was taken from the bottom in triplo, 300 cm? in total
per sampling, and the sand containing the detritus was stored in aluminium trays and stored
at -20 oC prior to further analysis. Feed grab samples were taken weekly and stored airtight
at 4 °C to obtain representative samples of both dietary diets used during the experiment.
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3.2.4 Methodical check system sampling

When there is no water refreshment and waste removal, phosphorous remains in the system.
Therefore, comparing phosphorous mass balances between treatments to determine
phosphorous-retention (the percentage of phosphorous-input kept in the system) forms
a tool to check if representative samples of food web compartments were taken. If total
phosphorous-retention is close to 100 %, then this partially supports the assumption that
samples were representative of the nutrient distribution in the system. Phosphorous content
of all compartments including feed were determined at start and end of the experiment by
determining P-composition, multiplied by abundant organic matter biomass.

3.2.5 Water quality control

Water quality parameters were measured weekly and checked for values favourable
for growth at <2 mg NO,/L, < 50 mg NO, /L, < 4 mg TAN/L, and 7.0 - 8.8 pH. Salinity was
maintained by adding fresh water of 22 °C twice weekly to compensate for evaporation
losses. Measurements were taken using a multi-parameter portable meter (WTW Multi
3430) at 10:00AM for pH and oxidation reduction potential (ORP) (Sentix 940) and salinity
(Tetracon 925). Orthophosphate, NO,, NO," and total ammonia nitrogen (TAN) were
measured using a Smartchem (Smartchem 200, Alliance Instruments, AMS Systea, Frepillon,
France) following protocol NEN-ISO6777 and NEN-ISO7150-1.

3.2.6 Analyses

Microfiber filters containing seston and biofloc samples, detritus samples and periphyton
samples were freeze-dried (ZIRBUS technology, Sublimator 3X4X5, Zirbus technology
GmBH, Bad Grund, Germany). Gastrointestinal tracts of sampled shrimp were removed
and shrimp were subsequently freeze-dried. Next, shrimp and feed samples were ground
using a centrifugal grinding mill operated at 60 % amplitude for 3 minutes at 12,000 RPM
(Retsch 200 ZM 1mm sieve). Chemical analysis of shrimp, feed, seston, biofloc, periphyton
and detritus included determination of dry matter (DM) (protocol 1ISO6496), ash (ISO5985)
and phosphorous (P) content (Murphy and Riley, 1962). For shrimp and feed additionally
crude protein (CP) (1ISO5983), crude fat (CF) (ISO6492) and gross energy (E) (1ISO9831) was
determined. Organic matter (OM) and carbohydrate (CH) content were calculated based
on dry matter content minus ash content, and organic matter content minus crude protein
and fat content respectively. Feed conversion ratio was calculated as feed input divided
by shrimp biomass gain. Fatty acid profiles of all food web compartments were analysed
following direct transesterification of fatty acid methyl esters (Lepage and Roy, 1984).

3.2.7 Data analysis

The data analysis was carried out using IBM SPSS software package version 23 (IBM Corp.
Released 2013. IBM SPSS Statistics for Windows, Version 23.0. Armonk, NY: IBM Corp).
Mesocosm tanks were the experimental units. Comparison of means was performed by

ESSENTIAL FATTY ACID DYNAMICS IN INTENSIVE MESOCOSM SHRIMP PONDS 51



independent t-tests. Outcomes are presented as treatment means (t standard deviation,
n=3).

3.3. Results

3.3.1 Water quality and methodical check system sampling

No differences in recorded water parameters were observed between treatments. All water
parameters stayed below set limits without correction needed. The pH of 8.2 was constant
over time. Measured phosphorous retention was 90% in both treatments (n = 6, P = 0.895).
Also phosphorous distribution (measured in absolute values) over food web compartments
including orthophosphate (P) was similar between treatments (for all compartments P >
0.110) (Figure 2)).
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Figure 2. Phosphorous mass balance. Left: Phosphorous distribution in absolute values (g) of food web
compartments and orthophosphate (Pi) at the start, plus total phosphorous input through feed over
the entire experiment. Right: Phosphorous retention (%) at the end of the experiment.

3.3.2 Biomass accumulation

In the water column, algae abundance increased over time (control P = 0.017, LowH P =
0.049) (Figure 3). No significant differences were observed between treatments. Algae
abundance showed large variation between treatments as well as within treatment.
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Figure 3. Algae abundance over time. Measured in the combined seston-biofloc water fraction,
expressed in chlorophyll-a (mg/L).

All tanks received the same amount of feed (expressed as organic matter) and the amount
of organic matter present in the different compartments was similar at the start of the
experiment (Figure 4). At start, no biofloc was yet developed. At the end of the experiment,
control tanks contained more total accumulated organic matter than LowH tanks (P = 0.047).
This was mainly due to the difference in accumulated biomass of seston (P = 0.012), the
other compartments did not differ between treatments (shrimp P = 0.233; biofloc P = 0.070;
periphyton P = 0.708; detritus P = 0.635). The largest observed increase of accumulated
biomass compared between start and end of the experiment was noticed for shrimp and
biofloc, but this increase did not differ between treatments.
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Figure 4. Biomass mass balance (g), expressed in organic matter (OM) of the control group (left) and
LowH group (right). Control = control group receiving HUFA-sufficient diet, LowH = treatment group
receiving HUFA-deficient diet. In colour: biomass distribution of food web compartments. In grey-scale:
OM input through feed over the entire experiment, total system OM input (feed plus sum OM-contents
of compartments present at start) and total system OM output (sum accumulated OM-contents of
compartments at end).
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3.3.3 Fatty acid mass balances and synthesis

Shrimp in the control contained twice as much HUFA as LowH shrimp (843 +103 mg versus
425 +35 mg, P = 0.003) (Figure 5). Despite the fact that control seston HUFA content was
more than twice as high as LowH seston (P = 0.072), HUFA content of biofloc, seston and
periphyton did not differ significantly between treatments. Mesocosm HUFA accumulation
increased with 44% in the control and with 617% in the LowH treatment. Analysis of detritus
material resulted in non-detectable fatty acid contents.
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Figure 5. HUFA mass balance (mg) of the control group (left) and LowH group (right). Control = control
group receiving HUFA-sufficient diet, LowH = treatment group receiving HUFA-deficient diet. In colour:
HUFA distribution of food web compartments. In grey-scale: HUFA input through total feed input over
the entire experiment, total system HUFA input (HUFA feed plus sum HUFA-contents of compartments
present at start) and total system HUFA output (sum accumulated HUFA-contents of compartments at
end). HUFA includes polyunsaturated fatty acids with four or more double bonds.

Zooming in at specific essential fatty acids shows that control shrimp contained higher final
amounts of n-3 HUFA for all the specific fatty acids in the n-3 HUFA synthesis pathway, with
exception of ALA (18:3 n-3) (Table 3). Control seston EPA (20:5 n-3) content was three times
higher than LowH seston (P = 0.057) (Table 3, Figure 6), while control periphyton contained
twice as much DHA (22:6 n-3) than LowH periphyton (Table 3, Figure 7).
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Of the essential HUFA, EPA was most abundant followed by ARA and DHA. The biggest
contributor of EPA to the mesocosm was the water column, with seston containing the
highest EPA level in the control tanks, while in the LowH tanks biofloc contained most
EPA. Similar outcomes were observed for ARA contents. The biggest DHA contributor to
the mesocosm was for both shrimp treatments. In both treatments, more EPA and ARA
accumulated than provided through feeding. This accumulation was mainly in the water
column (seston and biofloc). The control tanks showed a loss of DHA, while the LowH tanks
showed an increase of DHA above the DHA input through feed.
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Figure 6. EPA mass balance (mg) of the control group (left) and the LowH group (right). Control =
control group receiving HUFA-sufficient diet, LowH = treatment group receiving HUFA-deficient diet. In
colour: EPA distribution of food web compartments. In grey-scale: EPA input through total feed input
over the entire experiment, total system EPA input (EPA feed plus sum EPA-contents of compartments
present at start) and total system EPA output (sum accumulated EPA-contents of compartments at
end).
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Figure 7. DHA mass balance (mg) of the control group (left) and the LowH group (right). Control =
control group receiving HUFA-sufficient diet, LowH = treatment group receiving HUFA-deficient diet. In
colour: EPA distribution of food web compartments. In grey-scale: DHA input through total feed input
over the entire experiment, total system DHA input (DHA feed plus sum DHA-contents of compartments
present at start) and total system DHA output (sum accumulated DHA-contents of compartments at
end).
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Figure 8. ARA mass balance (mg) of the control group (left) and the LowH group (right). Control =
control group receiving HUFA-sufficient diet, LowH = treatment group receiving HUFA-deficient diet. In
colour: ARA distribution of food web compartments. In grey-scale: ARA input through total feed input
over the entire experiment, total system ARA input (ARA feed plus sum ARA-contents of compartments
present at start) and total system ARA output (sum accumulated ARA-contents of compartments at
end).

3.4. Discussion

3.4.1 Food web biomass accumulation

Both treatments showed an increase in algae abundance during the experiment. Both
treatments showed a build-up of organic matter in the system distributed over different food
web compartments, but total build-up was less in the LowH treatment (P = 0.047). Shrimp
production was not affected by diet. Of the total accumulated organic matter, a similar 18
% in both treatments ended up in shrimp biomass. Dietary inclusion of fishmeal and fish
oil seemed to stimulate food web biomass accumulation, especially seston (significant)
followed by biofloc (not significant). The lower seston build-up in the tanks not receiving
fishmeal and fish oil input, is possibly the result of increased foraging of shrimp on this food
source driven by HUFA-deficiency of the LowH formulated feed. However, this explanation
does not fully clarify the observed difference in seston accumulation, since juvenile shrimp
will use seston as nutrient source, but post-juvenile shrimp would preferably aim for the
larger biofloc particles instead of seston based on size-availability. An alternative explanation
for the observed difference in seston accumulation between treatments, is the difference
in nutrient ratio of shrimp metabolic waste which could have altered the fertilizing capacity
of the feed indirectly. This could have stimulated algae and bacteria production more in the
control tanks than the LowH tanks. This seemed plausible since such a production stimulant
would be first visible in the seston compartment where in this study this fraction was set
to < 30 um diameter, and therefore contained predominately non-flocculated bacteria and
algae. Because bacteria cannot be responsible for the observed high HUFA content in this
compartment, current authors assumed that algae made up the majority of the seston in
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this experiment, being primary producers of HUFA. Specific algae abundance, expressed in
Chl-a measurements, was found similar to values and fluctuations observed in other low-
water exchange shrimp production systems ranging from 50 — 500 pg/L (Thakur and Lin
2003, Silva et al., 2013). The systems in this experiment, contained roughly 8 mg HUFA per
mg chlorophyll-a. This is relatively high but in similar range compared to 5 — 8 mg total fatty
acid content per mg chlorophyll-a, of which 20 — 60 % is HUFA depending on abundant algae
species, found in algae in marine aquaculture ponds (mussels, oysters, abalone, shrimp)
(Volkman et al., 1989). This supports the assumption that the observed seston-HUFA was
likely to be algae-HUFA. Conversely, due to relatively low HUFA content of the biofloc, it
was assumed by current authors that bacteria made up the majority of the biofloc in this
experiment. In intensive biofloc systems, the water column is very nutrient rich especially
in carbon. Bacteria will then often successfully outcompete algae as result of nutrient
competition (Ray et al., 2009). But based on the algae abundance and high HUFA content
of the seston fraction, this was not the case in this experiment while the mesocosms could
be considered as mild biofloc systems. It appears that in this experiment, algae and bacteria
biomass were in balance.

3.4.2 HUFA production and accumulation by mesocosm

In both treatments, more HUFA accumulated in the mesocosms than provided through
feeding highlighting HUFA production by the mesocosm food web compartments. This
accumulation was mainly in the water column, divided over seston and biofloc. While
biofloc dominated in terms of biomass abundance (Figure 4), seston dominated in terms of
HUFA accumulation (Figure 5) especially in the control tanks. The accumulation of HUFA in
the periphyton was lower than expected. While periphyton is known for its capacity to hold
high amounts of algae including diatoms (Azim et al., 2005, Bell and Scudder 2007, Kireta
et al., 2012, Rusanov and Khromov 2016, Lindberg 2017), in this experiment periphyton did
not contain HUFA-producing algae. In absolute terms, system HUFA content increased most
in the control tanks. But proportionally, the largest HUFA production was observed in the
LowH tanks with a >600 % increase compared to an increase of >40 % in the control tanks.
HUFA in the control systems mainly accumulated in shrimp in form of high EPA and DHA
content, and in seston in form of high EPA content. The questions arise how input of
fishmeal and fish oil increased seston HUFA accumulation, and if control shrimp obtained
its high EPA and DHA content from the external feed only or also from natural food. While
the underlying mechanism is yet unclear and not well understood, the observations indicate
that fatty acids within the external feed interact with fatty acid production by natural food.
This accords with similar outcomes found in literature where biofloc HUFA composition
differed between fish oil and non-fish oil shrimp diets (Izquierdo et al., 2006). While the
observed higher HUFA content in control shrimp is mainly caused by direct feeding on the
external diet, the higher HUFA content of seston cannot be explained by a direct effect
of the dietary inclusion of fish oil and fishmeal. This is because leached fatty acids from
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external feed are unlikely to be incorporated into algae biomass or bacterial biomass. A
possible explanation for the observed higher seston HUFA content in the control group,
and in specific EPA, can be partly explained by a higher seston grazing by the shrimp in
the LowH tanks driven by nutrient deficiency of the formulated diet. When more seston
is consumed by the shrimp in the LowH tanks, total accumulated seston HUFA will appear
to be lower. While indeed LowH seston biomass was lower than control seston biomass,
this explanation cannot fully explain the difference in seston HUFA accumulation between
treatments. In addition to higher absolute seston abundance in the control tanks, control
seston also contained a higher percentage of HUFA than LowH seston. HUFA composition (%
of total fatty acid content) was 8.7 % in control seston and 6.8 % in LowH seston. This was
mainly due to the difference in EPA composition being 4.7% in the control seston and 3.7%
in the LowH seston. Although different algae species can be responsible for different HUFA
contents, the underlying mechanisms determining the interaction between feed input and
natural food fatty acid production is not understood and was not observed in biofloc.

In both treatments, the whole system —thus all compartments including shrimp-accumulated
more total HUFA than provided through feeding. This pinpoints to in situ de novo HUFA
production by primary producers. Mainly EPA production was responsible for the observed
de novo HUFA accumulation. In both treatments, system EPA output was higher than EPA
content at the start plus the total EPA input through external feed. In both treatments,
much more EPA was present in the system at harvest than the amount of EPA initially
present combined with the amount of EPA fed. The control treatment the EPA-increase was
1.9-fold, while in the LowH treatment the increase was 12-fold (Figure 6). Applying the same
reasoning to DHA, in the control treatment 57 % of the dietary DHA input was lost during
the experiment, while in the LowH treatment the DHA content in the pond increased with
4-fold compared to input (Figure 7). Similarly, ARA content in the pond increased 15-fold in
the control treatment and 69-fold in the LowH treatment during the experiment (Figure 8).
These results clearly show that a zero-water exchange system, being a mild biofloc system,
produces large amounts of essential HUFA de novo, and in special high amounts of EPA.
Nevertheless, this in situ produced HUFA predominantly remains locked in the system rather
than being transferred into shrimp biomass. With harvesting shrimp, only 25 - 27 % (LowH
treatment and control) of the total mesocosm HUFA content is removed from the system.
The challenge is to find ways to make the remaining 75 % fatty acids better accessible to the
shrimp.

3.4.3 Shrimp HUFA synthesis

Shrimp biomass production was not affected by diet in this experiment. However, in terms of
HUFA content, the LowH dietary treatment resulted in shrimp containing only half the HUFA as
observed in control shrimp. Compared to wild caught L. vannamei (Browdy et al., 2006), LowH
shrimp contained only one third of the EPA content and this might indicate that the food web
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compartments in the mesocosm were not able to fulfil the shrimp HUFA requirements. On the
other hand, since biomass production was not affected, it might be stated that LowH shrimp
received sufficient HUFA originating from natural food in the mesocosm. However, when
focussing on the specific n-3 fatty acids of the n-3 PUFA to HUFA synthesis pathway (Figure
1) in shrimp tissue (Table 3), control shrimp contained roughly twice as much intermediate
synthesis products, showing control shrimp synthesized HUFA more actively than LowH
shrimp. The shrimp’s ability to synthesize HUFA from PUFA has been, and still is, under debate.
But recent study shows that L. vannamei expresses all elongation and desaturase enzymes
involved in the synthesis process. The expression of these enzymes and thus the capacity to
elongate PUFA into HUFA, increases with higher PUFA precursor availability and decreased
salinity (Chen et al., 2017). Shrimp show changes in gene expression related to fat metabolism
when changing from fish oil diet to soybean oil diets (Xu et al., 2016). This demonstrates that
shrimp may increase or adjust their synthesis activity when environmental conditions are
more challenging. For example, shrimp in described study (Chen et al., 2017) showed higher
gene enzyme expression when fed linseed diets high in ALA than when fed fishmeal diets high
in EPA and DHA. This is opposite to the observations in this current experiment, where shrimp
showed higher synthesis activity when provided with sufficient HUFA than shrimp provided
a HUFA-deficient diet. This does not reject the possibility that LowH shrimp increased their
gene expression related to fatty acid metabolism compared to control shrimp. It does however
show that shrimp provided with sufficient dietary HUFA, will actively synthesize these HUFA
in desired fatty acid contents. It remains unclear if LowH shrimp were experiencing a dietary
environment lacking access to sufficient HUFA sources.

3.4.4 Methodical check for system sampling

No differences between treatments were found for P-retention and food web sample were
presumed to be reliable. A 10% of the phosphorous balance is not accounted for while all
food web compartments and ortho-phosphate were analysed. This underestimation is likely
caused by sampling error of detritus. It is assumed that more phosphorous was present
in the detritus than found during analysis. Nutrient contents of detritus material were
therefore considered incomplete.

3.4.5 Increase natural food accessibility

3.4.5.1 Water re-use

When making a mass balance for OM and neglecting contribution of autotrophic primary
production, this study showed that of the total OM-input in form of feed, on average, for
both treatments combined, 12% ended up in shrimp biomass production (n = 6) (Figure 4).
Of the total produced system OM biomass, 18 % consisted of shrimp OM biomass. These
figures were similar for both treatments. The remaining 88% of feed OM-input was partly lost
by respiration as results of metabolic processes in the pond (control treatment 25%, LowH
treatment 41%), but further captured in accumulated food web compartment increase: 40%
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of the feed OM-input ended in biofloc (average of both treatments), 3% in periphyton, 4%
in detritus, 5% in seston in the control treatment compared to 13% in the LowH treatment.
However, primary production was not determined in this study and contribution of primary
production is now being attributed to external feed input. Therefore, it would be of more
value to future research, to conduct mass balances of specific nutrients, such as nitrogen,
and determine dissolved nutrients in the water before the start of the experiment (i.e. total
ammonia nitrogen, CO? ortho-phosphate). In this case, a more realistic representation
can be given of the influence of external feed input and primary production on the food
web development and shrimp production inside ponds. Determining primary production,
for example by measuring variations in oxygen concentration of a water sample within a
sealed bottle, can additionally make a distinction possible between the contribution of
feed and primary production to shrimp growth. While an OM-mass balance shows that
the system as a whole is quite efficient in converting feed input into development of all
mesocosm compartments including shrimp (OM-retention from feed input to mesocosm
compartments OM accumulation of 75% in the control treatments and 59% in the LowH
treatment, average of 67%), shrimp production alone is very inefficient (retention of 12%).
The nutrients captured in food web get lost when pond water is washed out after shrimp
harvest. In terms of HUFA, this loss can be considered major since the system produced
high amounts of EPA, DHA and ARA de novo under both dietary treatments. Findings ways
to use the nutrients captured in accumulated food web biomass will increase aquaculture
sustainability. Many studies emphasize the negative effects of post-harvest pond water
effluents on ecosystem eutrophication and environmental pollution (Primavera 2006, Cao
etal., 2007, Pillay 2008, Anh et al., 2010, FAO 2017). Also the high volumes of water needed
in pond culture affect the environment (Verdegem et al., 2006, Verdegem and Bosma 2009).
To diminish these negative environmental impacts, development and application of water
re-use systems should be stimulated. An example are zero-water exchange systems. In
these systems water quality is longer maintained by fixation of toxic nitrogen metabolites
by a high abundance of microbial and algae biomass (Browdy et al., 2006, Mishra et al.,
2008, Neal et al., 2010). This allows pond water to be re-used during multiple production
cycles (Krummenauer et al., 2014). In this way, the developed food web including HUFA and
protein can be reclaimed by newly stocked shrimp.

3.4.5.2 Canalizing nutrients

Unfortunately, re-using pond water does not allow full reclaim of all nutrients accumulated
in food web compartments other than shrimp during culture. This because not all food web
compartments are accessible to shrimp as mentioned in the introduction. This study shows
that the highest HUFA fraction is found in seston, but this is not directly accessible to the
shrimp. Although not the food web compartment with the largest OM biomass, seston showed
the largest total HUFA accumulation in the system. The future challenge is on finding ways to
canalize HUFA-containing sestonic algae into better accessible food web compartments.
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Juvenile shrimp are filter-feeders and select small planktonic particles such as algae in the
seston (Gelabert and Pacheco 2011). But adult L. vannamei changes feeding strategy and
feeds on larger particles such as flocculated matter (biofloc) and prefer benthic organisms
like zooplankton, worms and oysters (Ogle and Beaugez 1991, Briggs 2006). Seston is
therefore of good value to juvenile shrimp, but relatively inaccessible to growing or adult
shrimp. A potential approach to make seston more accessible to shrimp, is by raising the
carbon input to the system, for example by adding more carbohydrates to the diet or to add
molasses directly to the pond. As a result, the balance of carbon in relation to nitrogen and
phosphorous is increased, stimulating heterotrophic (bacterial) production and in situ waste
mineralisation (Bossier and Ekasari 2017). When organic matter concentrations increase in
the water column, aggregation and biofilm surface attachment increases along. In this way,
water column nutrients —and thus seston- can be canalized into biofloc and periphyton, that
are better accessible to shrimp.

Unfortunately, the abundance and thus potential contribution of periphyton was low in this
study. But other studies show that when extra carbon is added to the system (increases
carbon to nitrogen ratio), the formation of periphyton is enhanced. Also, the algae fraction
inside the periphyton increased under higher carbon to nitrogen ratio. This resulted in a net
shrimp yield increase of 40 % (Asaduzzaman et al., 2008). Increased periphyton formation as
result of increased carbon input also lead to nutrient enrichment to the benthic community,
as periphyton particles fell of the substrate to the sediment. As a result, biomass of
macrobenthos increased and shrimp actively grazed on these organisms (Asaduzzaman et
al., 2010).

When aiming on canalizing inaccessible algae (seston) into better accessible food web
compartments, it is important to realize that the scope of algae production is fully depending
on light availability and thus on pond surface area combined with water mixing rate. Pond
management can increase primary production in extensive and semi-intensive ponds. For
example, where in extensive ponds algae production reaches 4 g carbon (C) m?2 d?, this can
be increased up to 8 g C m2 d?! in semi-intensive ponds as a result of increased nutrient
input (Brune 1991). However, when the limit of primary production is reached in terms of
light availability, further increasing the carbon to nitrogen and phosphorous balance will
from that point on mostly stimulate microbial growth, shifting the food web composition
from algae abundance to bacteria dominance and therefore quality decreases. Since hyper-
eutrophic systems contain high nutrient levels and high biomass levels, light (together
with oxygen) becomes more limiting. This is why in intensive production systems bacterial
communities often outcompete algae communities.

This current research emphasised that especially the algae content of natural food has
underused potential, as also observed in other studies. In ponds where both biofloc and
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periphyton are present, shrimp show significant higher HUFA content, in specific EPA and
DHA (Banjerjee 2010). Periphytic microalgae present in these systems were found to be
responsible for higher shrimp growth rates, stimulated by the higher nutritional value of the
available periphyton, as well as improved water quality. Periphyton HUFA contribution is
linked to periphyton biomass availability and depends on the state of waste decomposition
in the water column. The nutritive value of periphyton can therefore be influenced in both
brackish and fresh water systems (Gatune 2012). Growth of periphyton biomass is easily
further stimulated by adding more attachment surface, for example by placing wooden
sticks in the pond (Azim et al., 2005, Suryakumar and Avnimelech 2017). Algae in the water
column settle in the biofilm forming on the sticks, canalising seston into periphyton biomass.
Under experimental indoor conditions, it is possible to form species-controlled periphyton
covered substrate. Under these conditions, periphyton consisting of solely cyanobacteria
were shown to act better in controlling water quality (reducing total ammonia nitrogen
and nitrate-nitrogen) than periphyton consisting of solely mixed diatoms. But shrimp
reared in tanks with mixed diatom-periphyton showed better growth rate than shrimp
reared in cyanobacteria-periphyton or periphyton-free tanks (Khatoon et al., 2007). The
proximate composition of shrimp reared in mixed diatom-periphyton was better, yielding
more protein, lipids and carbohydrates than shrimp reared in cyanobacteria-periphyton or
periphyton-free tanks. Mixed-diatom periphyton contains higher protein (49 %), total fat
(26 %) and higher HUFA content (27 %) than cyanobacteria-periphyton (42 %, 20 % and
4 % respectively) (Khatoon 2006). This demonstrates that isolated (marine) periphytic
diatoms have a high nutritional profile and can increase HUFA content of shrimp feeding
on this periphyton. Surprisingly, periphyton containing a mix of diatoms plus the marine
bacterium Bacillus pumilus, resulted in shrimp with higher n-3 HUFA than shrimp reared
on mixed diatom-periphyton or Bacillus-periphyton alone (Banerjee et al., 2010). While
Bacillus hardly contains HUFA, there must be a synergistic effect between HUFA-containing
diatoms and this bacterium, resulting in shrimp with higher body HUFA contents. It has been
suggested this could be caused by the excretion of digestion enzymes by Bacillus inside
the gastrointestinal tract, aiding the shrimp with lipid digestion (Lovett and Felder 1990,
Moriarty 1998, Devaraja 2002, Banerjee et al., 2010). While many studies find high HUFA
contents in periphyton, this current study unfortunately observed only low periphytic HUFA
levels. It is not known if this was caused by low periphytic algae biomass, or that the algae
species in the periphyton were low in HUFA composition. It would be worthwhile for future
research to investigate possibilities of inoculating the pond with periphyton-forming algae
species known for high HUFA-contents and the development during a full production cycle.

Other ways to reclaim nutrients captured in seston, is to add zooplankton as Artemia spp. or
rotifers to the pond. Artemia feed on seston and are known to bioaccumulate HUFA (Dhont
and Sorgeloos 2002, Anh et al., 2009, Rayner et al., 2017). Artemia and rotifers are a well
acknowledged high quality natural foods for shrimp. Addition of rotifers to biofloc shrimp
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ponds enhanced shrimp growth, performance and nutritional quality (Brito et al., 2016).
While zooplankton HUFA-enrichment for shrimp live-feeding is being used in practice using
external HUFA resources (Barclay and Zeller 1996, Li and Olsen 2015), zooplankton is also
able to enrich itself with HUFA from microalgae. For example, the copepod P. annandalei is
capable to enhance its HUFA profile even in nutrient poor environments, and shows high
bioaccumulation levels of DHA (Rayner et al., 2017). In this way, the presence of this species
zooplankton can provide HUFA to the shrimp obtained from algae in the seston.

Furthermore, post-harvest pond water could be used for shrimp hatchery farming systems,
since juvenile post-larvae shrimp (PL 0-15) mainly feed on small size aggregates, small
zooplankton and seston (Briggs 2006). Additional options would include biotechnological
applications, for example seston isolation from the water column after which HUFA could be
extracted to be used as animal feed or human food additive, or seston could be pelletized
for external feed applications.

3.5 Conclusion

Inaddition to previous analyses of current experiment where evidence was delivered showing
shrimp obtained in situ de novo produced HUFA from natural food (Hermsen et al, under
review), this study confirms these finding and localised the in situ HUFA accumulation in the
system. The in situ produced HUFA mainly hold up in the biofloc and seston compartments.
Where biofloc dominated in terms of biomass, seston dominated in terms of HUFA
accumulation. This total HUFA production was a >600% increase compared to the HUFA-
input in the tanks receiving HUFA-deficient diets. Unfortunately, of the total accumulated
biomass increase in the pond, only 18% consisted of shrimp in both treatments. This means
that the majority of all captured nutrients, including de novo produced HUFA, remains in
the food web and gets lost after shrimp harvest. Future study should emphasize on finding
ways to reclaim those nutrients from the system in a more efficient way. From a formulating
perspective, the focus should relocate from feeding the shrimp, to feeding the whole pond
food web considering the fertilizing properties of the formulated feed.
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3.6 Supplementary information

Table 1. Ingredient composition, proximate content, estimated digestibility and fatty acid profile of the
experimental diets containing standard HUFA levels (control) and low HUFA levels (LowH). Same diets
as used in previous experiment of current authors (Hermsen et al., 2019a).

Control diet LowH diet
Ingredient (in %):
Fishmeal 16.0 ---
Fish oil 1.00 ---
Coconut oil - 2.40
Casein - 13.2
Wheat gluten 10.0 10.0
Soybean meal 10.0 10.0
Krill protein hydrolysate 1.00 1.00
Wheat flour 27.6 27.0
Wheat 20.0 20.0
Wheat bran 10.0 10.0
Cholesterol 0.20 0.20
Soya lecithin 0.50 0.50
Monocalcium phosphate (Ca(H,PO,),) 1.60 2.75
Calcium carbonate (CaCO,) 0.40 0.95
Premix 1.00 1.00
Lysine hydrochloride 0.30 0.30
DL-methionine 0.20 0.20
L-Threonine 0.20 0.20
L-Arginine - 0.30
Total 100 100
Proximate content (g/kg dry matter):
Crude protein 355 372
Crude fat 19.8 20.4
Crude ash 69.7 49.8
Carbohydrates 556 558
Energy (kJ/g DM) 19.8 20.4
Estimated digestibility:
Digestible energy content (MJ/kg dry matter) 15.4 15.3
Digestible protein/Digestible energy (g/MJ) 22.3 22.5
Essential fatty acid profile (mg/g dry matter):
> omega-3* 6.28 1.86
S omega-6** 12.9 16.1
> PUFAS 13.9 17.4
S HUFAQ 5.25 0.54
ALA 18:3n-3 1.19 1.35
EPA 20:5n-3 2.07 0.17
DHA 22:6n-3 2.23 0.12
LA 18:2n-6 12.7 16.1
ARA 20:4n-6 0.15 0.02

ALA — Alpha-linolenic acid; EPA — eicosapentaenoic acid; DHA — docosahexaenoic acid, LA — linoleic acid; ARA —
arachidonic acid

*3 includes 18:3n-3, 18:4n-3, 20:3n-3, 20:4n-3, 20:5n-3, 21:5n-3, 22:3n-3, 22:4n-3, 22:5n-3, 22:6n-3.

**3 includes 18:2n-6, 18:3n-6, 19:2n-6, 20:3n-6, 20:4n-6, 22:4n-6, 22:5n-6.

85 includes 18:2, 18:3, 19:2, 20:3, 22:3.

0y includes 18:4, 20:4, 20:5, 21:5, 22:4, 22:5, 22:6.
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CHAPTER 4

NUTRIENT DISTRIBUTION AND UTILIZATION UNDER
DECLINING FEED INPUT AND INCREASING FERTILIZER
INPUT IN SHRIMP MESOCOSMS FED A HUFA POOR

DIET.
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Algal and bacterial biomass form an ideal replacement for fishmeal-protein in aquafeeds.
This highlights the potential of stimulating primary production inside shrimp ponds, allowing
in situ protein and highly unsaturated fatty acid (HUFA) production. Finding ways to decrease
dietary crude protein inclusion and increase natural food contribution, may lead to a more
sustainable and cheaper shrimp production. This study aimed to increase the contribution
of protein (nitrogen, N), phosphorous (P) and HUFA from natural food into shrimp biomass.
Shrimp (50 ind. m?) were raised in six indoor mesocosms while allowing natural food
production. Shrimp were fed HUFA-deficient diets in decreasing feeding rate in regression
set-up (from 100 % to 50 %), where loss of N and carbon (C) were substituted by N and C
fertilizers. All food web compartments (shrimp, feed, biofloc, seston, periphyton, detritus)
of the tanks were sampled at day 0 and day 43 (final) of the experiment and analysed for
nutrient content. Treatment had no effect on shrimp biomass production. The N-to-protein
ratio of flocculated matter in the water column was 7.31. Lowering feeding level by 50 % in
addition to increasing pond C and N fertilization, led to a 48 % increase of food web protein
contribution to the shrimp protein contents. Total natural food protein contribution was
estimated at 74 %. Lowering P-input to the mesocosm by 50%, had no effect on total HUFA-
accumulation in food web compartments and increased shrimp P-retention from 16 % to
34 %. After shrimp harvesting, a nearly similar equivalent in crude protein was retained in
the mesocosm in the form of biofloc and periphyton. Future study should focus on ways to
reclaiming this protein from the food web. This study showed that developing a “nutritious
pond diet” pays off in terms of increased incorporation of nutrients from natural food.

Key words: shrimp, protein, HUFA, phosphorous (P), nitrogen (N), mesocosm, natural food.



4.1. Introduction

4.1.1 Alternative dietary protein resources

In an attempt to reduce use of limited and unsustainable marine protein resources, fishmeal
in aquafeeds is increasingly being replaced by alternative protein sources. These alternatives
include vegetable proteins like soybean meal or pea meal, and animal protein products like
casein or meat rendering by-products (Kanazawa, 1992, Deshimaru, 1983, Mente et al.,
2002, Davis and Arnold, 2000, Martinez-Rocha et al., 2013, Hanel et al., 2007, Ye et al.,
2012). These alternatives often bring along new challenges concerning costs, palatability,
amino acid composition or digestibility (Nunes et al., 2006, Gatlin Ill et al., 2007). Algae
meal and seaweed meal are also being investigated as novel protein source for shrimp diets
(Hanel et al., 2007, da Silva and Barbosa, 2009, Kiron et al., 2012). Marine vegetal products
are rich in vitamins, fatty acids, protein and minerals. Algal protein is of good quality and
often possesses ideal amino acid profiles for aquatic animals. This, together with increasing
availability in the near future as by-product of biodiesel (fatty acid) production, makes algae-
protein an ideal replacement for fishmeal-protein in aquafeeds including shrimp diets (Kiron
et al., 2012, Becker, 2007, Brennan and Owende, 2010).

4.1.2 Protein contribution natural food

Where dried or processed algae-compounds can be a fitting substitute for dietary fishmeal
and can further enhance shrimp performance, it also highlights the potential benefits of
allowing natural phytoplankton production inside shrimp ponds (Ju et al., 2009). Natural
food is believed to contribute significantly to shrimp production by acting as additional
nutrient source (Burford and Williams, 2001, Burford et al., 2004). Given that formulated feed
makes up 50 % of the production costs and that standard commercial shrimp diets consist
of 30-50 % crude protein (NRC, 2011), as protein is the costliest component in shrimp feed,
replacement of dietary fed crude protein by naturally growing food may potentially provide
substantial economic benefits. Also, excessive protein input to the shrimp ponds often leads
to an overload of nitrogen (N) metabolites in the water column with detrimental effects
on water quality and production. Furthermore, the replacement of dietary crude protein
by natural pond foods may also allow reducing the use of high-quality protein resources
(such as fishmeal) and its associated negative impacts on environment and sustainability
(Martinez-Cordova et al., 2003). Lowering organic N input (protein) in relation to organic
carbon (C) input (i.e. increased C:N ratio) leads to stimulation of heterotrophic bacterial
biomass (Avnimelech, 2009). When keeping high density organic matter suspended in
the water column through turbulence or aeration, organic matter flocs together and form
biofloc. When organic matter settles, biofilm forms in form of periphyton.

Biofloc and periphyton are accessible to shrimp, are rich in bacteria and phytoplankton and
can produce 60 kg protein per hectare per day in intensive production systems (Avnimelech,
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2009, Burford et al., 2004, Asaduzzaman et al., 2010). Understanding flows of N through the
system provides insight in nutrient distribution over food web compartments in the pond,
and may support a more effective and sustainable shrimp production.

4.1.2 Fertilization and algal HUFA contribution

A beneficial side effect of focusing on increasing the incorporation of natural food as
alternative protein source, is the potential contribution of highly unsaturated fatty acids
(HUFA) by algae (JU 2009). It has been shown that naturally produced HUFA may largely
replace fish oil while maintaining similar shrimp production (Hermsen et al., 20193,
Hermsen et al., 2019b). Natural food such as algae (phytoplankton), zooplankton and
benthic organisms are known to potentially contain high levels of HUFA. The HUFA content
of natural food determines the nutritional quality and thereby determines if the natural food
is being eating by consumers like shrimp (Gladyshev et al., 2011, Brett and Goldman, 1997).
It is proposed that low HUFA content of primary producers is a key-bottleneck in inhibited
nutrient and energy transfer through the food web in eutrophic systems (Mdller-Navarra et
al., 2000, Mller-Navarra et al., 2004). These low HUFA contents in eutrophic systems are
believed to be caused by a high total phosphorous (P) concentration in the water column in
relation to a relative lower N availability, favouring growth of cyanobacteria that are typically
low in HUFA content. Cyanobacteria can cope with low N to P ratios in the water column,
because they can capture N, from the atmosphere and in that way provide in their own
N:P balance. Shrimp ponds are considered hypereutrophic water systems with high nutrient
loading, especially P. Since bacterial biomass dominates over algal biomass in the water
column at high C:N ratio (Tacon et al., 2002, Ray et al., 2009, Avnimelech, 2009), N-input
to the system should be high enough to allow algae growth and thus HUFA production. As
long as enough oxygen is available, N-losses as result of bacterial denitrification are low in
shrimp ponds as N, (product of bacterial denitrification) is being used for algae production.
Accordingly, in shrimp ponds, lowering the total P input may balance optimal N:P for algae
production containing HUFA, potentially increasing natural food contribution to shrimp
biomass production.

4.1.3 Study aim

This study aimed to find the optimal balance between feed and fertilizer input (feed:fertilizer)
for optimal flow of protein (nitrogen), phosphorous (P) and highly unsaturated fatty acids
(HUFA) from natural food into shrimp biomass. Shrimp were raised in mesocosms and
fed HUFA-deficient diets under decreasing feed:fertilizer system inputs. The feed:fertilizer
ratio was decreased over treatments by decreasing total feed input and substituting
the loss of nitrogen (N) and carbon (C) -as result of decreased total feed input- by
equivalent increasing amounts of N and C in form of fertilizer. By using this approach, it
was attempted to: I) Produce shrimp using up to 50% lower dietary crude protein input;
II) stimulate shrimp to eat more natural food while keeping total system N-load the
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same allowing algae abundance; Ill) distinguish feed-protein from natural-food protein
in produced shrimp biomass; 1V) test the hypothesis of higher algae HUFA accumulation
as a result of lower system P-input. It was hypothesized that optimal nutrient flow from
natural food into shrimp biomass would be observed in the treatment where one-third of
the formulated feed was replaced by pond fertilizers. This was based on observations of
previous study (Hermsen et al., 2019a), showing 6 - 32 % of the shrimp’s HUFA content
is derived from natural food, indicating one-third of the nutrients in the formulated diet
could be replaced by pond fertilizers aiming for indirect feeding versus direct feeding.

4.2. Material and methods

4.2.1 Classification of food web compartments

Six mesocosm food web compartments were defined in this experiment: 1) shrimp; 2)
external formulated shrimp feed in form of sinking pellets; 2) periphyton (biofilm on the
tank wall); 3) detritus (debris settled at the tank bottom); 4) biofloc (suspended solids
including zooplankton >30 um mesh size); 5) and seston (suspended solids <30 um mesh
size). Biofloc and seston together form the water column compartment. Inorganic C, N and
P were additionally measured.

4.2.2 Mesocosm preparation and set-up

The experiment took place at the research facility “Carus” at Wageningen University,
The Netherlands. Six shrimp indoor mesocosm tanks were used of 1.25 m diameter and
90 cm depth, filled with 700L artificial sea water (25 ppt, Reefs Crystals) and 7 cm sand.
Aeration pipes were placed at 7 cm above the sediment and perforated at 10 cm interval to
continuously aerate and mix the water. Each tank received an incident irradiance of 300 pmol
photons/m?/s from a total of seven agricultural lights positioned above the experimental
area (Gavita; three LEP 270-01 SUP EU, and four Digistar 400W e-series). The lights were
connected to an ambient climate control system (Gavita; Master Controller EL1), imposing a
12h/12h day/night regime that enables autotrophic production. The system also mimicked
a gradual sunrise and sunset, and guaranteed a room temperature between 27 fand 29 °C.
Due to constant and high ambient temperature, water temperature ranged between 25 —-27
°C.

The used shrimp mesocosms were already two years old and maturated over time while
keeping non-experimental shrimp (average individual size at stocking 1.0 g) on a commercial
diet. Prior to the experiment, all adult shrimp were removed and mesocosm water was
diluted by replacing half of the mesocosm water by fresh artificial sea water. In order to
ensure comparable conditions for each tank at the start of the experiment, three days
before the start of the experiment all tank water and all tank sediment were collected in
large basins and thoroughly mixed, and mesocosm tank walls were cleaned and periphyton
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removed. The mixed water and sediment were homogeneously redistributed over the six
tanks. One day before the start of the experiment each mesocosm was stocked with 50 ind
m21.5+0.1 g juvenile whiteleg shrimp (Florida Shrimp International Shrimp Harvesters USA,
SPF-line, imported by Crevetec Belgium), similar to stocking densities in (semi)intensive
shrimp ponds of the Vietnamese Mekong Delta (Joffre, 2010).

4.2.3 Dietary treatments and feeding regime

The experiment lasted 43 days. All mesocosm tanks received the same HUFA-deficient diet
using the diet formulation as in previous experiments (Hermsen et al, 2019a). In this diet
formulation, both fish oil and fish meal were substituted by casein and coconut oil. The diet is
sufficient in crude protein, essential amino acids, vitamins and crude fat content (for details
see Hermsen 2019a et al.). The experimental treatment consisted of different levels of feed
and fertilizer addition that were randomly allocated to the six tanks. Applied feeding levels
were 100, 90, 80, 70, 60 and 50% (i.e. L-100 to L-50), where the reduced part was substituted
with equivalent amounts of fertilizer (Table 1). Treatment L-100 (feed:fertilizer of 100:0 %)
corresponded to a feeding rate of feed supply starting at 4.9 % shrimp body weight per day
and decreased linearly daily until 3.8 % body weight per day was reached at the end of the
experiment. N and C were added in the form of fertilizer to ensure that each tank received
the same total C-input and N-input (Table 1). Corn starch was used as C-fertilizer and NaNO,
was used as N-fertilizer. Losses in P through decreased feed input were not compensated in
order to study the effect of decreasing P-input on HUFA production by natural food.

Table 1. Feed and fertilizer input, and total carbon (C), nitrogen (N) and phosphorous (P) input for each
dietary treatment. Total C-input and N-input were similar for each treatment, P-input decreased from
100 % to 50 %.

Treatment: .Feed C - . Total C . Total N Total P
. Feed: input . N fertilizer input (feed input (feed

relative level fertilizer (g) fertilizer input (g)  + fertilizer) + fertilizer) nput

of feeding g input (g) putie (feed) (g)

(g) (g)

L-100 100:0 % 291 0 0 125 17 3.8
L-90 90:10 % 264 28 10 124 17 3.4
L-80 80:20 % 235 56 20 122 17 3.1
L-70 70:30 % 206 83 30 121 17 2.7
L-60 60:40 % 176 111 40 119 17 2.3
L-50 50:50 % 147 139 50 117 17 1.9
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4.2.4 Food web compartment sampling

All food web compartments of all six tanks were sampled at day 0 and day 43 of the
experiment. To get a representative sample of feed provided throughout the entire
experiment, weekly feed grab-samples were taken, homogenously mixed and stored airtight
at 4 °C. At time of stocking (day -1), 20 individual shrimp were randomly selected to represent
the start population. They were euthanized using ice water and stored at -20 °C prior to
further analysis. At the final day of the experiment, all remaining shrimp were harvested
per tank, counted, weighted, euthanized and stored at -20 °C prior to further analysis. The
water fraction was sampled by taking a representative 2 L water column sample by opening
and closing a 2 L container at 30 cm depth in the middle of the tank, followed by separating
the large biofloc fraction from the smaller seston fraction. This was done by letting the
water pass through a 30 um mesh filter to separate single cell algae and bacteria (seston)
from the flocculated organic matter (biofloc). The filter residue containing the biofloc (>30
um) was washed with fresh water and equally distributed over six glass microfiber filters
(Whatman, GF/F, diameter 55mm) using a high-pressure pump (Vacuubrand GMBH, MZ 2C
NT, Germany). The water filtrate containing seston (<30 um) was continuously stirred while
taking subsamples of know volume, approximately 300 ml per sample, and were distributed
over six glass microfiber filters using a high-pressure pump while being washed with fresh
water. All glass microfiber filters containing seston (six per tank per sampling) and biofloc
(six per tank per sampling) samples were immediately stored at -20 °C prior to further
analysis. Periphyton samples were taken by scraping the tank wall from bottom to top. This
was done in triplicate per tank, using a 10 cm wide spatula covering 900 cm? wall surface
per tank sampling. Periphyton was stored in aluminium containers at -20 2C prior to further
analysis. Detritus samples were taken by a sediment sampler (Technical Development
Studio, Wageningen University, The Netherlands), grabbing 100 cm? sand sediment from the
bottom in triplo, covering 300 cm? per tank per sampling. The sand containing the detritus
was stored in aluminium trays and stored at -20 2C prior to further analysis.

4.2.5 Water quality control

Tank management aimed to maintain water quality favourable for shrimp growth and was
checked weekly to remain <2 mg NO,7/L, < 50 mg NO, /L, < 4 mg TAN/L, and a pH of 7.0
- 8.8. Orthophosphate (P), NO,, NO,” and total ammonia nitrogen (TAN) were measured
using a Smartchem (Smartchem 200, Alliance Instruments, AMS Systea, Frepillon, France)
following protocol NEN-ISO6777 and NEN-ISO7150-1. Twice weekly evaporation losses were
compensated by adding fresh tap water of 22 °C to keep salinity on 25 ppt. Salinity, pH and
oxidation reduction potential were measured using a multi-parameter portable meter at
10:00 AM using a multi-parameter portable meter (WTW Multi 3430; Tetracon 925, Sentix
940).
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4.2.6. Analyses

Samples of the water fraction (biofloc and seston on filters), detritus and periphyton were
freeze-dried (ZIRBUS technology, Sublimator 3X4X5, Zirbus technology GmBH, Bad Grund,
Germany). Gastrointestinal tracts of sampled shrimp were removed and shrimp were freeze-
dried and subsequently ground using a centrifugal grinding mill operated at 60 % amplitude
for 3 minutes at 12,000 RPM (Retsch 200 ZM 1mm sieve). Feed samples were ground
similarly. Chemical analysis of all compartments included determination of dry matter (DM)
(protocol 1ISO6496) and ash (ISO5985). For shrimp and feed additionally crude protein (CP)
(1S05983, Kjeldahl method), crude fat (CF) (IS06492) and gross energy (E) (1SO9831) was
determined. Organic matter (OM) and carbohydrate (CH) content were calculated based on
dry matter content minus ash content, and organic matter content minus crude protein and
fat content, respectively. Elemental C and N content of freeze-dried samples was determined
using an elemental analyser (Flash2000, Thermo, interfaced with Conflo 4). P content of all
compartments was determined by full destruction and measurement of total P (Murphy
and Riley, 1962). Fatty acid profiles of all compartments were analysed by transesterification
of fatty acid methyl esters (Lepage and Roy, 1984). Feed conversion ratio was calculated as
feed wet weight input divided by shrimp wet weight biomass gain.

4.2.7 Sampling and analyses of external biofloc tank

Analysis of total N by Kjeldahl or total N by elemental analysis to determine protein content
gives shortcomings when dealing with samples high in bacterial biomass. Only when all
measured N in a sample is associated with protein, then the commonly used N-to-protein
conversion factor of 6.25 can be applied. However, bacterial biomass is known to potentially
contain large portions of N that are not associated with protein content, such as DNA which
can be as high as 30 % (Liang et al., 2014, Mariotti et al., 2008, Sosulski and Imafidon, 1990,
Ezeagu et al., 2002). This can also be the case for plant material. As a consequence, it is
thought that the 6.25 multiplier often gives overestimated protein contents in feed analyses.
There is a demand from the aquaculture sector to establish biomass specific N-to-protein
factors, in specific for biofloc which contains a relatively high microbial content (Liang et al.,
2014). This research attempted to meet this demand by determining the N-to-protein factor
of biofloc. This was done to serve as reference work.

Unfortunately, biomass in the water fraction (biofloc and seston) in the experimental
mesocosms was insufficient for amino acid or protein determination. This was due to
restricted sampling size of 2 L mesocosm water to minimize the dilution of the organic
matter in the water column to prevent potential disturbance of the ecosystem balance.
As alternative, it was decided to collect flocculated water column biomass from a different
system. The long-term “biofloc production system” at research facility Carus of Wageningen
University was used.
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The long-term biofloc production system (total volume 2800 L) has been running since
September 2014 continuously. The recirculated system consists of a biofloc tank (1950 L)
connected to six small fish tanks (each 120 L) stocked with a total of 55 kg Nile tilapia.
Tilapia were fed once a day a plant-based diet (36.2% crude protein, 6.2% fat, 26.9% starch,
7.2% ash content) at 0.5% body weight. The biofloc tank and fish tanks were continuously
aerated and mixed to keep biofloc particles in suspension. Biofloc culture water was
recirculated over the system using a submersible pump (Grundfos® KP 150). Fish tank waste
effluents were pumped into the biofloc tank, where biofloc production was stimulated by C
supplementation in form of corn-starch to obtain an estimated C:N ratio input of 17 (daily
addition of 150 g m-3). Water temperature was kept at 27 °C using an electrical heater
(2.000 watt, Clepco® TYL2215A R19 Intelligent heater LLC). Three water samples of 200 mL
were collected twice from the biofloc tank at a 4-hour time interval and preserved with
250 pl of 2.5% hydrochloric acid solution and stored at -20 °C prior to N and amino acid
analysis (I1SO 5983). N-to-protein factor for biofloc was calculated using the ratio of amino
acid residues to total N content based on stoichiometric N value of the molecules.

4.2.7 Data analysis

Shrimp production, shrimp body composition, food web compartment organic matter
accumulation, food web compartment HUFA accumulation, and food web compartment N-
and P-accumulation were analysed in function of the dietary treatments with ordinary least
squares regression using the IBM SPSS software package version 23 (IBM Corp. Released
2013. IBM SPSS Statistics for Windows, Version 23.0. Armonk, NY: IBM Corp). Mesocosm
tanks were the experimental units. Outcomes of regressions are presented per treatment (n
=1) or treatment means (+ standard deviation, n = 6).

4.3. Results

4.3.1 Nitrogen utilization shrimp

All mesocosms received the same amount of N (16.9 +0.07 g) throughout the experiment,
but the form in which N was applied differed among the experimental treatments (Figure
1). Treatment had no significant effect on shrimp biomass production which was similar in
all tanks (295 +24.6 g) except for tank L-90 that deviated more strongly. This L-90 mesocosm
performed less compared to other tanks also with respect to the other measured variables.
Nevertheless, shrimp body composition (protein, fat, carbohydrate, energy and ash) was
similar in treatments. This resulted in significantly increasing incorporation of N from feed
into shrimp biomass (i.e., from 45 % in the L-100 treatment up to 72 % in the L-50 treatment;
P = 0.004) (Figure 2). Feed conversion ratio was below 1.0 in all treatments and decreased
with decreasing feed:fertilizer ratio down to 0.48 (Figure 2).
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Figure 1. Total (analysed) nitrogen (N) input per treatment, specified per N-source (feed or fertilizer).
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Figure 2. Shrimp nitrogen retention from feed-N and total-N input, and feed conversion ratio. Left axis:
Feed conversion ratio. Right axis: N retention efficiency in shrimp (%) considering N originating from
formulated feed (green triangles) or considering total N input (red squares).

4.3.1.2 System nitrogen balance

N accumulation in shrimp did not change with decreasing feed:fertilizer ratio (Figure 3).
Shrimp biomass contained the largest fraction of N, followed by biofloc, and periphyton.
The distribution of N over biofloc and periphyton showed considerable variation across
treatments although there was no systematic trend with feed:fertilizer ratio. The relative
amounts of N in seston and detritus were relatively very small. Accumulation of inorganic
N in the water column in form of total ammonia N was minimal, except for the L-90 tank
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where inorganic N-accumulation was larger and biofloc N-accumulation was smaller than in
other tanks.
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Figure 3. Distribution of accumulated nitrogen (N) across food web compartments and dissolved
inorganic N per treatment, expressed in percentage of total N input.

4.3.1.3 N-to-protein factor of water column fraction of long-term biofloc system
Togaininsideinthe protein content of natural food inside aquaculture ponds, the N-to-protein
ratio of flocculated organic matter in the water fraction (biofloc and seston combined) was
determined of a different flocculation system than the experimental mesocosms. Deviating
from the standard 6.25, N-to-protein factor of flocculating matter the water fraction was
found to be 7.31 £0.03 (n = 6) (Table 2).
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Table 2. Amino acid composition and related nitrogen (N) composition and N-to-protein ratio of the
water fraction of the long-term biofloc tank at research facility, Carus Wageningen University.

Water fraction amino acid composition

Amino acid nitrogen composition

g kg! DW g kg DW
Alanine 5.03 £0.5 0.79 £0.1
Arginine 2.97 +0.3 0.95 0.1
Aspartic acid 6.39 +0.6 0.67 20.1
Cysteine 1.16 £0.1 0.14 0.0
Glutamic acid 6.2 £0.6 0.59 +0.1
Glycine 4.48 +0.4 0.84 0.1
Histidine 1.18 +0.2 0.3240.0
Isoleucine 2.8310.2 0.310.0
Leucine 4.7 +0.5 0.5+0.1
Lysine 3.620.4 0.69 0.1
Methionine 0.79 +0.1 0.07 +0.0
Phenylalanine 4.01+0.4 0.34 0.0
Serine 3.04 +0.2 0.28 +0.0
Threonine 3.540.3 0.41 0.0
Valine 4.26 +0.3 0.51 0.0
Total 54.1+44.8 7.41+0.7

Nitrogen-to-protein

ratio

7.31+0.03 (n = 6)

4.3.2 Phosphorous utilization
Shrimp elemental P body composition was 8.3 g kg DM at the start and 8.6 g kg DM 0.7
at the end of the experiment. P input (through changes in feed:fertilizer) decreased from 3.2

gram in the L-100 treatment to 1.5 g in the L-50 treatment. With decreasing P-input through

feed, shrimp P-retention significantly increased from 16 % in the L-100 treatment up to 34
% in the L-50 treatment (P = 0.002; Figure 4).
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Figure 4. Total shrimp phosphorous (P) retention from P-input through feeding into shrimp biomass
accumulation.

4.3.3 Highly unsaturated fatty acid (HUFA) accumulation

With decreasing P-input, shrimp showed a quantitative small but significant decrease in
total HUFA accumulation (P = 0.042) (Figure 5). Biofloc HUFA content was relatively high and
showed no systematic trends with P-input. HUFA content of seston and periphyton were
relatively low and showed no systematic trends with P-input._
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Figure 5. Accumulation of highly unsaturated fatty acids (HUFA) as a function of phosphorous (P) input
for each food web compartment. Detritus HUFA contents were below detection level. Input of 1.53 g
P was provided in the L-50 treatment (feed:fertilizer of 50:50 %), input of 3.02 g P was provided in the
L-100 treatment (feed:fertilizer 100:0 %).
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4.4, Discussion

4.4.1 Protein utilization

Apparent crude protein digestibility of non-fishmeal plant-based shrimp diets is 83 %
(de Carvalho et al., 2016). Assuming all provided external feed was eaten by the shrimp
(turbidity in the tank did not allow to observe feed intake), protein retention varied from 45
% in the L-100 treatment to 73 % in the L-50 treatment (Table 3). Gradually lowering dietary
crude protein input to the system, led to a gradual increase in crude protein obtained from
natural food (Figure 2, Table 3). The 45 % protein retention as found in the L-100 treatment,
is comparable to protein retention efficiencies found in literature where shrimp were
raised in outdoor ponds. For example, N (protein) retention of shrimp was found to be 45
% in biofloc ponds (Hari et al., 2004). This is twice as high than the average 20 % protein
retention found in recirculation or clear water tanks without natural food present (Hari et
al., 2004, Cuzon et al., 2004). This concurs with stable isotope studies in semi-intensive
shrimp ponds suggesting half of total diet selection consists of natural food (Burford and
Williams, 2001). This highlights that natural food protein contribution can be substantial.
Specifically; assuming protein retention of the L-100 tank would be the result of exclusively
feeding on external diet and zero additional feeding on natural food, the minimal shrimp
crude protein content obtained from natural food is as high as 48 % in the L-50 treatment
(Table 3) if shrimp had similar 45 % protein retention from feed in all tanks as found in
L-100. But, more realistically assuming protein contribution from natural food in the L-100
treatment was 50 % instead of zero, then shrimp acquired 74 % crude protein from natural
resources in the L-50 treatment (Table 3) if shrimp had similar 45 % protein retention from
feed in all tanks as found in L-100.

80 CHAPTER 4



% VL % 8% % €L 9'8¢€ 447 (43 0s-1
% 0L % 1¥ % €9 S'ov 0°€S 6'€9 09-1
% L9 % Y€ % LS Sty 619 SvL 01
% 79 % €¢ % 6V LY L0L [} 08-1
% 1S % € % 6€ 0°LE 6L 856 06-1
% 0§ pawnssy % 0 pawnssy % SV vy S'L8 S0T 00T-1
004 [BJN}BU UO pase 00} [eJnleu
P c”_m_m urezoud a_wc:cm uo paseq ﬂ_mm F_:Soa (9) dwiays (8) dwiays  (8) posy eia andul (8) posy (Pa} P23y
U : U o1ul indul ¢ paa : : : Junowe aAne|al
J0 9% ‘uonnquuod  dwuys Jo % ‘uonnglIIuod d P33 uone|NWNIJe d4J dD 3|qnsa8ig ein indul d) |
oI : SR W04} UOLIUDIBI UIBI0Id : U : : uswieal)
palewnss ysSiH palewnss Mo

‘00T-1 Ul paAJ3asqo SD % Gy 03 13S ‘SuD] [|b Ul paaf paipjnwiiof woif uonualal
u1330.d ID[ILWIS UO PaSDG 31aM SUOLIDINIIDI PAIDWILSI Y10g ubl 0OT-1 Y1 Ul (TOOZ ‘SWDIIM pub piofing) poof [pinibu wWoif pauipigo Som UoLDINWNIIL d)
dwiiys Jo 9 0G pawnssp ,uonnglijuod paipwnsa ybiy, aya ajiym dupbl 00T-7 Y1 Ul poof [DinIDU WOLf pauIpIqo SbM UOLDINWNIID 4D dwliys Jo 9% 0 pawnsso
,uonngLiIuol Palpwisa Moj, Yy WaWadxa Abp-g ay1 4ano dwiliys olul dJ poof [pinipu pup 42 paaf Jo uonualal (42) uiaioid apnid Jo uonpinajn) € ajqer

81

NUTRIENT DISTRIBUTION AND UTILIZATION UNDER INCREASING FERTILIZER INPUT



4.4.2 Reconstructed crude protein content food web compartments

The crude protein content in food and feedstuff is estimated by multiplying the N content
by a default factor of 6.25, assuming protein contains 16 % N. This assumption originates
from the 19™ century, but is still being used nowadays despite several reports of inadequacy
during the last decades (Mariotti et al., 2008). Although adaptations were made for
substrate specific N-to-protein factors for animal products and plant products (Jones, 1941,
Adler-Nissen, 1986), where plant protein conversions factors were adjusted downwards, the
factor of 6.25 remains the default for all substrates in food composition tables (Kirchhoff,
2002, Saxholt et al., 2008, Favier et al., 1995). However, for most substrates a conversion
factor of 6.25 results in an overestimation of calculated protein content, since many
substrates contain non-protein N such as nucleic acids, pigments and inorganic nitrogen.
This is especially the case for bacteria and plants (including algae), as non-protein N is
usually higher in plants and bacteria than in animal products. For example, N-to-protein
ratio for green and red macro algae is found to be 4.59 and 5.12 (Kazir et al., 2019, Liang et
al., 2014). In aquaculture, biofloc production in the water column is actively stimulated in
order to provide an additional protein source for shrimp and fish (called Biofloc Technology)
(Avnimelech, 2009). However, the real protein content of biofloc is not known since the
N-to-protein factor has not been determined for biofloc, which typically contains high
amounts of bacterial biomass. There is a demand from the aquaculture sector to determine
the substrate specific N-to-protein conversion factor for biofloc and other natural food, so
as to determine the protein contribution from natural food into shrimp or fish production
more accurately (Liang et al., 2014).

In order to avoid the predicted overestimation of crude protein content in food web
compartments other than shrimp, it was decided in this study to determine the substrate
specific N-to-protein conversion factor of flocculated matter in the water column.
Surprisingly, instead of finding the hypothesized lower conversion factor of around 5 (Liang
et al., 2014, Kazir et al., 2019), a relative high N-to-protein factor of 7.31 was found. This
factor was determined by analysing the content of individual amino acids, believed to be
the most nutritionally relevant and accurate estimation of protein content in food-stuffs
(Mariotti et al., 2008). Searching literature for specific N-to-protein factor for shrimp was
unsuccessful, but factors found for fish meat varied between 5.43 and 5.71 (Sosulski and
Imafidon, 1990, Mariotti et al., 2008). Despite these lower conversion factors for fish, it
was chosen to estimate crude protein content of shrimp by analysing the organic N content
by Kjeldahl’s method including multiplying by Klejdahl’s N-to-protein conversion factor of
6.25 for meat, in order to make protein content of shrimp in this study comparable to other
studies.

Using the conversion ratios of 6.25 for shrimp and 7.31 for flocculated matter in the water
column (biofloc and seston), periphyton and detritus, the protein content of each food web
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compartment in the mesocosms was estimated (Figure 6). The total protein accumulation
(calculated based on N contents) of the mesocosms did not show a systematic trend with
feed: fertilizer ratio despite considerable variation across treatments. This variation was
mainly observed by differences in biofloc, followed by periphyton protein accumulation.
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Figure 6. Reconstructed distribution of protein accumulation across shrimp biomass and the food web
compartments assuming a 6.25 nitrogen-to-protein factor for shrimp (Kjeldahl crude protein analysis),
and a 7.31 nitrogen-to-protein factor for remaining food web compartments as determined from a
different flocculation system (see methods) (Table 2).

Based on the reconstructed protein contents, protein accumulation in the food web
compartments other than shrimp, can be found mainly in biofloc followed by periphyton
(Figure 6). Although 48 - 74 % contribution of natural food to shrimp protein accumulation is
large (Table 3), still similar amounts as shrimp crude protein content, remain in the system in
form of food web crude protein content after shrimp harvest. Here lie challenges for future
research. How can we use this unexploited natural resource of protein? One approach
could be reusing the pond for new shrimp stock, or harvesting the biofloc and periphyton
compartments after shrimp production and using these as processed feed additives, or fresh
natural food supply in hatchery tanks. Introducing tilapia, a fish known for filter feeding in
the water column, might also be combined by poly-culture.

Itis worth investigating if the feed:fertilizer ratio can decrease even further than 50:50 %, and
what effect it would have on protein production and utilization in the system. Additionally,
was total C and N input for development of natural food necessary in these amounts? Also,
the ratio between C and N (C:N) is expected to have an effect on shrimp protein retention
and food web development. In this study, total C and N input and C:N input were similar
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in all tanks. But other studies show more water column flocculated matter develops at
increasing total C input and increasing C:N system input up to 20, while shrimp protein
retention shows an optimum at C:N system input of 15 (Panigrahi et al., 2019). The C:N
input in this experiment was 10 for all tanks, which is not high. But when changing the C:N
input to a shrimp production system, care should be given to preventing bacterial biomass
outcompeting algae biomass in the water column, which is often observed at C:N input of
15 and higher (Xu et al., 2016). Algae contribute essential fatty acids to shrimp and produce
HUFA de novo (Hermsen et al., 2019a). Systems where both algae and bacteria are present
in the water column result in healthier and better performing shrimp (Xu et al., 2016).

The N-to-protein conversion factor of 7.31 of flocculated matter as determined in this study,
is much higher than expected. It must therefore be concluded that flocculated matter in the
water column contains relatively low non-protein N and high amounts of amino acids. The
conversion factor was determined using samples from another flocculated system than the
experimental mesocosms, in order to avoid disturbing the ecosystem in the mesocosms by
taking too much sample material. The systems were however not the same, mainly differing
ina C:Ninput of 10 (shrimp mesocosms) versus a C:N input of 16 (other flocculating system).
It is therefore plausible to assume that the flocculated matter of the shrimp mesocosms
consistsed of both bacteria and alage, while in the other system the flocculated matter
mainly consisted of heterotrophic bacteria being dominant species. Both planktonic algae
and bacteria can contain varying amounts of protein (Zubkov et al., 1999, Becker, 2007) and
it is unknown what the difference in protein content could have been between the systems.
In the shrimp mesocosms, flocculated matter developed as result of a relative higher N
input to the system than the other flocculating system, which could potentially have led
to a higher protein content of the flocculated matter in the water column. Despite these
differences, it can be argued that the 7.31 conversion factor as determined in this study,
provides a better estimation on the accurate protein contents of food web compartments
in shrimp mesocosms, than the default factor of 6.25 which is based on other substrates.
It is hereby strongly advised to do future research, to determine substrate specific N-to-
protein factors for shrimp, biofloc, seston, periphyton and detritus specifically, produced
under different system C:N inputs. When using the correct conversion factors, estimations
of accurate protein contributions originating from natural food sources can be made.

4.4.3 Phosphorous utilization

P dynamics in aquatic systems are known to be complex (Havens et al., 2001). Generally,
increasing P-input leads to increased primary production, thereby promoting production
in food webs (Bureau and Hua, 2010). Intensification of shrimp aquaculture, resulted in
increased dietary P contents, since P is crucial for formation of DNA, phospholipids and
exoskeleton (NRC, 2011). However, use of P is also controversial, since it is a limited resource
(Dawson and Hilton, 2011) and because aquatic animals are inefficient P-retainers. For
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example, P-retention in fish is just 25 - 40 % (Sugiura, 2018, NRC, 2011, Boyd and Tucker,
2012). On average, P retention efficiency from formulated feed is higher in fish than in
shrimp, because fish have bones containing calcium and phosphate and therefore have
much higher P contents and requirements than shrimp (Boyd et al., 2007). L-50 shrimp
showed a P-retention of 34 % (Figure 4). This is considered high since shrimp P retention
is usually low, varying between 6 and 20 %, but usually around 10 % (Paez-Osuna et al.,
1997, Casillas-Hernandez et al., 2006, Muangkeow et al., 2007, Boyd et al., 2007). In shrimp
ponds at least 80 - 90 % of the dietary P input is discarded as waste, where semi-intensive
production systems perform slightly better (3 %) than intensive production systems (Boyd
et al., 2007), where less natural food is available to the shrimp. The diet in this experiment
contained 12.5 g P kg* DM, of which 3.6 g kg'! DM was inositol bound P in form of phytate.
Therefore only 71 % of total P-input was accessible by the shrimp and would have been
the maximum achievable P-retention based on formulated feed intake. But bacteria in
biofloc are able to make phytate bound P available from organic matter in tilapia production
systems (Verdegem et al., 2018), increasing the total P availability. It would be interesting for
further research to look into total non-phytate bound P availability in semi-intensive shrimp
ponds. Comparisons of P retention efficiencies between ponds and clear water control tanks
will provide inside in the scope of bacteria unlocking phytate bound P into available P.

Insufficient control on wastes in aquaculture is a major factor increasing environmental
eutrophication and affecting sustainability (Verdegem, 2013, Sugiura, 2018; FAO 2014). An
achieved reduction from 84 to 66 % P-discard in this study, emphasizes the shrimp production
sector can improve its efficiency by focusing on feeding the pond instead of focusing only
on shrimp nutrient requirements when formulating diets. This achieved scope might have
been larger, since the diet in this experiment was formulated with a P-composition of 1%.
P-requirement for whiteleg shrimp can be decreased to 0.5%, when fed casein-protein
based diets with a Ca-inclusion of 1%, as in this experiment (Davis et al., 1993). The shrimp
in this experiment were therefore double provided in terms of dietary P. It is therefore not
surprising that lowering relative feeding rate and thus P-input with 50 %, had no effect on
shrimp growth and performance since P content in the experimental diet was twice the
minimal requirement. Further research to determine P-retention of shrimp with lower
dietary P-inclusion level, combined with lower feeding rate, might greatly support a more
sustainable shrimp production.

4.4.4 HUFA accumulation and phosphorous-input

Shrimp HUFA content significantly increased with higher P-input (Figure 5). However, P-input
was a function of total feeding rate, and lowest in L-50 and highest in L-100. No fishmeal
or fish oil was included in the diet, so at first sight it is likely to presume shrimp must have
obtained more HUFA from the food web under influence of high feeding rate or high P-input.
But this was not the case. Even without any fish oil or fishmeal in the diet, cell membranes
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of organic matter always contain fatty acids including HUFA. These are functioning as cell
membrane structure responsible for membrane fluidity. Dietary HUFA content was 0.54 g
kg DM in this experiment. Consequently, formulated feed input resulted in small dietary
HUFA input, being lowest in the L-50 and highest in the L-100 tanks. This difference in
dietary HUFA input between treatments is visible in shrimp HUFA content, where L-100
shrimp accumulated 0.47 g HUFA compared to 0.34 g HUFA in L-50 shrimp. When the HUFA
input via feeding was subtracted from shrimp HUFA accumulation, the observed significant
increase in shrimp HUFA content disappeared, resulting in a similar HUFA accumulation in
shrimp of 0.28 +0.02 g in all mesocosms. This accumulation was higher than total dietary
HUFA input, suggesting that shrimp HUFA incorporation obtained from the natural food was
similar for all treatments, but that the addition through natural food was limited.

Since P-input is positively linked to increased primary productivity (Bureau and Hua, 2010),
alterations in P-input could influence HUFA accumulation in food web compartments
containing algae. However, aquatic ecology studies found a negative correlation between
total water column P-content, and water column HUFA accumulation (Muller-Navarra et
al., 2004, Miiller-Navarra et al., 2000). This was not observed in our study. No conclusions
could be drawn with respect to a relation between total system P load and food web HUFA
content. It could still be possible that such a relation is present, but the range of P-input
provided in this experiment could be too narrow to expose this effect. Furthermore, these
aquatic ecology studies explain observed findings by the development of cyanobacteria
at high total water column P-content, which may have the advantage of sourcing N, from
the atmosphere (as some species are diazotrophic), in contrast to HUFA producing algae
which are limited to use dissolved N in the water column for production. In that case,
cyanobacteria, which contain no HUFA, would become increasingly dominant at decreasing
N:P ratios (Smith 1983; Harris et al., 2016 Inland Waters), leading to a decreased production
of HUFA in the phytoplankton community. Cyanobacteria are highly abundant in shrimp
farms and are often the most abundant species in semi-intensive and intensive shrimp ponds
(Alonso-Rodriguez and Pdez-Osuna, 2003). This does however not always lead to problems,
such as cyanobacteria blooms or toxin production. In this current study, N-input was high
and similar in all tanks, and assumingly not limited in relation to P. Therefore, it is assumed
no cyanobacteria increase has occurred leading to exclusion of HUFA containing algae from
the food web compartments. It would be interesting to repeat this experiment under lower
total N input and varying N:P ratios to gain better insight in the nutrient dynamics inside
shrimp mesocosms. Care should be taken to keep these systems well aerated, because loss
of N, (from organic matter mineralisation by denitrifying bacteria) increases under anaerobic
conditions. Under anaerobic situation, increasing P and thereby increasing organic matter
formation in the water column, could further amplify the effect of lower N:P inputs by a
relative higher loss of N, from the water into the atmosphere. In this current study all tanks
received similar total N-input, all tanks were well aerated, and total dissolved inorganic
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N in the water column remained constant. Losses of N, were therefore assumed low and
observed outcomes solely linked to decreased P-input.

4.5 Conclusion

This study showed that developing a “nutritious pond diet” pays off in terms of increased
incorporation of protein and P from natural food. This nutritious pond diet lacking both
fishmeal and fish oil, allows substituting 50 % of feed with C and N fertilizer, resulting in
decreased crude protein use and decreased nutrient load in the mesocosm water. After
harvest this water still contained very high protein contents in the biofloc and periphyton.
Future study should focus on ways for reclaiming this protein from the food web. A next
step could be testing this nutritious pond diet with half of the dietary P, and using less N
fertilizer and investigate the effect on protein retention and HUFA accumulation in food web
compartments.
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Abstract

Reducing use of high-quality limited ingredients in formulated aquafeeds and reducing waste
outputs will contribute to making aquaculture more sustainable. Instead of formulating
feeds in function of the culture animal, one could develop dual-purpose feeds, aiming
at feeding both the culture animal, as well as the microbiota in the pond. Understanding
nutrient dynamics in shrimp ponds, requires the pond to be studied as a whole by getting
insight on how nutrients are spread through the pond. This study aimed to provide insight
in the food web of shrimp ponds using 6 indoor controlled mesocosms as model, focusing
on nutrient distribution and nutrient ratios as result of altering the nutrient input. The first
tank received 100% formulated feed and is referred to as L-100. In the other tanks the feed
input was reduced in steps of 10%, tank-2 receiving 90% feed up to tank-6 receiving 50%
of the feed (L-90 to L-50). The reduction in dietary energy (carbon) and protein (nitrogen)
was compensated by adding carbohydrate (corn starch) and inorganic nitrogen (NaNO,),
respectively. The total inputs of C and N were similar in all tanks; the input of phosphorous
was not compensated in tanks receiving less feed than L-100. The experiment lasted 57
days. Shrimp, biofloc, seston, periphyton and detritus in the mesocosms were sampled and
analysed for organic matter, nitrogen and phosphorous at day 0, 22, 43 and 57. Regression
analyses did not show differences over treatment in nutrient distribution and C:N:P ratios
onday 0, 22, 43, and 57. Regression analyses showed a reduction over time in the system’s
efficiency to mineralize organic matter input. The contribution of natural food to production
increased significantly from L-100 to L-50. The phosphorous mass balance revealed that
when the P input was reduced more than 30 % less than in L-100, phosphorous from
detritus flowed into periphyton at such rate that detritus phosphorous depletion would
have occurred within one full shrimp production cycle. Developing a dual-purpose feed
is promising, as shrimp production was not affected while feeding level was reduced by
half. Future studies should focus on gaining better insight in the carrying capacity of pond
systems.

Key words: shrimp, natural food, organic matter (OM), C:N:P, mesocosm.



5.1 Introduction

Following the intensification of shrimp farming during the last decades, the use of water and
formulated feed increased, as did waste production. Formulated feed consists of 40 - 60 %
of the total costs of shrimp production, mainly due to the high price of protein components
(Tan et al., 2005, NRC, 2011, Bender et al., 2004). Reducing use of high-quality limited
ingredients in formulated aquafeeds and reducing waste outputs will therefore contribute
to making aquaculture more environmentally and socio-economically sustainable (Kabir et
al., 2016).

Instead of formulating feeds in function of the culture animal, one could develop dual-
purpose feeds, aiming at feeding both the culture animal, as well as the microbiota in the
pond. In this approach the focus shifts to the nutrient requirements of the microorganisms
responsible for metabolising wastes resulting from feeding the shrimp, in such a way that
no nutrients are present in excess. In consequence, a well-balanced food web will develop,
delivering natural food to the culture animal. Developing such a lower-cost and more
ecological-based production system has been given more and more attention in research
(Joffre and Verdegem, 2019, Hari et al., 2004, Panigrahi et al., 2019, Anand et al., 2015,
Panigrahi et al., 2018). Natural food, such as biofloc and periphyton, are known to contribute
additional energy and protein to the diet of shrimp in ponds (Chapter 4, De Schryver et
al., 2008, Avnimelech, 2009, Wasielesky Jr et al., 2006, Asaduzzaman et al., 2010). For
example, dietary protein levels can be reduced by 25% without affecting shrimp growth
in the presence of biofloc (Xu et al., 2012). Additionally, biofloc, periphyton and seston are
known to contain high amounts of highly unsaturated fatty acids, that contribute to shrimp
production (Chapter 3, Banerjee et al., 2010, Gatune et al., 2012).

Dietary protein is an expensive ingredient (Bender et al., 2004). Making use of protein
produced by natural food is therefore of interest. However, little attention is given to
supplementing the diet indirectly by stimulating natural food production through fertilization
while here lies potential. For example, pond fertilization with nitrate will stimulate the
production of single cell protein, feeding the food web and ultimately the culture organisms
(Boyd, 2015). Another example is adding carbohydrate, e.g. corn starch, to raise the
C-concentration in the pond water, providing the food web with sufficient energy to be able
to utilize available nitrogen and phosphorous (Suryakumar and Avnimelech, 2017).

Understanding nutrient dynamics in shrimp ponds, requires the pond to be studied as a
whole by getting insight on how nutrients are spread through the pond. The efficiency
by which nutrients pass through the food web depends on the ratios between the main
nutrients carbon (C), nitrogen (N) and phosphorous (P) in the system. Formulation of a
dual purpose feed, aims to contribute to an optimal C:N:P ratio. C:N:P ratios vary between
different organisms and the availability of these nutrients influences species composition
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in the food web (Welti et al., 2017, van de Waal et al., 2009, Xu et al., 2016, Ebeling et al.,
2006, Hargreaves, 2006). For example, a C:N input of around 20 is in favor of heterotrophic
bacteria yielding high amounts of bacteria-dominated biofloc while a C:N input below 10
yields biofloc containing both bacteria and algae. As biofloc containing both algae and
bacteria results in higher shrimp yields and a more efficient feed conversion (Xu et al.,
2016), altering C:N input can affect shrimp production. Similar observations are found in
tilapia ponds, where diets with a C:N ratio of 12 resulted in higher fish production due to
an enhanced contribution of natural food compared to a diet with a C:N ratio of 9 (Kabir et
al., 2019).

Inorganic nutrients are readily available to the algal and microbial communities, whereas
organic nutrients must be mineralized before they can be converted into natural food. For
example, ammonia-N was faster immobilized by bacteria than dissolved organic-N. In the
latter case, more organic matter accumulated while less bacterial biomass was produced
resulting in a smaller contribution of natural food production to shrimp production (Burford
and Williams, 2001). Replacing part of the feed input by nutrients that are faster accessible
to the food web, might result in a higher natural food production which will compensate for
the smaller feed input. This approach shifts feeding management from direct to partially
indirect feeding, by also relying on natural food to maintain both shrimp production and
water quality.

Formulated feed is metabolised by the shrimp first, in the process releasing ammonia and
CO,, the latter no longer available as energy source to heterotrophic bacteria. In contrast,
corn starch might be directly and easily degraded by bacteria, and inorganic-N might be
directly taken up by photo-autotrophic algae and chemo-autotrophic bacteria. Monitoring
C:N:P ratios in shrimp, biofloc, seston, periphyton and detritus, would allow for a more
holistic understanding of the ecosystem in the pond (Welti et al., 2017). This knowledge can
be used in making aquaculture feeding more sustainable by potentially using fewer external
resources.

5.1.1 Study aim

In outdoor shrimp ponds, natural food contributes up to 50 % to shrimp production (Burford
et al., 2004). It was therefore hypothesised that replacing up to 50 % of the energy and
protein in formulated feed by carbohydrate as C-source (corn starch) and inorganic N,
would have no effect on the distribution of OM, N and P between shrimp, biofloc, seston,
periphyton and detritus.

This study aimed to provide insight in the food web of shrimp ponds, focusing on nutrient
distribution and nutrient ratios. The loss of dietary C and N input when reducing the feed
input was compensated by adding a carbohydrate (corn starch) and inorganic N (NaNO,)
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source, respectively. The total input of C and N were similar in all treatments. P input
decreased as a result of decreasing feeding level. The effect of dietary treatments on organic
matter (OM) distribution and C:N:P ratios in shrimp mesocosms was investigated.

5.2 Material and methods

Detailed information on mesocosm preparation, set-up and sampling techniques are
provided in previous paper of current authors (Chapter 4). The following information is a
summary.

5.2.1 Classification of mesocosm compartments

Five food web compartments are defined in this experiment: 1) shrimp; 2) feed input in
form of formulated pellets, corn starch and NaNO,; 3) periphyton (biofilm on the tanks wall);
4) detritus (debris settled at the tank bottom); and 5) water column, including a) biofloc
(organic residue from water column retained on a 30 um mesh size filter) and b) seston
(water column filtrate that passed through a 30 um mesh size filter).

5.2.2 Mesocosm set-up and maintenance

For the 57-day experiment, six shrimp mesocosms were filled with 700 L artificial seawater
(25 ppt, Reefs Crystals) and 7 cm sediment. All tanks were continuously aerated. Ambient
temperature was 27 — 29 °C and water temperature was 25 — 27 °C. Each tank received an
incident irradiance of 300 pmol photons/m?/s (Gavita; three LEP 270-01 SUP EU, and four
Digistar 400W e-serie) to allow autotrophic production. Each tank was stocked with 50 ind/
m?2 of 1.5-g juvenile whiteleg shrimp (Florida Shrimp International Shrimp Harvesters USA,
SPF-line, imported by Crevetec Belgium), mimicking a (semi)intensive shrimp pond in the
Vietnamese Mekong Delta (Joffre, 2010). Before the start of the experiment, tank walls were
cleaned and water and sediment to fill all tanks was thoroughly mixed to ensure similar start
situations. During the experiment water quality parameters were checked weekly. Salinity,
pH and oxidation reduction potential were measured using a multi-parameter portable
meter (WTW Multi 3430; Tetracon 925, Sentix 940). Orthophosphate (P), NO,, NO,  and
total ammonia nitrogen (TAN) were measured using a Smartchem (Smartchem 200, Alliance
Instruments, AMS Systea, Frepillon, France) (protocol NEN-ISO6777 and NEN-ISO7150-1).
Twice weekly evaporation losses were compensated by adding fresh tap water of 22 °C to
maintain the water volume and salinity constant.

5.2.3 Dietary treatments and feeding regime

All mesocosm tanks were fed the same plant-based diet free of both fishmeal and fish oil
(Chapter 2). The diet was sufficient in crude protein, essential amino acids, vitamins and
crude fat. Feeding levels ranged from 100 % (L-100) down to 50 % (L-50) with successive
steps of 10 % (L-100, L-90, L-80, L-70, L-60, L-50). The consequential shortage in nitrogen
and carbon, compared to the L-100 tank, in the L-90 to L-50 tanks was compensated by
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adding adjusted amounts of corn starch as C-source and NaNO, as inorganic N-source.
Accordingly, all tanks received the same C and N input. Treatments were allocated randomly
over the six treatment tanks.

5.2.4 Mesocosm compartment sampling

All mesocosm compartments were sampled to determine abundant biomass at day 0 (start),
day 22, day 43 and day 57 of the experiment. A homogenous feed sample was obtained
by weekly grab-sampling. At time of stocking, 20 shrimp were kept apart to represent the
start population, euthanized by ice-water and stored at -20 °C. At day 57, remaining shrimp
were harvested by tank, euthanized and stored at -20 °C. Biofloc and seston samples were
obtained by pouring 2 L mesocosm water over a 30 um mesh filter. Biofloc (>30 um) and
seston (<30 um) were washed out with fresh water and equally distributed over glass
microfiber filters using a high-pressure pump (filters: Whatman, GF/F, diameter 55mm;
pump: Vacuubrand GMBH, MZ 2C NT, Germany). Filters were stored at -20 °C prior to further
analysis. Periphyton samples were taken by scraping the tank wall in triplo from bottom to
top using a spatula and stored at -20 °C. Detritus samples were taken by a sediment sampler
(Technical Development Studio, Wageningen University, The Netherlands), taking 100 cm?
sand sediment from the bottom in triplo per tank. The sediment samples were stored in
aluminium trays at -20 2C until analysis.

5.2.5 Analyses

Samples of the water column (biofloc and seston), detritus and periphyton were freeze-dried
(ZIRBUS technology, Sublimator 3X4X5, Zirbus technology GmBH, Bad Grund, Germany).
Gastrointestinal tracts of sampled shrimp were removed and shrimp were freeze-dried and
subsequently ground (Retsch 200 ZM 1mm sieve). Feed samples were ground similarly.
Of all compartments dry matter content (DM) (protocol 1ISO6496) and ash (ISO5985) was
determined. Organic matter (OM) content was calculated based on dry matter content
minus ash content. Elemental phosphorous, carbon and nitrogen contents were determined
of all food web compartments sampled at day 43. Phosphorous content was determined
by full destruction and measurement of total phosphorous (Murphy and Riley, 1962). The
elemental C and N content of freeze-dried samples were determined using an elemental
analyzer (Flash2000, Thermo, interfaced with Conflo 4). Accumulated values were calculated
by subtracting start values and adding intermediate removed subsamples contents to the
content of subsequent samples.

5.2.7 Data analysis

Regression and repeated measures ANOVA analyses were carried out using IBM SPSS
software package version 23 (IBM Corp. Released 2013. IBM SPSS Statistics for Windows,
Version 23.0. Armonk, NY: IBM Corp). Mesocosm tanks were the experimental units.
Outcomes of regression analyses are presented per treatment, and outcomes of repeated

94 CHAPTER 5



measures ANOVA are presented per treatment over time (n = 3), unless otherwise stated.
Measurements of the six treatment tanks over time were taken as factor for repeated
measures ANOVA analyses followed by least significant difference (LSD) range test and a
Bonferroni test.

5.3 Results

Shrimp in all tanks performed well and had an average survival of 92 % (n = 6).
Shrimp biomass production over time was not affected by treatment and final total
biomass was 295 +24.6 g (n = 6) per treatment tank. The specific growth rate was
also not different between treatments (P = 0.932) with an average growth of 3.8 %
body weight per day. All water parameters stayed within set limits favourable for
shrimp growth at <2 mg NO,-N/L, < 50 mg NO,-N /L, < 4 mg TAN/L, and 7.0 - 8.8 pH.

5.3.1 Organic matter

Total OM increased over time (Figure 1). The repeated measures ANOVAs did not show
differences in OM accumulation between dietary treatments (P > 0.05). Therefore,
treatments were pooled. On average, combining all treatments of day 0, 22, 43 and 57,
shrimp contained 14 %, biofloc 46 % and detritus 27 % of the total OM in the tanks. At day
57, on average over treatment, shrimp, biofloc, seston, periphyton and detritus made up
respectively 20 %, 9 %, 40 %, 6 % and 25 % of the total tank OM. With passing time, the
efficiency of the systems to convert the input to the system into new OM biomass decreased
(Table 1). Regressions over treatments were not significantly different, and treatments were
pooled. During the first period (day 0 to day 22), in all tanks more OM accumulated than
was added through feeding, on average 5 %. From day 0 to day 43, all tanks showed an
average loss of -17 %. Between day O and 57, the loss was largest and on average -37 %.
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Figure 1. Organic matter (OM) distribution (gram) on day 0 (including input over entire experiment),
day 22, day 43 and day 57.

The decrease of retention of OM in culture tanks was also reflected in differences in protein
utilization (expressed as protein efficiency ratio; PER) by the shrimp. The PER decreased
over time and regression analyses showed significant differences over treatments in the
periods day 0 to day 22, and day 22 to day 34 (p < 0.05; Table 2). After 22 days of culture,
PER increased from 3.4 in the L-100 treatment to 5.6 in the L-50 treatment (P = 0.009). In
the period day 22 to day 43, PER increased from 3.1 in the L-100 to 5.0 in the L-50 treatment
(P = 0.047). In the last period from day 43 to day 57, PER did not differ significantly over
treatments with an average of 0.6. This PER was extra low due to two negative PER values
caused by mortality in tanks L-90 and L-50. When removing the negative PER values of tank
L-90 and L-50, again no significant differences over treatment were observed.
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Table 1. Organic matter accumulation over time per treatment. Loss calculated as start content plus
feed and corn starch input minus final content.

Treatment do - d22 dO - d43 dO - d57
L-100 1% -6% -29%
L-90 15% -25% -42%
L-80 8% -17% -34%
L-70 3% -18% -35%
L-60 1% -24% -35%
L-50 0% -10% -45%
Average 5% -17% -37%

P=0.338 P=0.809 P=0.257

Table 2. Protein efficiency ratio (PER) of shrimp for each time period.

Treatment d0-d22 d22-d43 d43 - d57

L-100 34 31 0.8
L-90 4.0 2.0 -2.8
L-80 4.7 24 0.5
L-70 4.9 33 2.8
L-60 4.7 4.7 3.0
L-50 5.6 5.0 -0.4
Average 4.5 3.4 0.6

P =0.009 P=0.047 P=0.509

Table 3. Standard growth rate (SGR) of shrimp for each time period (% body weight).

Treatment do - d22 d22-d43 d43 - d57

L-100 5.1 4.0 1.6
L-90 53 2.7 2.5
L-80 5.4 2.7 3.1
L-70 5.1 3.3 29
L-60 4.5 4.2 2.3
L-50 4.5 3.9 2.3
Average 5.0 3.5 2.4

P=0.085 P=0.506 P=0.592
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5.3.2 C:N:P ratios

As for experimental setup, C:N ratios of input were similar for all treatments, while C:P
input increased due to decreasing feeding level as no P-fertilizer was added. Regression
analyses of C:N, C:P and N:P ratios in the mesocosms for shrimp, biofloc, seston, periphyton
and detritus were not significantly different over treatments on day 22, 43, or 57 (Figure
2). The same was true for the ratios of the total amount of OM present in each mesocosm.
Regression analyses of pooled treatments, showed a significant difference in C:N over time
for shrimp and seston. For these two compartments, N-content (assumed protein) increased
over time. Detritus N:P increased significantly over time as P-content decreased (P < 0.05).
All other C:N ratios did not change over time (P > 0.05).
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Figure 2. C:N:P ratios of compartments and system over time.
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5.4. Discussion

5.4.1 Organic matter

All tanks received similar input of C and N, but different in form: through formulated feed
including high-quality protein and energy, or a combination of feed plus 50 % replacement
by fertilization in form of carbohydrates (corn starch) as C-source and inorganic N (NaNO,) as
N-source. Agreeing with the hypothesis, replacing up to 50 % of the feed with carbohydrates
and inorganic N, both being directly accessible to the pond’s microbiota, did not result
in differences over treatment in OM distribution and accumulation in the mesocosms,
including shrimp biomass.

On average shrimp made up 14 % of the total OM in the mesocosms. This was highest at the
end of the experiment where shrimp made up 20 % of the total OM. Apparently, the other
80 % OM in form of seston, biofloc, periphyton and detritus was needed to support shrimp
growth and maintain favourable rearing conditions. This emphasises the idea that when
feeding shrimp in a pond, the supporting food web should not be forgotten during feed
formulation, as the mesocosm processes a large fraction of the OM input.

Over time, total OM abundance increased as result of nutrient input, but the efficiency
in which the system used the supplied nutrients decreased with time. OM accumulation
increased during the first 22 days of the experiment where more OM accumulated than was
added to the system (Table 1), most likely contributed by primary production. In contrast,
from day 22 to the end of the experiment on day 57, OM accumulation showed increasing
losses. Total OM abundance was higher on day 43 than on day 57, while more total OM
was added to the system on day 57. One thought is that this OM loss could have been
caused by shrimp harvesting more natural food from the mesocosm during the later stages
of the experiment. However, shrimp specific growth rate also declined from 5.0 % body
weight per day during day O to day 22, to 3.5 % body weight per day during day 22 to
day 43, down to 2.4 % body weight per day during day 43 to day 57. Therefore, a more
apparent explanation for the decreasing system efficiency over time, it that the system was
approaching the maximum carrying capacity. Hepher (1988) showed that the first signs of
reaching the carrying capacity of an aquaculture pond are reduced growth and increasing
feed conversion ratio, and this is usually accompanied by deteriorating water quality (Isyagi
et al., 2009). In this experiment however, water quality was still good on day 57, but is
it expected that this would have deteriorated if the experiment would have lasted 1 or 2
weeks longer.

The declining protein utilisation of shrimp over time (Table 2) also supports the idea that
the system was approaching the maximum carrying capacity at the end of the experiment.
Whereas improved protein utilisation due to carbohydrate and inorganic-N supplementation
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was already shown for the entire 57 days of the experiment (Chapter 4), further analysis
showed that protein utilization changed over time. The PER declined from an average of 4.5
to 0.6 over 57 days. During the first period (day 0 to day 22) and second period (day 22 to
day 43), the more formulated feed was replaced by corn starch and inorganic-N, the better
the protein utilisation of the shrimp. Unfortunately, during the third period (day 43 to day
57) tank L-90 and L-50 experienced shrimp mortality, resulting in negative PER values. But
even when reanalysing the data of the third period without tanks L-90 and L-50, resulting in
a recalculated PER average of 1.8, no significant treatment effect was found. These results
show that the contribution of natural food is biggest when the system is further away from
the maximum carrying capacity, and that the contribution of natural food increases when the
whole system is fed by replacing part of the formulated feed with fertilizers that are easily
accessible to the pond’s microbiota. This benefit disappears when approaching the carrying
capacity of the system. The mortality in tanks L-90 and L-50 are not well understood. When
clearing the tanks after the experiment, uneaten feed was found on the bottom of tank L-90
while all water quality parameters were still in favour of shrimp production.

Reaching the carrying capacity of an aquaculture pond, is directly linked to the oxygen
budget. In the pond’s food web, oxygen is consumed and CO, and ammonia are released. In
the aquatic food web, both heterotrophic and autotrophic bacteria and autotrophic algae
co-exist interdependently (Ebeling et al., 2006). Algae consume CO,, produce oxygen, take
up (harmful) inorganic-N and produce OM. Heterotrophic bacteria mineralize OM, consume
oxygen, and produce CO, and ammonia-N. This dependent interaction between algae
and heterotrophic bacteria regulates nutrient mineralization, involving OM breakdown
and buildup, steering nutrient cycling in the food web (Beristain, 2005). In ponds, OM is
mineralized by a combination of aerobic, anoxic and anaerobic heterotrophic bacteria
(Ebeling et al., 2006). Under aerobic mineralization, new bacterial biomass is formed by
oxidizing OM. During this process, 40 — 60 % of the OM is converted into new bacterial
biomass (Gaudy and Gaudy, 1980, Eriksson et al., 2002, Lee et al., 2002, Henze et al., 2002),
and the CO, released can be used for primary production. This novel bacterial and algal
biomass can serve as natural food for shrimp. However, the mineralization rate under
anaerobic conditions is much lower than under aerobic conditions (Reddy et al., 1986). For
example, where OM in form of fish feed pellets show a mineralization rate of 26 % per day
under aerobic conditions, this is as low as 6 % under anaerobic conditions (Beristain, 2005).

During culture, the daily nutrient input increases over time. But the higher the OM
concentration, the higherthe oxygen demand for decomposition and natural food production.
In the same time, a higher OM load to the system results in a higher amount of OM settling
at the sediment. Unfortunately, sediment in aquaculture ponds often show anaerobic areas
which enlarge under increasing OM settlement. Once OM reaches the pond bottom, the
mineralization rate can be as low as 40 % per year due to these anaerobic patches, while
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being detrimental for shrimp health (Avnimelech and Ritvo, 2003, Avnimelech, 1995). Large
anaerobic sediment areas cause OM to accumulate more, increasing the oxygen demand
of the pond even further, causing the natural food production to decline, and creating a
bad living environment for the shrimp. This is also observed in this current experiment. The
uneaten feed at the bottom of the L-90 tank might be a symptom of decreased mineralization
due to OM settlement at the bottom leading to anaerobic areas, depleting the oxygen budget
of the system even more, possibly causing the sudden shrimp mortality. An interesting
approach for further developing the dual-purpose feed, is to reduce the total OM input
to the system as this might increase the period with a more efficient mineralization rate,
supporting natural food production, including shrimp, for a longer time. Another option is
to mechanically increase the oxygen concentration in the water.

An additional suggestion for further developing a dual-purpose feed, is to carefully balance
the C:N ratio of the feed input as this could influence the oxygen budget in the system too. In
a (semi)intensive zero-water exchange pond, the oxygen budget of the system is determined
by water exchange and gas exchange at the surface, and the abundance of primary producers
(algae) producing oxygen. A system input with a too high C:N ratio (> 20) where the algae
fraction is outcompeted by bacteria (Ray et al., 2009, Tacon et al., 2002, Avnimelech, 2009)
is therefore unwanted, unless oxygenis added to the system mechanically.

5.4.2 C:N:P ratios

Regression analyses showed that treatments did not differ in C:N, C:P and N:P ratios on day
0, 22, 43 and 57. Concerning C:N, this is not surprising, since C:N input was similar in every
treatment. Apparently, it does not matter for the system if N is added through protein or via
inorganic-N. Substituting protein (N) and energy (C) in formulated diets with carbohydrate
and inorganic-N in form of fertilizer seems therefore possible without affecting shrimp
production.

Each tank received nutrient inputs with a distinctive C:P ratio as result of lowering the feed
input, and thus the P-load. The C:P ratio of the combined feed and corn starch input in
the tanks varied between 107 (L-100) to 197 (L-50). As expected, no differences between
treatments in C:P ratio of shrimp were found, likely caused by the homeostasis of the animal
(van de Waal et al., 2009, NRC, 2011). Depending on consumer species, for example fish or
shrimp or zooplankton, C:P can be found within the range 30-300. In this experiment C:P
of shrimp was in the range of 115-143 (Figure 2), corresponding with C:P of 127 found in
outdoor shrimp ponds (Sahu et al., 2013). It is believed that algae and bacteria show a non-
homeostatic and flexible C:P ratio (with exception of a few bacteria strains such a E. coli),
depending on the nutrient availability of the surroundings (van de Waal et al., 2009, Godwin
and Cotner, 2014). This C:P range can vary between 100 and 2000. The reason behind the
flexibility is caused by the ability of single cell organisms to store large amounts of nutrients,
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until other nutrients that are limiting become available for metabolism or production, e.g. the
temporarily mass-storage of P until more C becomes available for PHB (energy) production in
bacteria (Kortstee et al., 1994). While in this experiment the C:P input was in the range of 107
to 197, seston showed a remarkable low average C:P of 8 in all tanks, while biofloc showed
an average C:P of 97, lying more closely to the range of the input. This large difference in
C:P between seston and biofloc, both water column compartments, is not well understood.
One explanation could be that seston in this experiment consisted of homeostatic bacteria
strains, which are often found in assemblages of aquatic bacteria subject to hypereutrophic
environments. These specific bacteria exhibit strong C:P homeostasis at low ratios while
C:P of the environment is high, for example 50 as result of a C:P input of 100 (Godwin and
Cotner, 2014). The reason or advantage of bacterial stoichiometric homeostasis is, however,
poorly understood and understudied (Godwin and Cotner, 2015).

As regression analyses did not show any differences over treatments for C:N:P ratios at day
0, 22, 43 and 57, treatments were pooled and new regression analyses were computed
over time. This revealed a decreasing C:N over time in shrimp and periphyton, showing that
over time these compartments increased their protein content. This also concurs with an
increase in the N:P ratio, with increasing size of the shrimp (van de Waal et al., 2009). The
increased protein content in periphyton seems a result of bio-accumulation of the total N
added to the system. N-fertilization is known to stimulate periphyton production and to
increase periphyton protein content (Austin et al., 1990). This was not observed for seston
and biofloc in this experiment. When analysing the C:P of the whole system, it was expected
to find an increasing C:P ratio as a result of decreased P-input. Against hypothesis, C:P of the
entire system (sum of all compartments including ortho-P) did not show differences over
time. It is expected that this is caused by an incomplete sampling of C in the mesocosm.
While P is assumed to remain in the system, CO, volatilizes and is lost. This CO,, resulting
from OM mineralisation and shrimp feed digestion, was not measured. It is hereby suggested
that adding a poorly digestible C-source to the shrimp diet (e.g. fibres), will keep C longer in
the system so it can be used by bacteria as energy source.

It was expected that P would have become limiting in the L-50 tank. Against hypothesis,
system performance including shrimp production did not differ between treatments. The
only visible effect on P distribution in the mesocosms was observed in the detritus, where
N:P significantly increased over time, showing a P-loss over time in the detritus (Figure 2). To
gain more insight in the flow and fate of P in the system, a mass balance of P-accumulation
was made (Figure 3). Whereas P-distribution did not show differences over treatment,
detritus P-accumulation significantly decreased from 21 to 6 % from treatment L-100
to L-50 (P = 0.021) (Figure 3). It is assumed this P flowed into periphyton, as periphyton
P-accumulation increased from 0 to 32 % from treatment L-100 to L-50 (P = 0.014).
Compared between day 57 and day 0, tank L-80, L-70, L-60 and L-50 showed a P-loss of 20 %,
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32 %, 33 % and 49 %, respectively. By calculating the daily P-loss per tank, it can be roughly
forecasted on which additional day detritus would be fully P-depleted. These additional days
until P-depletion are 224 (L-80), 123 (L-70), 113 (L-60) and 59 (L-50) extra days after the
final day 57 of the experiment. For the L-50 tank, on this day (day 116), P-flux from detritus
into other food web compartments such as periphyton and shrimp, would not be possible
anymore and it is expected that shrimp performance would be negatively affected. While
in this experiment shrimp production was not yet affected, in the field a full grow-out cycle
usually takes around 3 - 5 months, and the turning point of 123 days in the L-70 treatment to
116 days in the L-50 treatment, will thus be reached within one production cycle. Therefore,
the applicability of the dual-purpose feed with a 50 % P-reduction, is not feasible for a full
cycle in semi-intensive shrimp ponds. Therefore, additional P-supplementation is advised
next to C- and N-addition. It is unfortunate the dietary treatments did not go lower than 50
% feed replacement, to determine if, and at which point, shrimp growth would have been
hampered by insufficient support of the natural food web as a result of a 1) P-depletion,
and 2) lower mineralisation rate of the whole mesocosm due to having reached the carrying
capacity of the system.
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Figure 3. Final phosphorous (P) distribution. P present per compartment at final day of experiment (day
57), expressed as % retained from input and start situation.

5.5 Conclusion

Replacing part of the feed input by carbohydrates and inorganic nitrogen has great potential
in improving the protein utilization efficiency of the feed, while making pond aquaculture
more sustainable. In this experiment, natural food contributed more to shrimp production
when 50 % of the feed was substituted with carbohydrate and inorganic N fertilizers, which
were more easily accessible by the mesocosm microbiota, compared to standard feeding.
While in this experiment shrimp production was not yet affected by 50 % feed reduction,
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probably P-supplementation would be needed when reducing the feed load > 30% (L-70)
during a full production cycle. Also, while replacing 50 % of the feed with C- and N-fertilizer
enhances system efficiency in the first periods of production, it is advised to provide a
high-quality diet at 100 % feeding level combined with water-refreshing when approaching
the carrying capacity of the system. To develop a dual-purpose feed more research on the
carrying capacity of different pond systems is needed.
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6.1 Main findings of this thesis

This thesis explored the possibility of stimulating highly unsaturated fatty acids (HUFA) and
protein production by natural food in shrimp ponds. Natural food in shrimp ponds includes
among others, algae, bacteria, protista, zooplankton, fungi, benthic organisms and related
organic matter. In this thesis species present were not identified, instead, it was chosen
to classify natural food based on form, location and accessibility in the pond. Nutrient
accumulation and flows were followed of each food web compartment.

Quantitative analysis of the fate of major fatty acids including HUFA strongly suggested
that the pond’s primary production can provide shrimp additional HUFA. At least 32 % and
6 % of the accumulated EPA and DHA in shrimp respectively, must have been obtained
from the food web. Fully excluding fish oil and fishmeal from the formulated feed did not
affect biomass production, nevertheless it resulted in shrimp HUFA contents lower than
normally observed in cultured (one-half) or wild caught (one-third) shrimp (Chapter 2).
Mass balances of organic matter and HUFA for each food web compartment, showed that
biofloc dominated in terms of organic matter accumulation, and seston dominated in terms
of HUFA accumulation. Total HUFA accumulation of the mesocosms increased with > 600 %
in the tanks fed fishmeal-free and fish oil-free diets, pinpointing de novo in situ production.
Most of the feed input resulted in organic matter biomass accumulation other than shrimp,
as shrimp only retained 12 % of the organic matter input. The majority of the nutrients in
the food web, including the de novo produced HUFA, remained in food web compartments
other than shrimp and got lost after harvest. With harvesting shrimp, only 25 — 27 % of the
total HUFA is removed from the system (Chapter 3). Lowering the feed:fertilizer ratio of the
mesocosm input by replacing 50 % of the feed with fertilizer, lead to a 48 % increase of food
web protein contribution to shrimp protein content. Total natural food protein contribution
was estimated at 74 %. The nitrogen-to-protein conversion factor of flocculated matter in
the water column was determined and found to be 7.31 which was higher than expected.
Estimating food web protein contents using this factor, showed that a similar equivalent
of protein as in shrimp was accumulated in biofloc and periphyton combined. Lowering
phosphorous (P) input to the systems by 50 % had no effect on HUFA accumulation in the
food web and increased shrimp P-retention from 16 to 34 % (Chapter 4). However, mass
balances of P showed that following a > 30 % reduced P-input, the flows of P in the mesocosm
changed and P moved from detritus into periphyton in such amounts that P-depletion would
have occurred within one full shrimp production cycle (3 — 5 months). As long as the system
is within carrying capacity, the contribution of natural food is larger when a larger part of the
feed is replaced by carbohydrate and inorganic nitrogen, due to an efficient mineralisation
rate in the system. This system efficiency decreases over time. Substituting 50 % the protein
and energy in formulated feed with carbohydrate and inorganic nitrogen fertilizers, did not
change nutrient distribution and C:N:P ratios in the food web, including shrimp production
(Chapter 5).
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The knowledge gained in this thesis aids in developing the nutritious pond concept, the
application of which could reduce the use of limited resources, thus decreasing cost of
production and contribute to both economic and ecological sustainability (Joffre and
Verdegem, 2019).

6.2 Shortcomings and recommendations study set-up

As is the case for experimental studies, some shortcomings in this research should be
considered. During the setup of this study, the experiments were designed to include stable
isotope analyses to draw conclusions on the percentage of shrimp growth derived from
natural food versus added feeds. Theoretically, it is possible to do this with this method,
however, to reach statistical robust conclusions, a high number of replications is needed
where the performance of the model used increases with the number of isotope profiles
measured (Parnell et al., 2010, Kempke, 2012). In this study, only triplicates were included;
a number far too low for the use of the Bayesian model (Rubin, 1981). This oversight led
to both a loss of time and funds, with no gain of proper insights into the percentage of
growth derived from natural feeds. Similar conclusions were drawn in other aquaculture
pond studies where it was argued that stable isotope profiling does not allow to separate
contribution from external feed, from contribution from natural food in green water fish
ponds (Kabir et al., 2019, Kabir, 2019). Despite this limitation, comparing stable isotope
profiling between start and end situation of pond feeding trials, provides a good indication
of shrimp and fish diet selection (Chapter 5; Kabir et al., 2019). It also discloses steering
factors on isotope profiles of food web compartments, where it shows that external nutrient
input determines isotope profiles of shrimp and periphyton, while the profile of biofloc,
seston and detritus are not altered by external nutrient input. Isotope profiling also showed
that food web compartments as chosen in this thesis (seston, biofloc, detritus, shrimp,
periphyton, external feed) display clear distinct stable isotope profiles, indicating that the
food web compartment classification was well chosen and represented indeed distinct parts
of the mesocosm food web each with harbouring different dominant communities (Chapter
3and5).

A negative control group was lacking due to resource constraints (restricted number
of experimental units due to limited space). In addition, replication in time was judged
impractical, due to previous experiences in priming the mesocosms. If more experimental
units could have been included, this negative control nonetheless could have potentially
led to a better distinction between external feed and natural food contribution to shrimp
production.

The findings of this study will require further testing in the field, to verify the here described
findings. The parameters used — stoichiometric ratios of C:N:P and fatty acid profiles—
all deliver valuable information concerning the nutritional quality of the mesocosm
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compartments, and should therefore be considered in future studies. Special care should be
given to analysing the level of organic matter content in the food web compartments; due
to the setup being a saltwater system, the dry matter content would be skewed and a risk
would exist of overestimating the ash content through inclusion of salt in the measurements.
Rinsing fresh samples with plenty of fresh water reduces the inclusion of salt in the samples
to minimize this potential miscalculation.

Two sampling moments were scheduled in addition to the sampling at the start and finish
of the experiment in this study; these turned out to be unnecessary, having little impact
on the conclusions reached. Considering nutrient content of food web compartments
including shrimp, the measured parameters changed linearly over time. Regardless
variation between tanks, within tank measurements over time showed no deviating fluxes
between compartments that would have changed the conclusions drawn based on the final
measurements. This was also the case for stable isotope profiles, where the profiles moved
linear over time towards the measured final profiles (Chapter 5). The measurements of
ratios between C, N and P however, showed a static development over time where ratios
measured at the second week remained stable towards the end of the experiment. For
future research, sampling moments at the start and finish of the experiments would suffice,
saving resources and cutting costs. Stoichiometric ratios can already be measured after two
weeks, while stable isotope profiles and nutrient contents show more enlarged outcomes
comparing start and end of the experiment.

Another consideration is for the sampling of the sediment in outdoor ponds. In current
study, the aeration in the tanks was sufficient, and oxygen poor areas near the sediment
were prevented. In outdoor ponds, however, anaerobic zones are often found at the
bottom, due to inefficient aeration of the pond. In these areas, degeneration rates can differ
significantly from aerobic zones, additionally shrimp avoid these areas, leading to lower
grazing pressures, causing accumulation of more organic matter than in aerobic areas.
Samples taken from such zones in outdoor ponds are not representative of the entirety of
the pond bottom, and provide a skewed view of nutrient mass balances.

Follow-up studies should consider using or incorporating outdoor experiments. The benefit
of such experiments is that it would facilitate Weende analysis (also: proximate analysis) for
nutrient composition determination. This is not possible when a small mesocosm is used,
since too much material would be removed by sampling, causing the system to become
imbalanced. An outdoor pond setup would not have this limitation. Weende analyses would
provide extra information concerning nutritional quality of the natural food. An obvious
disadvantage of outdoor experiments is the fact that it would not represent a closed system,
as were the indoor mesocosms. There would be no control over the input into the system
by, for example, rainfall or seepage. Indoor (closed system) experiments, therefore, always
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provide for a more precise nutrient mass balance than experiments performed in outdoor
systems.

Mesocosms are a powerful tool in the scientific community. Mesocosms (indoor and
outdoor) “bridge the gap between laboratory and field studies by creating a contained
test apparatus that allows for greater control over test organisms while still exposing them
to natural environmental variations” (Briant et al., 2017). Mesocosms develop realistic
environmental conditions with high ecological representativity (Briant et al., 2017, Caquet
et al., 1996). However, some researchers doubt the scope of extrapolation from mesocosm
to outdoor systems, since comparisons across mesocosm studies, and between mesocosm
and outdoor studies, can be challenging due to varying set-ups, dimensions, etcetera.
Despite these concerns, system studies showed that results from mesocosm can indeed
be scaled up and ‘moved up’ to be applied across broad spatial scales and natural aquatic
systems (Spivak et al., 2011). Mesocosms are especially of great use to study and predict
eutrophication processes. The response of algae development to nutrient enrichment
shows great variation between (mesocosm) systems, but scale had no effect. However, time
was found to be a strong influencer to algae response and development in mesocosms. This
pinpoints the importance of choosing and considering appropriate time scales relevant to
the goal of the experiment (the biological or ecological process of interest) (Spivak et al.,
2011). Therefore, repeating the experiments as performed in thesis but over a longer time
period, covering an entire shrimp grow-out cycle (3 — 4 months), is recommended.

In this mesocosm study, it was deliberately chosen not to focus on ecosystem species
abundance or specific species development, but classify ecosystem compartments based
on form and location in the mesocosm. Zooming out a bit and focussing on organic matter
accumulation of each compartment, also provides valuable information about the functioning
of the system. It is true though, that information of abundant species in each compartment
would have provided additional information, although limited. This because managing or
even predicting the abundance of a specific algae, bacteria or zooplankton species in an
(artificial or natural) ecosystem over time is very difficult (Wang et al., 2017, Josué et al.,
2019), and would therefore not offer much hold. It is however still very interesting to see if
we could inoculate the mesocosm with for example an algae species known for high HUFA
content, such as Nannochloropsis. If we could find ways to keep this algae species in the
mesocosm over a longer period in time, this might help to produce shrimp with potentially
high (or higher) HUFA contents on a diet low in HUFA.

In these experiments, n-3 HUFA was removed from shrimp feed to force the shrimp to forage
for natural foods to replenish their HUFA deficiency. Future research will be needed to
investigate the effects of decreasing protein and/or nitrogen as well, as this could potentially
further stimulate the shrimp to forage for natural food. However, it should be taken into
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account this may lead to heightened C:N ratio input, which in turn often leads to stimulation
of the pond’s microbial community, to the detriment of the pond’s algal fraction (Ray et
al., 2009, Tacon et al., 2002) and with that losing HUFA production in the pond. Besides
delivering nutrients to the food web, autotrophic algae and heterotrophic bacteria form a
dependent relation concerning the carrying capacity of the system. When algae produce
oxygen and consume CO,, more OM is added to the system besides formulated feed. This
requires sufficient abundance of heterotrophic bacteria, which consume the oxygen and
produce CO, while mineralising the OM. Both algae and bacteria have denitrifying capacities
(Risgaard-Petersen et al., 2004, Liu et al., 2017) to maintain water quality favourable for
shrimp growth. The challenge for future research is therefore finding the optimal balance
in nutrients to allow both algae and bacteria in the pond, stimulating the nutrient transfer,
including HUFA, through the food web into shrimp or fish biomass.

6.3 Diet formulation recommendations
Following the outcomes of this PhD-thesis, based on indoor mesocosm experiments, the
following recommendations can be given to shrimp feed formulators and shrimp producers:

1. Raising shrimp in well-aerated, zero water-exchange ponds allows for development
of a balanced ecosystem in the pond maintaining water quality. This ecosystem
consists of several compartments (biofloc, seston, detritus, periphyton) which can
contribute natural food and raise overall shrimp production.

2. Total feeding level in ‘nutritious ponds’ can be reduced down to 80 % if the losses
in elemental C and N are replaced by pond fertilizers. Total feeding level can be
further reduced down to 50 % only when total P is reduced by a maximum
of 20 %. Keep in mind that the 100 % feeding level in this study was based on feeding
recommendations advised for green water systems and biofloc technology
ponds, which is 20 % lower than traditional semi-intensive shrimp ponds with high
water replacement.

3. Fish oil and fishmeal can be fully left out of whiteleg shrimp formulated feed.
When replaced with alternative ingredients (in this study coconut oil and casein)
ensuring all required amino acids and microelements, this will result in normal
shrimp protein production. If the public accepts that farmed shrimp contain lower
HUFA content (one-half) than shrimp raised on standard diets, then producing
shrimp with fishmeal-free and fish oil-free diets is possible. The HUFA in the shrimp
are derived from the natural food web and are produced de novo in the pond,
making this a sustainable source of fatty acids independent of capture fisheries.

4.  When replacing fish oil with vegetable substitutes, oils high in ALA and LA can be
included sparsely. This because this thesis showed that 90 % of the dietary ALA (n-
3)andLA(n-6)isusedasenergysourceinstead of beingused as HUFA precursor by the
shrimp. It would be better to substitute a part of the high-quality plant oils, rich
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in ALA and LA, with a cheaper energy source. Care should be given to reduce at least
the same amount of n-6 oils as n-3 oils to prevent further increasing the n-6/n-3
balance of the input. This is also observed in humans where 60 % of the dietary
ALA is catabolised by beta-oxidation (energy usage), compared to only 5 % of
dietary DHA (Plourde and Cunnane, 2007).

5. Duringthis thesis, carbon (C) and nitrogen (N) fertilizers were added simultaneously
to, but independently from, the feed in order to stimulate nutrient production in
the pond. It would probably be of interest to aquafeed producers — and by extent
farmers —to develop feeds consisting of pellets providing nutrients directly available
to the shrimp, while also fertilizing nutrient production in the pond itself, indirectly
providing nutrients to the shrimp as well. This novel feed, being direct shrimp
feed and pond fertilizer in one product, should be of balanced C:N:P allowing
effective and complete mineralisation of waste and OM in the pond, so lowering
the environmental impact from shrimp farming.

The outcomes and recommendations following this thesis may contribute to the way we
look at aquaculture in relation to sustainability and limited resources, climate change,
nutrient flows, nutritional value of aquaculture products, and aquaculture ecology.

6.4 Sustainability and limited resources

6.4.1 Intensification versus the need for more food

The global human population is predicted to continually increase during the next decades,
and with capture fisheries stabilizing over recent years — with no prospects of increasing
in the near future —, aquaculture is expected to expand its outputs further to help feed
the growing population (FAO, 2012, FAO, 2018b). According to an estimation by the UN,
based on the prospected population growth of 12 % from 7.7 billion in 2019 to 8.6 billion
in 2030 (U.N., 2019) and maintaining current per capita fish consumption, would mean an
additional 13.2 million tons of aquatic food on top of the current 110 million tons production
(FAO, 2018b) will be required by 2030. Due to the scarcity of land area available to expand
aquaculture, this increase in production will have to be achieved through intensification
(Beveridge et al., 1997, Folke and Kautsky, 1992) or expansion to sea cages.

This estimated “needed growth of aquaculture production to feed the growing world
population” is linked to the common believe that animal protein intake per capita, including
seafood (marine and freshwater wild catch or cultured species), remains similar in the future.
But this is highly debatable. Advised dietary protein intake is 0.8 — 2.0 g protein per kg BW™
d?, depending on age, health status and lifestyle (Bauer et al., 2013, EFSA Panel on Dietetic
Products and Allergies, 2011, Lonnie et al., 2018). Protein can be found in animal products,
plant products and novel alternative sources such as algae, bacteria, fungi or lab grown
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meat. Plant based proteins are the main daily human dietary source globally, leading with
57 %, followed by meat protein 18 %, dairy protein 10 %, and protein from fish and shellfish
6 % (FAO 2010). In contrast, daily protein intake in western diets consist of almost 60 %
animal protein. On top of that, total daily protein intake largely exceeds the daily advised
amount. In some countries, like the US, protein intake is twice the advised amount (England.,
2016, Moshfegh et al., 2005). Balancing total daily protein intake, preventing the predicted
income-dependent shift towards a meat-based diet in economic upcoming countries, and
making conscious choices concerning protein source in western countries, will aid in feeding
the world in a more sustainable way. When following this approach, aquaculture does not
need to increase by the calculated 12 % in the coming ten years. In this way, many problems
associated with production intensification can be minimized.

Following the need for more food, agriculture intensified rapidly over the last decades
including both crop and animal production. Crop yields for example, multiplied with factor 2
— 5 for maize, rice, wheat and soybean concerning total ton per hectare (Ray et al., 2013). As
result of production intensification, output of anthropogenic greenhouse gasses increased
with aquaculture contributing an estimated 0.5 — 5.7 % to this (Ray et al., 2013, Hu et al.,
2013). Aquaculture intensification has brought some serious problems along with it in
relation to social and environmental sustainability over recent decades: pollution of the
environment with chemicals and nutrient wastes, antibiotics-overuse and development of
resistance in bacteria, depletion and salinization of potable water, salinization of agricultural
land, spread of disease into the environment, and abuse of human rights within the industry
(Ahmed et al., 2019, Clark et al., 2019, Verdegem et al., 2006, Mischke, 2012, Nhan et al.,
2008, Stentiford et al., 2012, Bondad-Reantaso et al., 2005, Tacon and Metian, 2008, Tacon
and Metian, 2013, Crawford and Broadhurst, 2012, Mraz et al., 2012, Watters et al., 2013).
Expansion to open sea cages as practiced today is not preferred due to the risk of escapes
of non-native species, uncontrolled direct waste outputs to the environment and disease
spread (Beveridge, 2008, Castellanos-Galindo et al., 2018, Fredheim and Reve, 2018).

6.4.2 Reliance on capture fisheries

One problem affecting aquaculture more than land-based animal production is the use
of fishmeal and fish oil derived mainly from capture fisheries in feed. The majority of this
fishmeal and fish oil is used to cultivate commercially valuable, higher trophic level fish species
and shrimp (Merino et al., 2010). This dependency on capture fisheries is not desirable, and
arguably almost defeats the purpose of aquaculture intensification for meeting the global
food demand. This because in traditional formulated diets of especially oily fish species,
more fish oil and fishmeal from capture fisheries is used as aquaculture feed input, than
results in aquaculture fish output. In other words, for specific aquaculture species including
shrimp and salmon, more feed-fish are used in formulated diets, than is being produced
as output (Byelashov and Griffin, 2014, Jackson, 2009a, Gladyshev et al., 2018). Many of

GENERAL DISCUSSION 115



the world’s marine fisheries struggle with overexploitation; according to the FAO, in 2015,
33.1 % of world fisheries were overexploited and therefore producing yields below their
ecological potential (FAO, 2018). Contrarily to what was commonly held true previously,
stocks of some short-lived forage fish species that are often used in aqua feeds undergo
stock collapses just as often as large commercially valuable species (Pinsky et al., 2011).
Collapses of forage fish, or even exploitation close to the Maximum Sustainable Yield (MSY),
can have large, ecosystem-wide impacts (Pinsky et al., 2011; Smith et al., 2011). Clearly,
there is an imperative to relieve the reliance on capture fisheries as feed for aquaculture,
and for these stocks to be managed for long-term sustainability and ecosystem integrity.
This because pressure on fish oil and fishmeal relates to animal farming as a whole, not only
aquaculture. When the share of aquaculture in total fish oil and fishmeal consumption grows
as result of increasing production whereas global fisheries exploitation is quite stable, more
pressure on fish stocks is expected. For example, fish oil is an important dietary ingredient in
piglets and pregnant sows, increasing survival and performance (Rooke et al., 2001). Finding
sustainable fishmeal and fish oil alternatives such as vegetable products, is also an issue in
pig nutrition research, sometimes with promising results (Knauer and van Heugten, 2018).

So-called “trash” fisheries on low-value forage fish for aquafeeds, are primarily sourced from
two types of fisheries: those that intentionally target mixed species deemed unsuitable for
human consumption (due to palatability or size), and this fisheries targeting food species
using indiscriminate fishing gears, resulting in a large (by)catch of, in particular, juvenile fish
(Leadbitter 2010). Global landings of low value fish are substantial, estimated to be well
over 5 million tons per year (these often concern unregulated fisheries, however, with a
lack of collected data) (Leadbitter 2010). Additional critique exists surrounding the use of
such a large percentage of the global catch for reduction purposes. Many of the species are
actually edible and nutritious; malnutrition is the number one killer of humans in the world,
with a lack of protein-rich food of animal origin considered as its cause (Tacon and Metian
2009). This certainly is a considerable concern when taking the expected rising demand
for fish products into account (FAO, 2010, 2018). Most captured fish destined for fishmeal
production for animal feeds (approximately 20 million tons per year) are actually human
food-grade fish (Cashion et al., 2017). Suppose 50 % of this fishmeal becomes available to
human consumption, in terms of protein, aquaculture would need to grow only 3.2 million
ton instead of 13.2 million ton by 2030.

6.4.3 Efficient use of fish oil and fishmeal from capture fisheries

Furthermore, some aquaculture practices are actually net consumers of fish, rather than
producers (Tacon and Metian 2008, IFFO 2018). This can be reflected in the fish in-fish out
(FIFO) ratio; the unit of fish consumed per unit of fish produced (Torrissen et al., 2011), i.e.
the efficiency of converting a weight equivalent unit of wild fish into a unit of cultivated
fish (Merino et al., 2010). Some research claims aquaculture will have to reduce its FIFO
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ratio by at least 50 % in order to meet the growing demand from the human population in
a sustainable manner (Merino et al., 2010). Caution should be taken, however, with using
FIFO as indicator of sustainability. Firstly, where sustainability requirements by for example
retailers, request aquaculture products actively moving towards FIFO values of 1 or lower,
actually wild fish can never meet such requirements. FIFO of wild piscivorous fish are often
> 10 times higher than FIFO values of aquaculture species, due to the several trophic levels
involved in the food web of predator species (Wexler et al., 2003, Bibus, 2015). Secondly,
expressing FIFO per species, gives a skewed impression of the aquaculture sector. For
example, for shrimp relatively more fishmeal but less fish oil is present in the diet then
can be derived from one unit of forage fish (and being the opposite for salmon). On the
surface this seems like inefficient use of fisheries resources as the oversupply seems wasted.
However, fish oil and fishmeal do not go to waste and are merely used for other practices
like diet formulations for other species. Therefore, FIFO ratios should not be calculated
per species, but should be combined. As example, FIFO for salmon and shrimp separately
are 4.9 and 1.4, respectively, but combined show an average of 1.7 (Bibus, 2015, Jackson,
2009b). The global FIFO ratio lies between 0.22 and 0.7, depending on the method of
calculation (Kaushik 2010; Smith et al., 2011; IFFO 2018). FIFO ratios are particularly high
for cultivation of (commercially valuable) higher trophic level species (Tacon and Metian
2008, IFFO 2018). Due to inclusions of vegetable-based substitutions for fishmeal and
fish oil in aqua feeds, FIFO ratios have declined in recent years (Tacon and Metian 2008)
(Liland et al., 2013). FIFO ratio for crustaceans declines from 0.91 to 0.46 in the period 2000
— 2010, for marine fish from 1.48 to 0.53, and for tilapia from 0.27 to 0.15 (IFFO, 2018).
There is imperative to keep striving to replace the capture fish products in feeds. It is of
paramount importance to lessen the reliance on capture fisheries (Stergiou, Tsikliras, and
Pauly 2009). The successful substitution of fishmeal and fish oil from capture fisheries with
more sustainable alternatives would allow for an overall increase in production, without
threatening wild forage fish stocks. This is indeed reflected in the fact that fishmeal and fish
oil consumption in aquafeeds are static, while aquaculture production continues to grow
(IFFO, 2018, FAO, 2018b). Fishmeal and fish oil are however difficult to substitute without
affecting fish performance and fillet quality, due to their many nutritional advantages,
including good fatty acid profiles. In experimental setting, replacing fish oil and fishmeal by
70 — 80 % in salmon had no effect on growth and performance and resulted in a FIFO ratio
of < 1, but also resulted in fish products with reduced levels of n-3 highly unsaturated fatty
acid (HUFA) (Liland et al., 2013). This concurs with the observed general trend; in the period
2006 — 2015 HUFA content of aquaculture seafood decreased 50 % in salmon and 52 — 68 %
in shrimp (Izquierdo et al., 2006, NRC, 2011, Sprague et al., 2016). This is also found in this
thesis, where shrimp with no dietary inclusion of fishmeal and fish oil showed lower total
body HUFA contents than the control group (Chapter 2). Although this did not result in lower
shrimp performance, it might be an issue if shrimp are selected for human diets because
of their HUFA contribution to a healthy lifestyle. Modern shrimp diets contain low amounts

GENERAL DISCUSSION 117



of fish oil and fishmeal, around 1 and 16 %, respectively. But being able to substitute this
with de novo HUFA and protein from in situ produced nutrients in the pond, may lead to
economic benefits nonetheless and is an important step towards a more sustainable sector
being independent of capture fisheries.

6.5 Climate change

Our understanding of how anthropogenic climate change affects aquatic ecosystems is
more difficult to estimate than for terrestrial systems, due to a relative difficulty in taking
marine measurements (Hoegh-Guldberg and Bruno, 2010). Since the intensification of
industrial and agricultural businesses, atmospheric greenhouse gasses including CO,, rapidly
increased leading to global temperature increases. Both CO, and heat are being absorbed
by water. More than half of the atmospheric heat- and CO,-increase since industrialization
have been absorbed by oceans (Sabine et al., 2004, Pachauri, 2007). As a consequence, the
upper layer of oceans increased with 0.6 °C over the last 100 years (Levitus et al., 2009,
Pachauri, 2007), resulting in an average global decrease of 0.1 units pH of ocean water,
substantially lowering the carbonate concentration and thereby lowering the resilience of
the entire aquatic ecosystem (Doney et al., 2009, Riebesell et al., 2007). Many shrimp ponds
are located in coastal areas where natural surrounding water, including ocean water, is used
to fill the pond. Higher pH and lower carbonate levels of in-led water should be considered
during fish or shrimp production to maintain water quality favourable for production.

Increased ocean temperatures and melting polar ice change direction and strengths of wind
and water currents leading to more organic material sinking to deeper waters. As a result,
increased occurrence of anaerobic areas can be found in deeper ocean layers increasing the
risk of mass mortalities of benthic organisms (Chan et al., 2008), being an important link in
the natural food web of marine life. On top of that, as result of strong varying temperatures,
acidification and stratification of the water, primary production is declining and global
yearly primary production has been reduced with at least 6 % since 1980 (Gregg et al., 2003,
Polovina et al., 2008, Hoegh-Guldberg and Bruno, 2010). Mesocosm experiments studying
the effect of temperature on food web structure, ranging from 21 to 27 °C, showed a stronger
control of primary producers by consumers with increasing temperature. With increasing
temperature, the concentration of primary producers in the water column decreased, and
the abundance of zooplankton increased. Both a lower plant-to-consumer ratio was found,
as well as an overall reduction of total biomass of the entire mesocosm food web (O’Connor
et al., 2009). At the same time, bacterial biomass in the mesocosm water column increased
with increasing temperature. For pond aquaculture production, this has implications for
the entire food web structure and natural food availability. If primary production decreases
as result of higher water temperatures while microbial biomass increases, the system will
develop more towards a biofloc-technology system (Avnimelech, 2009). In terms of water
quality and protein addition to the diet a biofloc system is a good functioning system.
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However, algae are also needed for fatty acid production and HUFA contribution to shrimp /
fish diets (Chapter 2 and 3). This implies that climate change might pressure the development
of a well-balanced nutritious pond system allowing primary production and in situ HUFA
production. On a larger scale, reduced ocean primary production and increased benthic
mortality will have impacts on the total productivity of oceans including on fish standing
stock. This, combined with anthropogenic eutrophication and overfishing, will pressure
global fish populations available for capture fisheries even more. This would mean capture
fisheries management has to be adapted, possibly leading to lower availability of fish for
human consumption and lower availability of fish oil and fishmeal for aquaculture diets.
This pinpoints the need to develop nutritious pond systems with in situ HUFA production to
make aquaculture eventually independent from capture fisheries. Increasing temperatures
will in the same time challenge this.

Increased water temperatures as result of climate change, are believed to increase the
prevalence and severity of disease outbreaks in aquatic environments (Harvell et al.,
2009, Maynard et al., 2015, Harvell et al., 2002, Lafferty, 2009, Burge et al., 2014). Due
to higher temperature, bacterial growth is enhanced (O’Connor et al., 2009), the habitat
range of pathogenic bacteria expanded (extra enlarged by increased global ship traffic and
widespread transboundary trading of living animals) and hosts become more susceptibility
as result of environmental stress. Climate related disease outbreaks are mainly reported
in corals, shellfish, finfish and in humans (Burge et al., 2014). But it is believed this will
reach species of the entire food web including benthic organisms like shrimp. Shrimp have
suffered greatly the last decade of several diseases including Early Mortality Syndrome,
Acute Hepatopancreas Necrosis Syndrome, Whitespot Syndrome Virus, and other Vibrio-
bacteria related diseases (Sanguanrut et al., 2018). While pathogenic bacteria pressure
increases as result of climate change, rearing shrimp in zero water exchange ponds, such
as nutritious ponds or Biofloc Technology ponds, will aid in resistance and robustness of
the pond’s ecosystem and the cultured shrimp to disease outbreak. Reducing the water
exchange between farm and surroundings reduced the spread of diseases and the chance
for infection. Biofloc is found to actively stimulate the immune system of shrimp yielding
in better growth and survival in disease challenge studies (Ekasari et al., 2014). The pond
ecosystem also aids in protection against pathogenic bacteria outbreak by competitive
exclusion, bioremediation, providing enzymatic contribution to digestion and quorum
sensing blocking (Ekasari et al., 2014, Crab et al., 2010).

Altered wind and water currents also change local climates, often showing extremer weather
situations such as extended dry periods, prolonged wet seasons, or a higher frequency of
nature phenomena like El Nifio or increased hurricane occurrence (Woodward and Samet,
2018). Prolonged rainfall is known to be detrimental to shrimp production as ponds may
crash due to rain induced changes in pond water temperature, pH, oxygen, alkalinity, salinity
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or sound and movement disturbance. Also the inflow of too many nutrients or pollutants
into pond water may harm shrimp. Where periods of drought my not directly affect shrimp
production, aquaculture could become more sustainable by optimizing its water use.
Agriculture is the major consumer of water accounting for 80 % global total water use. Other
water uses relate to domestic and industrial activities. Agriculture uses 30 % of the global
accessible renewable fresh water supply (Lucas et al., 2019). Consumptive fresh water use,
excluding rainwater, by aquaculture is estimated to be 122 km? yr?, being 3.7 % as much
as agriculture (Verdegem and Bosma, 2009). This includes the water use for production of
aquafeeds making up 1 km3 yr?. Even in areas where water normally occurs in high volume,
water shortage can develop in periods of drought. In the light of climate change and increased
occurrence of periods of droughts, water use should be handled wisely by aquaculturists to
make the sector more sustainable. Decreasing water use can be done in several ways, for
example by production intensification, minimizing seepage loss, maximizing capture and
storage of rainwater, reuse of pond water after harvest, maintaining pond water quality for
alonger period of time, and reducing external dietary resources. The latter three are directly
linked to the nutritious pond concept and highlights that developing nutritious ponds will
make the aquaculture sector more sustainable and more robust for the future.

6.6 Nutrient flows

One of the most remarkable outcomes of this thesis, is the vast amount of n-3 HUFA
produced de novo by the mesocosm. In shrimp fed fish oil- and fishmeal-free diets, an
increase of >600 % total mesocosm HUFA content was observed between input and
output in 58 days (Chapter 3). Unfortunately, of all that HUFA in the mesocosm, only 25 %
accumulated in shrimp biomass. The remaining 75 % was accumulated in other food web
compartments. Finding ways to increase trophic transfer from these compartments into
shrimp, might increase the observed low HUFA contents of cultured shrimp lacking dietary
fish oil and fishmeal (Chapter 2 and 3), coming closer to the level observed in shrimp fed fish
oil- and fishmeal-rich diets or even closer to the level of wild shrimp. In order to optimize
the nutritious pond system, it is crucial to find out which organisms in the mesocosm
were responsible for the transfer of the 25 % HUFA that did reach the shrimp. A better
understanding of natural diet selection by shrimp in nature could yield insight in how to
canalize more de Novo-HUFA towards the shrimp. Understanding the origin and route of
HUFA through the natural food web, enables the attempt to mimic and stimulate this pathway
in production ponds. The diets of different shrimp species differ, and thus the nutrient route
from natural production into wild shrimp biomass differs per species. But considering that
only a few species are commonly cultured, e.g. P. monodon and L. vannamei making up >
90 % (FAO 2017), the workload is not too large and deserves attention in further research.
A relatively high intake of diatoms by wild shrimp could explain the high n3-contents found
in wild shrimp: diatoms thrive in salt water and contain very high concentrations of n3-
HUFA (Brett and Miiller-Navarra, 1997, Guo et al., 2016, Gladyshev et al., 2013). Copepods
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and diatoms have been found to have a stimulating effect on shrimp performance due to
specifically their high HUFA content (Napolitano et al., 1996, Delong et al., 1993, Johnson
and Wiederholm, 1992). Moreover, wild shrimp likely feed more on benthic organisms, such
as bivalves, gastropods, crustaceans, and polychaetes; especially polychaetes have been
shown to contain high concentrations of n-3 HUFA (Wiirzberg et al., 2011). In Chapter 4, it
was shown that of the total biomass increase in the experimental mesocosms in this study,
only 18 % was contained in shrimp, the remaining majority of the system biomass resided
in the water column. Despite manipulating the shrimp to cause them to switch to natural
food, the majority of total nutrients present in the mesocosm remained in the system after
shrimp harvest including HUFA and protein. The duration of the experiment was quite short
compared to a 4 — 6 months grow-out production cycle in outdoor ponds. If the experiment
would have lasted longer, perhaps the nutrient flow could have been higher if shrimp had
longer time to graze on the natural food web compartments. This is something to look
into for further research. Hypothetically, the remaining nutrients including HUFA could be
consumed and fixed by benthic organisms by developing a partitioned aquaculture pond
system and integrating organisms such as polychaetes, gastropods, bivalves and crustaceans.
Such benthic organisms are known to accumulate essential fatty acids (Table 1). The benthic
organisms would consume the seston and biofloc, thus fixating and accumulating HUFA.
After a set rearing period, the partitioning would be removed, leaving the shrimp free
to predate on the integrated benthic organisms, thus creating a pathway for the shrimp
to access large concentrations of HUFA to incorporate in their body composition. If this
access is given during the last weeks of culture, then this could function as a type of shrimp
fattening diet or meat-quality upgrading diet. Future research will be necessary to explore
this potential solution for not using the de novo produced n3-HUFA in the remaining food
web compartments after shrimp harvest.
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Where the nutritious pond concept shows promising results on de novo HUFA and protein
production by natural food (Chapters 2 — 4), it also contributes to improving P-retention in
shrimp biomass (Chapters 4 and 5). This is a positive outcome in view of making the sector
more sustainable. There are pressing justifications to decrease the use of P in agriculture
practicesincluding the use of Pin aquafeeds (Withers et al., 2015). These justifications include
economic and environmental aspects since worldwide P-reserves are declining and society
is using these reserves in a highly inefficient way to produce fertilizers, feed supplements,
food additives and detergents. The inefficient use of P has led to serious environmental
eutrophication of mainly aquatic systems, and is expected to become worse as result of the
growing world population (Edixhoven et al., 2013, Ulrich et al., 2013, Smith and Schindler,
2009, Elser and Bennett, 2011). Fish and shrimp are relatively inefficient in their P uptake
from formulated diets, causing P to be released into the environment (Piedrahita, 2003).
Therefore, limiting the use of P would aid in improvement of ecological sustainability by
decreasing eutrophication of the surrounding environment. Chapter 4 and 5 showed shrimp
production was not affected by a decreased P-input down to 70 % feeding a diet with 1 %
P-inclusion. But a P-input of 60% or lower resulted in P-fluxes from orthophosphate and
detritus into biofloc and shrimp. This meant that (when calculating with abundant P levels
in the mesocosm) within one production cycle the system would have been P-depleted
(Chapter 5), expectedly leading to misfunctioning of food web compartments. It can be
expected that shrimp growth will be affected by this system P-depletion. Shrimp graze on
natural food and use P for own biomass production, which is reflected in the observed high
P-retentions ranging from 29 - 63 % (Chapter 4). Usually P-retention in shrimp raised in
semi-intensive ponds is found to be lower, between 15 — 21 % (Casillas-Hernandez et al.,
2006, Qiu and Davis, 2017). The high P-retention efficiencies observed in this thesis are
even higher than found for fish fed high quality diets in ponds (25 — 35 %) (Boyd and Tucker
2012). Future research has to show if, just like with N, well-adjusted P-fertilisation can
keep the pond system in balance. Reducing P inclusion levels is, apart from sustainability
arguments, also of particular interest to European feed manufacturers, as Europe has hardly
any P-reserves and is almost fully dependent on import. This makes Europe (financially)
vulnerable for future P-scarcities. For this reason the European Commission put P on the list
of critical raw materials (Withers et al., 2015, Cordell and Neset, 2014, EC, 2014).

6.7 Nutritional value of aquaculture products

N-3 HUFA (EPA and DHA) are crucial for the well-being and optimal functioning of many
animals, invertebrates and vertebrates, including humans. EPA is precursor of certain endo-
hormones (eicosanoids), thereby regulating blood pressure, reducing fever, inflammatory and
allergic symptoms, and plays a role in pregnancy and childbirth. DHA is an important membrane
component in nerve, retina and brain cells, it regulates synthesis of eicosanoids and is thought
to play a role in determining the speed of cell metabolism (Lauritzen, 2001, SanGiovanni and
Chew, 2005, Wall et al., 2010, Makhutova et al., 2018, Norris and Dennis, 2012, Turner et al.,
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2005, Hulbert, 2007). The World Health Organisation advises a daily consumption of 0.3 g
HUFA, of which 0.2 g DHA in case of pregnancy (WHO/FAO, 2008), but some other research
advices higher daily intakes up to 0.5 — 1.0 g in order to prevent cardiovascular disease
(Nagasaka et al., 2014). N-3 HUFA is mainly produced by algae and protist Thraustochytrids
(Ugalde et al., 2018, Leyland et al., 2017), whereas higher terrestrial plants produce short
chain n-3 fatty acids (ALA) instead (Ruiz-Lépez et al., 2012). Through algae consumption and
selective bioaccumulation and a limited efficiency of maximal 5 % ALA to n-3 HUFA synthesis in
the body (Plourde and Cunnane, 2007, Wall et al., 2010), n-3 HUFA bioaccumulates, reaching
the highest levels in organisms occupying high trophic niches (Gladyshev et al., 2013). Several
studies suggest humans evolved on a diet rich in HUFA, with a ratio of n-6/n-3 of around 1.
Both n-6 (plant oils) and n-3 HUFA are needed for optimal health, but since n-6 and n-3 fatty
acids have counteracting effects in the body in relation to (among others) blood pressure,
inflammatory and autoimmune processes, an optimal balance in dietary intake is required.
Unfortunately, in Western diets n-6/n-3 ratios are often exceeding 15, while 5 or lower is
advised to reduce disease development (Simopoulos, 2002). Seafood products therefore
remain the main source of n-3 HUFA for human consumption and increased consumption is
advised to balance out a healthy n-6/n-3 intake.

Research has shown wild caught shrimp to contain a higher concentration of n-3 HUFA than
cultured shrimp (Chanmugam et al., 1986, Li et al., 2011, Browdy et al., 2006, Ramezani-
Fard et al., 2014). In wild shrimp n-6/n-3 ratios as low as 0.4 have been found, due to
relatively high concentrations of EPA and DHA (n-3) (Browdy et al., 2006). Through inclusion
of fishmeal and fish oil in aquafeeds, cultivated shrimp and fish can be reared with HUFA
contents and ratios approximating those of their wild counterparts (Chapter 2, Table 5)(Li et
al., 2011, Browdy et al., 2006). The opposite is also observed, where aquaculture fish often
contains more HUFA than their wild counterparts (Gladyshev et al., 2018). This is positive in
terms of food quality for humans, but challenging in terms of the high contents of high fish
oil and fishmeal used in the formulated diets.

When fishmeal and oil are replaced by vegetable products for the sake of sustainability,
however, shrimp and fish lose their high n-3 fatty acid concentrations. For example, replacing
80 % of the fish oil and 70 % of the fish meal in salmon diets with vegetable products, results
in fish with high n-6/n-3 ratios, net production of protein but no n-3 HUFA despite high
inclusion of ALA, precursor of n-3 HUFA (Liland et al., 2013). This was also reflected in this
thesis (Chapter 2 and 3) in the treatment without both fishmeal and fish oil, where n-3 HUFA
content of the experimental shrimp was only one-third of wild shrimp and one-half of cultured
shrimp fed fish oil and fishmeal diets, whereas the n-6/n-3 showed remarkably high values
caused by increased plant oil content of the diet. Although low total n-3 content, it was shown
that the experimental shrimps contained quantifiable amounts of n-3 HUFA which could only
have been sourced from the natural food web in the mesocosm into their body composition.
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Apparently, in natural systems (wild shrimp or shrimp in extensive systems), shrimp get nearly
all their HUFA from the natural diet. Which types of natural food contribute most to the HUFA
intake is not known. It would be interesting to investigate the HUFA content in natural food
items found in the wild and preferred diet choice of those items by shrimp.

In order to improve both environmental and economic sustainability, fishmeal and fish oil
need to be replaced by sustainable alternatives, yet avoiding production of shrimp that
are low in n-3 fatty acids. Perhaps the most practical way to deal with this issue, is to just
accept the losses in n-3 fatty acids. N-3 HUFA contents of shrimp (0.24 g EPA + DHA per
cooked serving of 85 g, cultured fed traditional diets) cannot compete with those found in
fatty fish, such as salmon or trout (1.83 g EPA + DHA per cooked serving of 85 g, cultured
fed traditional diets) (DHHS, 2019, Sprague et al., 2016, Li et al., 2011), which therefore
make for a better nutritional option for n-3 requirements in human diets (Gebauer et al.,
2006). Shrimp contain high protein and low fat contents, but the fat is of very high quality.
When accepting this premise, focus can be shifted to shrimp as a source of protein instead,
similarly to the meat industry, since cultivated shrimp was shown a source of high-quality
protein (Moreno-Arias et al., 2017). In this way, fish oil and fishmeal can be solely reserved
for dietary inclusion in aquaculture species know and purchased specifically for their high
HUFA content, such as salmon and trout, in order to meet customers’ expectations and
maintaining product quality.

Much is expected from biotechnology developments, where HUFA is being produced using
bioreactors growing microalgae or Thraustochytrids. Although this is already common
practice, production costs are still too high to be used in animal feed. For now, these high
quality HUFA oils are being used in supplemental capsules and infant milk formulas (Finco
et al., 2017). Special care towards product stability should be given, since HUFA in form of
supplements are often subject to oxidation and do not contain the amount of HUFA as stated
on the package (Albert et al., 2015). Also, evidence exists that HUFA from supplements are
not absorbed by the body in the same rate as HUFA in form of real food such as fish filet.
For example, twice as much fish oil (3.0 g) needs to be taken in form of capsules in order to
reach similar levels of blood plasma HUFA compared fish oil obtained by eating fish filet (1.2
g) (Elvevoll et al., 2006). Despite these challenges, biotechnology developments should be
further encouraged in order to produce more n-3 HUFA oils that can become available for
animal feed and in special aquafeed in the near future.

6.8 Aquaculture ecology

The initial hypothesis of this thesis was that by alterations in stoichiometry with special
focus on increasing the C:P ratio by lowering the total P-input, an increase in n-3 HUFA
by algae could be realised. Following the HUFA bottom-up hypothesis as described in the
general introduction, this would stimulate shrimp to eat more natural food. Unfortunately,

GENERAL DISCUSSION 125



in this thesis, HUFA content of natural food did not respond to reducing system P-input,
even when P-input was reduced down to 50 %. This hypothesis was based upon the found
significant relation described by Muller-Navarra (2004) between higher HUFA concentrations
of the water column as result of lower water column P concentrations. These findings were
constructed on studies from 13 natural and artificial lakes varying in trophic state. Following
Muller-Navarra’s (2004) figures 1c and 1d, the trophic range over which this significant
relation was found, runs from 2 to 1000 mg P L. In this thesis, total system P-input (57
days) ranged from 2.7 to 5.4 mg P L%, and around 4 mg P L'! was measured in the water
column on day 43. Thus, on forehand it was assumed that the experiments of this thesis,
and therefore aquaculture ponds in general, would be within the range where the significant
relation between P and HUFA concentrations could be found. But, when reviewing the
supplementary information accompanying the paper of Muller-Navarra, it became clear
there must have been a typing error in the published paper, where pg L™ was accidentally
replaced by mg L. The ecological trophic state indexes (including (sub)tropic water bodies)
set upper boundaries to 23.8 ug P L* for oligotrophic, 63.7 P L for eutrophic, 77.6 P L*
for supereutrophic and all above to hypereutrophic (Cunha et al., 2013). The trophic range
of the sampled lakes varied between 8 and 230 ug P L?, and in that perspective the lakes
varied from oligotrophic to hypereutrophic state. Aquaculture ponds however, exceed that
trophic state to great extent, being super-hypereutrophic, and suddenly fall outside of the
trophic ranges described by ecologists. The trophic range of this thesis was from 2700 to
5400 pg P L%, making it hard to compare results with ecological research and test the P-and-
HUFA-relationship hypothesis. Nonetheless, the outcomes of this study are notable when
outcomes are placed into a figure together with outcomes of Muller-Navarra (Figure 1).
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Figure 1. Water column HUFA concentration in relation to total phosphorous concentration: a
comparison between outcomes of Muller-Navarra et al., 2004 (yellow) and this thesis (blue). Yellow
line covers the observed significant relation between total phosphorous and EPA + DHA concentration
of the water column over an oligotrophic to hypereutrophic range. The blue dots are corresponding
outcomes (no significant relation) as observed in this thesis at super-hypereutrophic situation.
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What immediately stands out is that the trophic range of this thesis was very small
compared to the ecological research. Where the ecological trophic range differed a 100-
fold, the trophic range of this thesis differed only by a factor two. Perhaps the range
was too small to reveal a possible existing relation between P-concentration and HUFA
concentration. A future experiment could be done using extensive stocking density requiring
a P-input a tenfold lower. What is remarkable, is that where according to the P-to-HUFA-
relationship hypothesis, the HUFA concentration of the water column in this thesis (being
super-hypereutrophic) should be very low, HUFA concentrations were in fact comparable
with high HUFA concentrations as found in oligotrophic waters. In the field of ecology, it
is a long established believe that trophic transfer efficiency, and thus the productivity of
a lake, decreases with increasing total nutrient loading (trophic status) (Carpenter and
Kitchell, 1984, McQueen et al., 1989, McQueen et al., 1986, Schindler, 1987). But in this
believe the field of ecology excludes all tropic areas on earth, where natural ponds and
lakes (including aquaculture ponds) show that productivity can be (very) high under super-
hypereutrophic statuses. For example, extensive ponds in the tropics can produce 60 — 400
kg shrimp ha* (Joffre, 2010), and show a primary production exceeding 4 g C m?2 d*. There
is need for ecological research to change their vision on system productivity in relation to
nutrient loading. It is not a matter of total nutrient loading to the system (trophic stratus),
but the ratio between nutrients (stoichiometry) that determines trophic transfer and
therefore system productivity (van de Waal et al., 2009). This seems also the case in the
observations of Muller-Navarra, where together with a decreased HUFA concentration, an
increase in cyanobacteria was noted as result of higher P concentration. Cyanobacteria are
known to outcompete algae under high P availability and low water N concentration, since
cyanobacteria can abstract N, from the air unlike other bacteria and algae. In the light of
this thesis (high productivity and high HUFA concentration of plankton) combined with the
results of Muller-Navarra, it seems that it is not an overload of P that is reducing HUFA
concentrations in plankton, but a lack of N compared to P. When N and P are in optimal ratio,
primary production including HUFA production will occur regardless of total nutrient loading
of the system (trophic status), as long as enough oxygen is available. Therefore, the P-and-
HUFA-relationship hypothesis should be named the N:P-and-HUFA-relationship hypothesis.
When tropical systems are included in ecological studies, better models can be established
based on nutrient ratios and availability, that can predict trophic transfer, nutrient flows and
total system productivity of water bodies of all trophic statuses. In this way, aquaculture
research and ecological research can and should work together.

6.9 Conclusion

With a still increasing world population there is need to change our current food production
systems towards circular production systems. For aquaculture, this means there is great
potential in developing nutritious pond systems. In this system, the input of carbon,
nitrogen and phosphorus is altered in such a way, that optimal organic matter mineralisation
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is realised in the pond so that water quality is naturally maintained and waste and losses
are quickly turned over into natural food for the shrimp or fish. This thesis showed it is
possible to replace limited resources and nutrients with simple fertilizers and still realize
good shrimp production. This is achieved by stimulating natural food production, containing
protein and de novo produced HUFA. Unfortunately, the great majority of these nutrients
remain in the food web without being eaten by the shrimp. Finding ways to lead these
nutrients, specifically HUFA, through the food web into the shrimp is the next step, of which
partitioned aquaculture systems is a promising possibility to explore. Climate change is
going to affect aquaculture production and can be an extra challenge in order to further
develop the nutritious pond concept, especially concerning de novo HUFA production in
de pond. Nevertheless, the nutritious pond concept forms a crucial step towards a more
sustainable aquaculture, independent of capture fisheries.
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These days understanding and predicting the impact of anthropogenic climate change
caused by greenhouse gas emissions (rising temperatures and acidification of oceans), and
exploitation of natural resources (overexploitation and waste production) on ecosystem
dynamics is a major issue. With the world population still increasing, there is a demand
to produce more food, which impinges with the wish to reduce waste output and carbon
footprint and lower the use of limited resources. Aquaculture has the potential to increase
production by intensification, but to do so, the sector is facing major sustainability challenges.
Two major issues hindering sustainable intensification are waste residues in pond culture
water, and the use of capture fisheries derived fishmeal and fish oil in aquaculture diets as
source of highly unsaturated omega-3 fatty acids (HUFA).

This thesis explored the potential of developing the “nutritious pond concept”. In such a
production system, shrimp (or fish) production is made more ecological while maintaining
current high production levels. In nutritious ponds, the focus should shift from feeding the
shrimp, to feeding the whole pond. Using this approach, a well-balanced food web develops
that provides additional natural food containing energy, protein and HUFA to be used by the
culture species. This food web is stimulated by carefully formulated pond feed. The food
web will provide supplementary nutrients produced de novo in the pond, and in the same
time acts as a natural biofilter making nutrient turnover rates, from waste into natural food,
more efficient while reducing waste output.

This thesis aimed to provide insight in the actual contribution of HUFA and protein by
primary production to whiteleg shrimp (Litopenaeus vannamei) production in mesocosms.
It was hypothesized that shrimp feed could be partly replaced by cheaper fertilizers without
compromising on production levels, shifting from direct to indirect shrimp feeding while
keeping the input ratio between carbon and nitrogen (C:N) similar. It was hypothesized that
shrimp acquire HUFA and protein directly from the food web, enabling to lower dietary
inclusion levels of fishmeal and fish oil. Following ecology literature, it was hypothesized
that by lowering the total phosphorous input to the pond, natural food would contain more
HUFA. It was thought that as a result of the altered stoichiometry of the input (increased
C:P), the food web structure and nutritional content could be altered, possibly leading to
shrimp eating more natural food. All experiments were carried out in mesocosms, mimicking
tropical semi-intensive shrimp ponds allowing primary production.

In chapter 2, the contribution of HUFA from dietary fish oil and fishmeal, and the natural
food web on shrimp production was determined. Fatty acid mass balances were computed
to distinguish between formulated diet-based and primary production-based HUFA
contribution. Absence of both fish oil and fishmeal in the formulated diet did not reduce
shrimp production in mesocosms. However, shrimp fed diets lacking fish oil and fishmeal
contained only half of the HUFA compared to control shrimp. In both dietary treatment
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groups, large dietary quantitative losses of the precursors ALA and LA were observed that
were being used as energy source instead of HUFA synthesis. Whereas losses were also
observed for EPA and DHA in the control group, there was a remarkable gain for these
components in shrimp fed diets free of fish oil and fishmeal. Shrimp acquired at least 32 %
of their EPA and 6 % of their DHA content from the algal-based food web. These findings
strongly suggested that the pond’s natural food web (primary production) produced HUFA
that can support shrimp production, but this required further research.

In chapter 3, the in situ produced HUFA was quantified per food web compartment. Seston
was found to contain the highest HUFA content in the mesocosm, while biofloc dominated
in terms of biomass. The total HUFA production in the mesocosms was a more than 600 %
increase compared to the minimal HUFA-input in the tanks receiving HUFA-deficient diets,
pinpointing de novo in situ production. Most of the formulated feed input resulted in organic
matter biomass accumulation other than shrimp, as shrimp only retained 12 % of the organic
matter input. This showed that the system as a whole is quite efficient in converting nutrient
input into different food web compartment, but shrimp production alone is quite inefficient.
With shrimp harvesting, only 25 — 27 % of the total mesocosm HUFA content is removed
from the system. The majority of the nutrients, including de novo produced HUFA, remained
in the food web. This exposed a major challenge on finding ways to reclaim those nutrients
from the system in a more efficient way.

This challenge was reinforced by the outcomes in chapter 4, focussing on nitrogen (protein),
showing large amounts of the total mesocosm N content could be found in food web
compartments other than shrimp. Lowering the feed:fertilizer ratio of the mesocosm input
by replacing 50 % of the formulated feed with carbon and nitrogen fertilizers, thus meaning
reducing crude protein input by half, lead to a 48 % increase of food web protein contribution
to shrimp protein content. Total natural food protein contribution was estimated at 74
%. Feed conversion ratio was below 1.0 in all treatments and decreased with decreasing
feed:fertilizer ratio down to 0.48. The nitrogen-to-protein conversion factor of flocculated
matter in the water column was determined and found to be 7.31, higher than expected.
Estimating food web protein contents using this factor, showed that a similar equivalent of
protein as in shrimp, was accumulated in biofloc and periphyton combined, that remained
unused in the system after shrimp harvest. Finding ways to better use this protein (nitrogen)
in the food web, would allow for reducing crude protein content in the formulated diet.
Lowering phosphorous input to the system with 50 %, had no effect on HUFA content of the
food web and increased shrimp phosphorous retention from 16 to 34 %.

Replacing up to 50 % of the feed input with carbohydrate and inorganic nitrogen that
was directly accessible to the pond’s microbiota, did not result in differences in nutrient
distribution and C:N:P ratios in food web compartments including shrimp in chapter 5.
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Natural food contribution to shrimp production increased significantly with reducing feeding
level and increasing carbohydrate and inorganic nitrogen supplementation, but only if the
system was within maximum carrying capacity. Computing mass balances of phosphorous
revealed that following a > 30 % reduced system phosphorous input, flows of phosphorous
in the food web changed. As a result, phosphorous from detritus flowed into periphyton in
such rate that phosphorous depletion would have occurred within one shrimp production
cycle. This meant that when developing a nutritious pond diet where part of the feed is
replaced with carbon and nitrogen fertilizer, phosphorous should be added too to prevent
depletion, but reducing total phosphorous input up to 20 % is possible.

Finally, chapter 6 synthesized the outcomes from this thesis by placing results into a broader
context. The outcomes and recommendations following this thesis may contribute to the
way we look at aquaculture in relation to sustainability and limited resources, climate
change, nutrient flows, nutritional value of aquaculture products, and aquaculture ecology.
With a still increasing world population there is need to change our current food production
systems towards circular production systems. Climate change is going to affect aquaculture
production and can be an extra challenge in order to further develop the nutritious pond
concept, especially concerning de novo HUFA production in de pond. Nevertheless, the
nutritious pond concept forms a crucial step towards a more sustainable aquaculture,
independent of capture fisheries.
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WIAS Training and supervision plan

|u

Graduate Schoo

Wageningen Institute of Animal Sciences”

EDUCATION AND TRAINING

A. The Basic Package year credits
WIAS Introduction Day 2014 0.3
WIAS Introduction Course 2014 12
Ethics and Philosophy in Life Sciences 2015 1.5
Subtotal Basic Package 3.0
B. Disciplinary Competences year credits
WIAS Research Proposal 2014 6.0
Technology for Novel Fish Feeds, Portugal, 26-29 okt 2014 1.0
GCUA Summer School “Aquaculture - Local Solutions to a Global Challenge”, 2015 5.0
(Arraina/SLU), Uppsala, Sweden
Advanced Statistics Course Design of Experiments (WIAS) 2015 1.0
Participant Japan Aquaculture Knowledge Exchange Program 2016 1.5
Subtotal Disciplinary Competences 14.5
C. Professional Competences year credits
Scientific Writing 2017 1.8
Language Course Thai (one year course) 2015-2017 4.0
Brain Training 2017 03
Career orientation 2018 15
Organizing PhD-trip 2016-2018 2.0
Subtotal Professional Competences 9.6
D. Presentation Skills (maximum 4 credits) year credits
Poster presentation “Aquaculture - Local Solutions to a Global Challenge”, 2015 1.0
Uppsala, Sweden
Poster presentation “International Fisheries Symposium”, 2016 1.0
Phu Quoc, Vietnam
Oral presentation “World Aquaculture 2017”, 2017 1.0
Cape Town, South Africa
Oral presentation “WIAS science Day”, 2018 1.0
Wageningen, Netherlands
Oral presentation “12th Asian Fisheries & Aquaculture Forum”, 2019 (1.0)
lloilo, Philippines
Subtotal presentations 4.0
E. Teaching competences (max 6 credits) year credits
Co-supervising MSc-student 2017 20
Co-supervising BSc-student 2015 1.0
Co-supervising BSc-student 2017 1.0
Lecturing/supervise practicals all years 2.0
Reviewer and discussion leader Research Master Cluster 2015 (0.2)
Subtotal Teaching competences 6.0
Education and Training Total (minimum 30 credits)* 37.1 |

*One ECTS credit equals a study load of approximately 28 hours

WIAS TRAINING AND SUPERVISION PLAN

179



Colophon

Funding

This research was financially supported by NWO, Nederlandse Organisatie voor
Wetenschappelijk Onderzoek (Den Haag, The Netherlands), through the project grant
“Nutritious Pond Farming in Vietnam” (W 08.250.101), a partnership between Wageningen
University, Cantho University, Skretting Nutreco (The Netherlands and Vietnam) and
WorldFish. The printing of this thesis was financially supported by Wageningen University.

Cover image

The cover holds a photo taken by one of NASA’s satellites, and it shows primary production
in the ocean.

Credits: NASA/U.S. Geological Survey/ Feldman, G. C., Ocean Color Web, Eds. Kuring, N.,
Bailey, S. W., Scott, A. M., Page access 9th July 2019. NASA Goddard Space Flight Center.
18th June 2018, https://oceancolor.gsfc.nasa.gov/gallery/#&gid=1&pid=1

Design, layout and print
Proefschriftmaken.nl

Figures thesis
Devi Hermsen









	Index
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	References
	Summary
	Acknowledgements
	About the author
	List of publications
	WIAS training and supervision plan

