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The natural productivity of semi-intensively managed shrimp ponds is frequently
represented by a diverse trophic structure that forms part of the diet of farmed
organisms. As in natural ecosystems, these dietary components exhibit differing
isotopic signatures that vary with diet and trophic level. These isotopic differences
can be used to infer the transfer of nutrients, as the isotopic values of prey items
and consumers can be integrated in mass-balance mixing models, allowing the
Received 11 May 2012; accepted 10 December quantification of the relative contribution of multiple nutritional sources to the
2012. growth of a specific organism. By applying such methodology, it has been possible
to estimate the relative dietary contribution of several elements that belong either
to the biota of the farming environment or that are part of formulated diets. Care-
ful sampling methods and isotopic analysis of these samples provide valuable
information, not only in terms of what the consumer organism has selected, cap-
tured and ingested, but also in terms of the proportions of assimilated nutrients
in the consumer’s tissues. Results from several studies indicate that the natural
productivity found in semi-intensively managed ponds frequently supplies higher
proportions of dietary carbon and nitrogen to shrimp growth than the formulated
feed, emphasizing the nutritional relevance of the former. A synthesis of field and
laboratory studies applying isotopic techniques to determine the relative contri-
bution of nutrients derived from different biota elements and formulated feeds to
the growth of farmed shrimp is presented.

Key words: dietary carbon, dietary nitrogen, Litopenaeus vannamei, natural productivity, nutri-
tional contributions, stable isotopes.

variations, as a consequence of natural successions, but

Introduction . . .
more importantly, as a result of continuous foraging pres-

Shrimp farming through semi-intensive production meth-
ods has become predominant in tropical areas of the wes-
tern hemisphere (Moles & Bunge 2002; CONAPESCA
2010; Stern & Sonnenholzner 2011). Semi-intensive pro-
duction methods are typically characterized by the periodic
application of fertilizers to stimulate the natural productiv-
ity of the ponds and by the addition of supplementary,
formulated feed. Aquaculture ponds managed extensively
and semi-intensively are very similar to small ecosystems
and, as such, they show many of the processes that are
observed in natural environments. Frequently, natural pop-
ulations established in shrimp ponds are represented by
diverse communities of organisms undergoing temporal
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sure by farmed animals. The nutritional importance that
natural productivity of ponds represents for farmed shrimp
in terms of production parameters has been demonstrated
in numerous studies, under both laboratory and field con-
ditions (Hunter et al. 1987; Martinez-Cordova et al. 1998;
Martinez-Cérdova et al. 2002; Gamboa-Delgado et al.
2011; Porchas-Cornejo et al. 2011). Shrimps are constant
feeders and such behaviour is only suppressed at the pre-
and post-moulting stages. Therefore, as the culture cycle
progresses, their cumulative feeding activity exerts a strong
influence on natural communities of prey organisms. Nev-
ertheless, efficient fertilization and rearing protocols and
management strategies aimed at maintaining the soil and
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water quality, promote the presence of appropriate concen-
trations of individuals of natural productivity over the
whole culture cycle.

Natural productivity in aquaculture ponds

In the aquatic environment, micro- and macroalgae repre-
sent the link that converts solar energy into utilizable chem-
ical energy, which is stored in the chemical bonds of the
organic compounds of different plant tissues. This first link
comprises an essential source of nutrients for organisms
belonging to upper trophic levels. The phytoplankton
communities rapidly respond to optimal variables such
as temperature, salinity and nutrient concentration. An
appropriate turbidity in pond water is frequently associated
with healthy microalgae populations, which in turn, guar-
antee the stability of dissolved oxygen concentrations and
also support the growth of zooplankton. In this context, it
has been reported recently that Pacific white shrimp (Litop-
enaeus vannamei) juveniles can filter, ingest and digest sus-
pended microalgae. The filtering action occurs at the third
pair of maxillipeds, which have net-like setae and could
potentially select for microorganisms as small as 10 pm in
size (Kent et al. 2011), therefore, it might be possible that
Penaeid shrimp ingest other microorganisms suspended in
the water column.

The term phytobenthos is employed to refer to the
micro- and macroalgal communities attached onto differ-
ent substrates such as rocks, pebbles, sediment and
submerged plant material. Although the presence of macro-
algae is unwanted in aquaculture ponds because they com-
pete for nutrients with the microalgae (and also because
they interfere with harvesting activities), there are examples
of pilot assays in which the presence of macroalgae of cer-
tain species is encouraged with the aim of providing feed
and substrate to the cultured shrimps (Cruz-Sudrez et al.
2010). The macroalgal biomass is harvested at the end of
the culture cycle because it represents an extra economic
asset when used as forage or as a source of fine chemicals
having biological activities ranging from immunostimu-
lants to components for culture media for microorganisms.

Nutritionally, one of the most important components of
natural productivity for farmed animals is the zooplankton
(Coman et al. 2003; Duffy et al. 2011), which is repre-
sented by a rich community of very diverse organisms such
as mollusc, fish and crustacean larvae and adult forms of
small species (copepods and nematodes). Most of these
organisms forage directly on phytoplankton and their pop-
ulations sharply decrease when the latter is limited. The
zoobenthos is composed of animals living on or in sedi-
mentary environments and among these organisms, some
of the most important nutritional sources for shrimps can
be found, for example, polychaete worms, harpacticoid
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copepods and sessile rotifers. An important additional part
of the natural productivity is a diverse benthic community
termed the periphyton. The periphyton is composed of
periphytic microalgae, cyanobacteria, micro-invertebrates
and other organisms that constantly provide nutrients to
farmed shrimps. The periphyton not only acts as a nutrient
source, but also as a natural biological filter due to the
activity of heterotrophic microbes associated with these
communities (Azim et al. 2003; Milstein et al. 2009). Given
these benefits, several methods have been developed to
encourage the growth of periphyton using different sub-
strates that multiply the available substrate area for both
the periphyton and the cultured shrimps. There are exten-
sive studies and revisions (e.g. Azim et al. 2005 and refer-
ences therein) of periphyton management and this
information has ultimately focused on optimizing aquacul-
ture production outputs through practices that promote
the onset, growth and monitoring of periphyton.

For decades, the detrital material naturally found in the
bottom of aquaculture ponds was classified as an unwanted
characteristic associated with poor water (and/or soil) qual-
ity, and although excessive detrital material accumulated in
the pond bottom can lead to anaerobic conditions, the
detrital material may be an important source of nutrients
under management promoting aeration and mixing condi-
tions. For example, Nunes ef al. (1997) and Gamboa-
Delgado et al. (2003) confirmed that shrimps reared under
semi-intensive conditions select and ingest important
amounts of detritus. Such studies have based their findings
on stomach content analysis, which in turn have shown
that the detrital material is one of the nutritional sources
most frequently found in the stomach contents of farmed
shrimps. The digestibility of detritus is high and this mate-
rial supplies important amounts of protein from the bacte-
rial communities associated with it. Up to 5-10% of the
weight of the detrital mass is constituted by microorgan-
isms (Moriarty 1997) and it has been suggested that the
microbial component of the detritus has an important
nutritive value to shrimp (Fenchel 1970). Bacteria could be
an important nutrient source for shrimp as once the cell
walls have been digested, the available nutrients can be uti-
lized (Hood & Meyers 1974), representing a significant
source of vitamins and digestive enzymes (Ceccaldi 1997).
Hunter et al. (1987) evaluated the chemical composition of
the biota found in aquaculture ponds and determined that
the composition of the detrital material is (on a dry weight
basis) 14.8% protein, 1.6% lipids and 1.1% carbohydrates.
Interestingly, this study reported that the protein: energy
ratio was highest for the detritus than for any other compo-
nent of the natural productivity in ponds. Digestibility tri-
als conducted on shrimp Metapenaeus monoceros have
indicated that the digestibility of the detrital material can
be as high as 93%; however, its energy content is low
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(458 cal g~' on a wet weight basis). The management of
detritus has evolved markedly into microbial-based inten-
sive shrimp rearing systems in which the growth of micro-
bial aggregates is promoted as an important source of
nutrients for shrimps, while also having an influence on the
maintenance of good water quality conditions (Burford
et al. 2004c; Ju et al. 2008; Ray et al. 2011; Emerenciano
et al. 2012).

Dietary role of formulated feed in semi-intensive
ponds

The addition of formulated feed and fertilizers is one the
main characteristics of semi-intensively managed shrimp
ponds. Although formulated feeds are physically and nutri-
tionally designed for a particular species and size/age of
shrimp, scarce information exists on shrimp dietary nutri-
ent requirements under semi-intensive farming conditions
(Venero et al. 2007) as the majority of studies on nutri-
tional requirements have been performed under controlled,
indoor laboratory conditions (Tacon 1995). Additional
studies are needed to improve current knowledge on the
biological utilization and the nutritional suitability of natu-
ral and formulated feeds. Such information would allow
optimizing the feeding protocols and dietary formulations
for shrimps farmed under specific conditions. Previous
studies conducted on semi-intensively farmed shrimp have
indicated that from 2% to 20% of the shrimp stomach con-
tents is represented by ingested formulated feed (Nunes
et al. 1997; Gamboa-Delgado et al. 2003); however, as
described below, the nutritional contribution of the formu-
lated feed to the growth of shrimps is higher than the pro-
portions that have been found in the stomachs. Formulated
feeds may also contribute vitamins, minerals, pigments and
other micronutrients that are absent or become progres-
sively scarce in the pond biota as the culture cycle pro-
gresses. A secondary, but important, role of the formulated
feed is its contribution to the primary productivity through
the leaching of nutrients (Cam et al. 1991). In addition to
ongoing efforts to substitute fishmeal and oil in aquacul-
ture diets with other ingredients, the rapid leaching of
nutrients and inappropriate formulation of practical aqua-
culture diets used for semi-intensive shrimp production
still represent two areas of much needed research in order
to formulate cost-effective, nutritionally suitable diets and
to identify possible synergistic effects of the natural produc-
tivity and the formulated feeds on the farmed organisms.

Growth of the natural biota in aquaculture ponds

The natural productivity of an aquaculture pond is gener-
ally established in an ecological succession supported by
the available nutrients for the primary producers. For
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example, the composition of phytoplankton growing in a
rich nutrient media is 45-50% carbon and 8-10% nitrogen
(Edwards 1982), hence, microalgal cells are entirely depen-
dent on the biological supply of these primary elements to
thrive and nutrients should not become a limiting factor.
The basic principle of any fertilization scheme in aquacul-
ture is to boost the production of natural feed sources
available in the pond ultimately to supply the farmed ani-
mals with various nutrient sources. In general, a controlled
addition of chemical fertilizers is encouraged to feed the
autotrophic organisms (phytoplankton, benthic macroalgae
and vascular plants), while the use of organic manure can
be a resource to increase the growth of heterotrophic
organisms (zooplankton, zoobenthos and farmed animals);
however, food safety regulations restrict the use of
untreated organic fertilizers. Individuals belonging to the
zooplankton and zoobenthos communities first appear in
aquaculture ponds as they are flushed into the aquaculture
ponds through the water inputs. The natural productivity
of a pond can be increased through careful management
and constant monitoring of the variables associated with a
specific culture (Boyd & Tucker 1998). The pond bottom
(soil-water interface) is considered as a ‘reservoir of pri-
mary nutrients’ of the pond ecosystem and as such, plays
an important role in maintaining the natural productivity
(FAO 1989). There are numerous fertilization techniques
and methods developed to maximize the natural productiv-
ity of aquaculture ponds under a variety of different condi-
tions. The majority of fertilization techniques yield better
results when applied in conjunction with an efficient moni-
toring programme focused on nutrient dynamics, available
live feed and the biological performance of the cultured
organisms in each individual pond.

Natural productivity in shrimp nursery phase

The tanks or raceways used for the shrimp nursery phase
are frequently managed so as to encourage small blooms of
specific species of microalgae: however, the relatively short
residency time of the cultured organisms, the high animal
densities and the different water management techniques in
this phase do not allow the establishment and full develop-
ment of the trophic chains observed in aquaculture ponds
(Burford et al. 2004b). Many shrimp hatcheries and nurs-
eries have chosen to foster the production of benthic mic-
roalgae such as Navicula and Amphora with the objective of
providing the postlarval shrimps with natural feed before
their final transfer to grow out. The availability of natural
feed under these particular conditions is thus very limited
as the high ingestion rates characteristic of the early life
stages of shrimp do not allow further settlement of addi-
tional live feed. Once the animals have adopted benthic
behaviour, the consumption rate of material attached to
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substrates drastically increases. Placing different types of
artificial substrates into the tanks or ponds is a frequent
strategy aimed to increase the available surface for both the
densely packed organisms and the natural biota associated
with substrates. Under these conditions, the constant sup-
ply of nutritionally balanced formulated feeds is thus criti-
cal to maintain healthy shrimp postlarvae exhibiting high
growth and survival rates. Often, the nursery phase repre-
sents the last stage of the production cycle in which a
higher degree of control can be exerted over variables such
as water quality and feed management. After this stage and
once the animals have been transferred to grow out ponds,
the diverse culture system variables are more difficult to
control.

Methods applied to assess nutritional
contributions to shrimps

Different methodologies have been applied to nutritionally
evaluate the performance of natural and formulated diets
(and the ingredients used to manufacture them) for marine
organisms that have economic importance or are deemed
suitable for farming. Such studies have generated an impor-
tant amount of information about the type of feed or prey
that cultured animals select under culture conditions. Some
of the indicators applied to determine the dietary composi-
tion of the culture species are described below.

Stomach content evaluation

Digestion implies a complex process that includes the
mechanical breakdown of feed, enzyme secretion and dif-
ferent mechanisms for nutrient mobility. In the particular
case of crustaceans, the ingestion process is complex and is
initiated by an array of appendages that grind and separate
fine feed particles, however, most of the mechanical break-
down of feed actually occurs within the stomach (Ceccaldi
1997). Analysis of the stomach content has the advantage
of allowing identification of the material that was selected,
captured and ingested by shrimp. Generally, this ingested
material has been classified into the following categories:
plant material, prey, artificial feed, detritus, minerals and
semi-digested or wunrecognizable material. Dissecting
and isolating the consumed material allows quantitative
and qualitative analyses that provide information on the
animal’s dietary preferences. These observations can be
used in conjunction with data related to the size of the ani-
mals, moulting cycle and the trophic conditions of the cul-
ture system to infer the effect of combined variables on the
biological performance of the target species (Nunes et al.
1997; Focken et al. 1998; Gamboa-Delgado et al. 2003).
Some of the drawbacks associated with this technique are
represented by the need for skilled personnel to conduct
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the dissections and the identification of ingested material.
The short residency time of the feed in the digestive tract of
the shrimp causes a fast degradation of the soft material,
rendering it unrecognizable. In addition to the laborious
aspects of the technique, there is the difficulty of distin-
guishing the artificial feed from the detritus. Nevertheless,
it is possible to apply diverse dying techniques that stain
the starch granules naturally present in the artificial feed,
thereby distinguishing the latter from the detrital material.
The natural fluorescence of the pigments found in the arti-
ficial feed has also been used to estimate ingestion (Kelly
et al. 2000). Although the analysis of the stomach content
provides a very good indicator of the dietary preferences of
a particular consumer, it does not allow estimation of the
real nutritional contribution of a specific dietary item to
somatic growth.

Chemical analyses of ingested material and tissues of
consuming organisms

The transference of nutrients to tissue can be inferred
through the use of different techniques. Analysis of the fatty
acid and amino acid profiles of dietary elements and con-
sumer permit assessment of the intake and metabolic fate of
specific nutrients. For example, Gonzalez-Felix et al. (2009)
evaluated the effects of different levels of dietary fatty acids
on the growth and fatty acid composition of hepatopan-
creas and muscle tissue of Pacific white shrimp L. vanna-
mei, while Forster et al. (2011) recently reported that the
fatty acid profiles of shrimps reflected those of their respec-
tive diets when evaluating the physiological capacity of this
shrimp species to utilize soy oil as a replacement for fish oil.

Immunological assays have also been applied to deter-
mine the presence of specific dietary particles in the diges-
tive tract (Feller 1991). Alternative techniques have had the
final objective of applying serological estimations in order
to estimate the residency time of the protein supplied by
different types of consumed prey and also to estimate
amounts of ingested feed (Hoyt et al. 2000).

Isotopic analysis of animal tissue and diets

One of the most reliable methods applied to determine
assimilation efficiencies is by means of isotopic assess-
ments. Most of the elements having biological relevance
have two or more stable isotopes (for example, '*C and
°C for carbon, "N and "N for nitrogen). The difference
between isotopes of the same element is the number of
neutrons, which changes the weight of the atom but does
not affect its reactive properties. Frequently, the ‘Tlighter’
isotope is present at a much higher natural abundance
level than the ‘heavy’ isotope (Ehleringer & Rundel 1989);
however, all participate in biochemical reactions. Animals
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have a tendency to accumulate the heavier isotopes due to
a discriminating effect of the different enzymatic pathways
preferentially incorporating the heavier isotopes, while the
lighter isotopes are excreted (Martinez del Rio & Wolf
2005). This physiological effect confers specific isotopic
values to organisms belonging to different trophic levels in
the aquatic and terrestrial ecosystems and thus, isotopic
values can be used as natural biomarkers. The ratio
between the heavy and light isotopes (">C/'*C) is mea-
sured by means of isotope ratio mass spectrometry
(IRMS). Under this technique, the target compound must
be first combusted in order to convert the elements of
interest to the gaseous form before introduction into the
mass spectrometer. The most commonly used IRMS
approaches for analysing carbon and nitrogen stable iso-
topes involve gas purification to introduce carbon as CO,
and nitrogen as N,. The purified compounds are then
transferred to a source where gases are ionized before
flowing through a flight tube where the paths of different
isotopic species (e.g. '*CO, or '’CO,) are magnetically
deflected before colliding with a detection system. Once
analysed, the isotopic values are expressed in delta nota-
tion (8) to indicate how the reported values, in parts per
thousand (9/,), vary with respect to the isotopic propor-
tion of an international standard. The commercial avail-
ability of these analytical techniques, together with
increasing accuracy levels of laboratory instrumentation,
has allowed the tracing of nutrients in different organisms
and ecosystems. Sampling techniques for a representative
nutritional study using stable isotopes should consider all
the possible sources of nutrients for the target organism.
The decision to analyse the whole animal carcass or spe-
cific tissues of the consumer is defined according to the
aim of the study (e.g. muscle tissue to trace dietary nitro-
gen, whole bodies to trace dietary carbon). Pretreatment
of solid samples includes drying, grinding and lipid extrac-
tion (for samples containing high lipid levels, as lipids are
isotopically depleted in '’C) and/or acidification to
remove inorganic carbon. The isotopes are thus an integral
part of the organic tissues but compounds having heavy
isotopes can also be added to a specific substrate in order
to label it or enrich (‘spike’) it. In contrast to the radio-
isotopes, the stable isotopes can be measured at natural
abundance levels and are not dangerous, they are not inva-
sive and several estimations can be done on a population,
individual or specific tissue. Additional applications of the
isotopic techniques include their use as pollution biomar-
kers (e.g. aquaculture waste tracing, Felsing et al. 2006)
and their application in estimating metabolic turnover
rates (MacAvoy et al. 2006), authenticating production
methods (e.g. wild vs. farmed fish, Serrano et al. 2007),
tracing animal migrations (Fry et al. 2003) and recon-
structing palaeodiets (Richards et al. 2006).
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The application of stable isotopes as nutritional tracers
presents a powerful tool to estimate energy and nutrient
flows in aquatic systems (Michener & Schell 1994). This is
possible because the isotopic signature of a consumer mir-
rors the isotopic value of the assimilated material and thus
provides information on the feeding habit over a period of
time (Peterson & Fry 1987) and allows the estimation of
dietary contribution and hence provides information on
trophic relationships (DeNiro & Epstein 1978, 1981; Van
der Zanden et al. 1999). As described in Figure 1, this rela-
tionship has been used previously in aquaculture nutrition
to identify the origin and fate of different dietary compo-
nents contributing to the growth or metabolic turnover of
farmed animals in both grow out ponds (Schroeder 1983;
Nunes et al. 1997; Burford et al. 2004a) and larval rearing
systems (Schlechtriem et al. 2004; Gamboa-Delgado et al.
2008; Jomori et al. 2008; Gamboa-Delgado & Le Vay
2009b). Studies on larval nutrition are frequently con-
strained by the small larval size and the high sample size
required for other analytical techniques. In contrast, stable
isotope analysis requires samples of dry tissue of less than
1 mg, which makes it a very useful tool when assessing the
nutritional physiology of larvae. Isotopic techniques have
allowed the estimation of ingestion, assimilation efficiencies
and elemental metabolic turnover rates in small zooplank-
tonic organisms by using direct methods as opposed to
normal indirect techniques (Verschoor et al. 2005). Gam-
boa-Delgado and Le Vay (2009b) applied carbon stable iso-
tope analysis to estimate the nutritional contribution of the
dietary carbon supplied by live Artemia nauplii and formu-
lated larval feeds (both offered in co-feeding regimes)
to the growth of larvae and postlarvae of L. vannamei.
The contribution of dietary carbon from Artemia to larval

Natural feed F ——
(zooplankton, zoobenthos, °l'rf\1u: e
periphyton) ee

e

Stomach content and
hepatopancreas tissue

I

Nutrient Metabolic N - :
X Excretion, peritrophic
Incorporation turnover membrane. moultin
Tissue accretion rates 4 9

Figure 1 Carbon and nitrogen flow in farmed shrimp under semi-
intensive farming conditions. Bold arrows indicate origin and fate of
components that can be isotopically analysed. Metabolic turnover rates
can be estimated using exponential models of isotopic change in tissue
over time.
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growth was significantly higher than contributions supplied
by formulated feeds. The sensitivity of the isotopic tech-
nique is such that in the latter study, the authors were able
to detect carbon isotopic changes occurring from fertilized
shrimp eggs and throughout all the shrimp larval stages.
These isotopic shifts were correlated to the physiological
utilization of endogenous and exogenous nutrient sources.
In a similar approach, Matsuda et al. (2009) measured the
nitrogen stable isotope values in diets and larval consumers
and also reported that Artemia seem to be a more impor-
tant food item for lobster (Panulirus japonicus) larvae than
mussel gonad, as the respective, relative proportions of die-
tary nitrogen contributed to growth were 66% and 34%.

The estimation of nutrient assimilation using stable iso-
topes also presents several practical applications in the
assessment of the nutritional performance of different
aquaculture ingredients used to reduce or replace fishmeal
as protein and energy source in aquafeeds. For example,
Gamboa-Delgado and Le Vay (2009a) and Martinez-Rocha
et al. (2013) formulated practical diets for shrimp L. van-
namei using different proportions of soy protein isolate
and peameal, respectively, to replace different levels of die-
tary nitrogen supplied by fishmeal. After isotopic analyses
of the ingredients, diets and animal tissue, results from the
former study indicated that fishmeal contributes signifi-
cantly higher amounts of dietary nitrogen to the muscle tis-
sue that the soy protein isolate, possibly due to a restriction
of essential amino acids (methionine and lysine) in the lat-
ter. In contrast, incorporation of the dietary nitrogen from
peameal in muscle tissue was similar to the levels estab-
lished in four of five mixed experimental diets containing
different proportions of fishmeal and peameal.

Contribution of nutrients as indicated by isotopes

Different dietary components found in semi-intensively
managed ponds may show naturally contrasting isotopic
signatures, therefore, it is possible to establish a relationship
between animals and their known diets. These isotopic val-
ues can be integrated in simple, mass-balance, isotopic
mixing models (e.g. Phillips & Gregg 2001, 2003; Fry 2006)
with the objective of quantifying the relative contribution
of two or more nutrient sources to growth. Hence, nutri-
tional studies have been conducted by using the natural iso-
topic variations specific to each trophic level and
population. The availability of isotopic data obtained under
controlled conditions has allowed the estimation of the
nutritional contribution of several elements found in the
natural environment or incorporated into specific experi-
mental feeds and feeding regimes (Le Vay & Gamboa-
Delgado 2011). The relative utilization of different dietary
sources (protein, lipids) in live and formulated feeds can
also be quantified by means of isotopic techniques
(Schlechtriem et al. 2004; Beltran et al. 2008).

Isotopic assessments: what are the nutritional
contributions of the natural and formulated feed
to shrimp growth?

Field studies

Different studies have shown that, even in the presence of
supplied artificial feed, shrimp farmed under semi-inten-
sive conditions derive most of their structural carbon and
nitrogen from the natural pond productivity (Table 1).
For example, when the stomach content of different sized
(2-10 g) Pacific white shrimp L. vannamei was quantita-
tively and qualitatively analysed over a semi-intensive cul-

Table 1 Proportional amount of live and formulated feed found either in shrimp stomach contents (a) or supplied as experimental dietary regimes
(b) and their actual contributions to the somatic growth of Penaeid shrimp as indicated by stable isotope analysis

Stomach content (a) or
Dietary proportion (b) (%)

Species/environment

Actual contribution to tissue Reference
growth (%)

Formulated feed  Natural feed

Formulated feed ~ Natural feed

L. vannamei Pondst 2-20° 80-98
P. japonicus Pondst 42 37-47
P. japonicus Pondst - -
P. subtilis Ponds 162 84

. monodon Pondst 22-29°2 71-88

P
F. chinensis Ponds} - _
L. vannamei Ponds§ - _
L. vannamei Laboratory — culture vials ~ 50° 50
P. esculentus Pondsi - _
P. japonicus Pondst - _
L. vannamei Tanks 49° 51

Gamboa-Delgado et al. 2003;
- Reymond & Lagardere 1990;
23-47 53-77

Anderson et al. 1987;
25 75 Nunes et al. 1997;
- - Focken et al. 1998;
93 7 Su et al. 2008;
71-82 18-29 Burford et al. 2004c
27 73 Gamboa-Delgado & Le Vay 2009b
47-61 39-53 Burford et al. 2004b
13-65 35-87 Cam et al. 1991
20 80 Gamboa-Delgado et al. 2011

+Semi-intensively managed ponds.
Intensively managed ponds.

§Intensively managed ponds. Pond biota mainly composed of microbial flocs.
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ture cycle in Ecuador, the results indicated that shrimp
strongly selected the available elements of the natural biota
over the formulated feed as it was shown that 80-98% of
stomach contents were derived from the natural biota
(Gamboa-Delgado et al. 2003). In another trial carried out
on Penaeus subtilis in Brazil, stomach content analysis indi-
cated that 16% of the ingested material was represented by
formulated feed and 84% by different elements of the natu-
ral biota. However, in this same study, the results from sta-
ble isotope analysis of food items and shrimp tissue,
indicated that at the end of the culture cycle, the formu-
lated feed contributed 25% of the dietary carbon incorpo-
rated as somatic growth, while 75% was attributed to the
pond’s natural productivity (Nunes et al. 1997). Cam et al.
(1991) observed in semi-intensively farmed Penaeus japoni-
cus that the contribution of the dietary carbon supplied by
the formulated feed increased from 13% at day 30 of cul-
ture to 67% at day 120 of culture, indicating the increasing
nutritional importance of the formulated feed as pond
biota is diminished by the grazing pressure of expanding
shrimp biomass. Similarly, as shrimp production methods
intensify, the contribution of formulated feed to growth
tends to increase (Table 1) due to the restriction of nutri-
ents and substrate available to the natural production in
conjunction with the higher grazing activity exerted by
shrimp under these culture conditions. For example, Bur-
ford et al. (2004b) applied stable isotope analysis to deter-
mine the contribution of epiphytes growing on artificial
substrates in ponds having different high densities of post-
larval shrimp Penaeus esculentus. Epiphytes significantly
contributed to the carbon requirements of post-larval
shrimp (39-53%), despite the addition of formulated feed
ad libitum. In a study conducted on other crustacean spe-
cies, Dufty et al. (2011) analysed the isotopic values of
several elements of natural productivity and the formulated
feed consumed by common yabbies (Cherax destructor)
reared in tubs. As the results indicated that zooplankton
and microphytobenthos were the main contributors to
growth and that animals consumed the diverse elements of
the natural productivity even in the presence of pelleted
feed, the authors recommended the use of formulated diets
having a protein content lower than 19% for Ch. destructor
reared under natural biota availability. As the natural com-
munities of the pond biota can be very diverse, sampling
techniques for isotopic determinations usually require
pooling organisms that are representative of each trophic
level (e.g. phytoplankton, phytobenthos, microzooplank-
ton) eventually to obtain average isotopic values that are
incorporated into mixing models to infer the nutritional
contributions supplied by each group. Another approxima-
tion is to add an isotopically enriched substrate (e.g.
"NH,CI) into the pond or raceway, which greatly increases
the isotopic signal of a specific tracer ('°N-labelled protein)
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as it is incorporated by the phytoplankton, zooplankton,
final consumer and even in its excretion products (Burford
et al. 2004b). However, measurements at natural abun-
dance levels frequently generate enough relevant informa-
tion on trophic relationships occurring in a specific system,
and the use of isotopically labelled substrates is applied
mainly to identify metabolic precursors and to label pri-
mary producers. Enriched substrates are also applied to
increase the resolution of studies facing overlapping of the
isotopic values of the dietary elements, which prevents the
use of isotopic mixing models.

Laboratory trials

Laboratory studies have had the main objective of evaluat-
ing the nutritional contribution of formulated and natural
feed. For example, in the larval culture phase, results from
these experiments have shown that larval and postlarval
stages of marine fish and shrimp acquire significantly higher
amounts of dietary carbon from live preys (Artemia and
rotifers) than from formulated feed supplied at similar die-
tary proportions (Gamboa-Delgado et al. 2008; Gamboa-
Delgado & Le Vay 2009b). Likewise, it has been determined
that juvenile shrimps co-fed with formulated feed and live
biomass of macroalgae Ulva clathrata, incorporate signifi-
cantly higher amounts of dietary carbon and nitrogen from
the latter. However, the high amount of dietary carbon and
nitrogen supplied by the live macroalgae biomass in co-
feeding regimes supplying more than 50% of macroalgae
was not reflected in a fast increase of somatic growth due to
the restriction of other nutrients in this macroalgae species
(low lipid and energy content). Interestingly, shrimp under
a co-feeding regime supplying 75% of formulated feed and
25% of live macroalgae biomass (on a dry weight basis)
showed higher growth rates than animals reared only on
commercial formulated feed, although the difference was
not statistically significant (Gamboa-Delgado et al. 2011).
In studies conducted on other species, Schlechtriem et al.
(2004) manipulated the isotopic values of nematodes by
feeding them on meals from plants having different photo-
synthetic pathways (C3 and C4), which imprints differing
isotopic values. The grown nematodes were in turn offered
as live feed to carp (Cyprinus carpio) with the aim of esti-
mating lipid and lipid-free matter assimilation. The use of
isotopic mixing models to estimate nutritional contribu-
tions requires some assumptions and conditions to be met
and these are more easily verified and fulfilled under labo-
ratory conditions than in field studies. For example, impor-
tant assumptions take into account that (i) the nutritional
sources have different isotopic values, (ii) the elemental
composition and assimilation efficiencies of nutritional
sources are known, (iii) isotopic equilibrium has been
reached between diet and consumer and the isotopic dis-
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crimination factors (isotopic difference between consumer
and diet/prey) are known, (iv) isotopically distinct dietary
components are differentially allocated to different tissues
(isotopic routing) (see review: Martinez del Rio et al.
2009). As one of these assumptions indicates that the
consuming organism should be in isotopic equilibrium (or
isotopic steady state) with their respective diet, preliminary
laboratory experiments are frequently required to verify
that the consuming organism’s tissues reflect the isotopic
values of a previously fed diet and to estimate the isotopic
discrimination factors in order to introduce correction fac-
tors into the isotopic mixing models. The isotopic equilib-
rium can be reached through tissue accretion, metabolic
turnover or both, and the amount of time necessary for an
animal to reach isotopic equilibrium with its diet depends
on the growth rate, metabolic rates, size/age of the individ-
ual and dietary quality. In the dynamics of isotopic trans-
fers, there is a physiological effect termed ‘isotopic routing’
(Gannes et al. 1997) in which the different dietary elements
(and their isotopes) are not evenly mixed and directed to
all tissues, but are selectively metabolized and incorporated.
This effect has to be taken into consideration when select-
ing either specific tissues or whole animals for a particular
study. In the particular case of larval nutrition, the isotopic
routing is commonly avoided because, due to the small
larval size, whole animals are used for analysis and the
ensuing data interpretation (Le Vay & Gamboa-Delgado
2011). Alternatively, it is possible to trace a specific dietary
element (e.g. nitrogen) to a specific tissue-reservoir (e.g.
muscle). The isotopic values of carbon and nitrogen pres-
ent at natural abundance levels in different organisms are
frequently very contrasting and thus allow experiments to
be designed aimed at determining nutrient incorporation.
Additionally, the isotopic values of primary producers and
filter-feeding organisms can be easily manipulated through
the use of specific culture media and dietary substrates
(Gamboa-Delgado et al. 2008, 2011). This allows experi-
ments using nutritional sources having contrasting isotopic
values, which improves the resolution of mixing models
and exponential models of isotopic change when estimating
nutritional contributions to growth and metabolic turnover
rates, respectively.

Future studies

Since aquaculture systems have the advantage of being
composed of relatively fewer trophic elements than those
found in natural ecosystems, nutritional studies using iso-
topic techniques require less intensive sampling. Neverthe-
less, the trophic relationships and the flow of energy and
nutrients in semi-intensive aquaculture ponds can be com-
plex. These processes can be systematically disentangled
through isotopic analysis, careful sampling and appropriate
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experimental designs. For example, the nutritional compo-
nents of the pond biota that are thought to contribute to
shrimp nutrition can be transferred to experimental units
in laboratory conditions to be offered to farmed animals in
order to assess the nutritional contributions of specific
elements to growth by means of isotopic assays. The use of
isotopic mixing models to estimate nutritional contribu-
tions is not limited to the assessment of two dietary sources
(e.g. live and formulated feed). In ecology studies, dietary
contributions to animal growth have been estimated for up
to seven nutritional sources, although an underlying condi-
tion is that the sources must have different isotopic values
(Ben-David et al. 1997; Phillips & Gregg 2003). Under this
approach, the nutritional contribution of multiple individ-
ual ingredients having contrasting isotopic values (fishmeal,
plant-derived protein, microbial protein) can be assessed
after incorporating previously analysed ingredients into
experimental practical diets. It is forecast that in aquacul-
ture nutrition, isotopic data in conjunction with produc-
tion parameters will provide a wider scheme for the
physiological utilization of different ingredients delivered
through new dietary formulations for larval and juvenile
stages. At a finer level of analytical detail, chromatographic
separation of sub-units of complex organic molecules prior
to stable isotope analysis (compound specific isotope analy-
sis, CSIA) has been used to trace sources and the fate of
individual dietary fatty acids and amino acids (see review
Le Vay & Gamboa-Delgado 2011). It has been demon-
strated that the isotopic values of carbon and nitrogen
found in amino acids of aquatic species consistently show a
wide range of values of up to 20 units (Fantle et al. 1999;
McClelland & Montoya 2002; Chikaraishi et al. 2007;
McCullagh er al. 2008). Isotopic differences are useful to
avoid isotopic overlap when tracing specific amino acids.
Compound specific isotope analysis of individual amino
acids has been applied in studies on juvenile crabs Callinec-
tes sapidus (Fantle et al. 1999) in laboratory experiments
aimed to interpret field observations related to the transfer
of essential and non-essential amino acids. The application
of CSIA to individual amino acids to identify dietary
requirements of insects for amino acids (O’Brien et al.
2003, 2005) have shown that the carbon isotopic signature
of essential amino acids in adult insects remains close to
the values of the amino acids found in the plant proteins
consumed by larvae, while the isotopic signature of carbon
for non-essential amino acids reflects carbohydrates con-
sumed by adults. In the case of fatty acids, Parrish et al.
(2007) used the relatively heavy natural isotopic signature
of carbon in heterotrophic microalgae Schizochytrium sp. to
trace the transfer and conservation of the essential fatty
acid, w6 docosapentaenoic acid, through a two-step food
chain through rotifers (Brachionus plicatilis) and into cod
(Gadus morhua) larvae. In shrimp nutrition, there exists a
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constant interest in delivering appropriate amino acid pro-
files through formulated feeds, and although formulated
feeds experience moderate to high leaching of nutrients, it
seems that the elements of the natural productivity
frequently compensate for these losses and promote high
growth and survival rates. The CSIA of amino acids may
have the potential to elucidate how and which of the differ-
ent amino acids are primarily transferred from the live or
formulated feeds into the shrimp tissues. The growing
adoption of CSIA in many fields of biology holds great
potential and will further increase the current knowledge of
the dietary roles and biological utilization of specific nutri-
ents available in different aquaculture systems. The com-
mercial availability of a variety of isotopically enriched
substrates (amino acids, fatty acids, cholesterol, vitamins)
labelled with up to three heavy isotopes (*>C, N, *H),
extends the range of applications in studies focusing on the
nutritional physiology of aquatic species.

Conclusion

Results from studies applying stable isotope techniques
indicate that the different elements of the natural produc-
tivity found in semi-intensively managed shrimp ponds fre-
quently represent the main source of dietary carbon and
nitrogen for the farmed animals. Penaeid shrimps are very
efficient at utilizing this pond biota, which provides highly
digestible macronutrients for shrimps, as well as vitamins
and minerals. The natural productivity rapidly responds to
foraging pressure, nutrient availability and to diverse envi-
ronmental conditions causing natural ecological succes-
sions. Additionally, there are strong fluctuations in the
natural populations caused by shrimp predation and
foraging, and while some communities such as the zoo-
plankton rapidly decrease over the first few weeks of culture
(Coman et al. 2003), other organisms may show a
tendency to recover, as in the case of organisms finding
temporary shelter in the pond substrate (Nunes & Parsons
2000). Although each semi-intensively managed pond and
its natural populations have very particular characteristics,
effective fertilization programmes and frequent monitoring
of the natural productivity are essential activities aimed at
maintaining a constant presence of natural feed for the
farmed shrimp. Previous studies have applied stable iso-
topes as tracers and have indicated that at the end of the
farming cycle (larval or grow out), the majority of ma-
cronutrients are derived from the natural feed. Although
the formulated feed contributes relatively lower propor-
tions to the stomach content, its contribution to growth in
terms of dietary carbon and nitrogen is comparatively lar-
ger than the proportions observed in the stomach. This can
be explained by the high digestibility coefficients and high
protein content of formulated feeds. Therefore, the con-

44

stant availability of formulated feed represents an excellent
nutritional supplement in both the shrimp nursery stage
and semi-intensive grow out operations. The isotopic val-
ues present at natural abundance levels in shrimps and their
natural diets can provide relevant information to elucidate
the flow and incorporation of nutrients contributing to
growth, by also defining the time periods at which the ani-
mals are physiologically better prepared to ingest and
assimilate nutrients. Nutritional evaluations conducted by
the application of stable isotopes provide a very useful ana-
lytical technique to interpret the digestive physiology of
aquatic organisms, being of particular assistance in nutri-
tional studies aimed at determining the dietary contribu-
tion that the different trophic elements provide to the
consuming organisms under farming conditions. The feasi-
bility of manipulating the isotopic profiles of dietary ingre-
dients, formulated diets and even live feeds, represents an
additional opportunity to increase the resolution and reach
of nutritional studies applying isotopic techniques.

Acknowledgement

The author greatly acknowledges Dr M.E.M Walton for
providing constructive comments on the reviewed topic.

References

Anderson PK, Parker PL, Lawrence A (1987) A *C/'*C tracer
study of the utilization of presented feed by a commercially
important shrimp Penaeus vannamei in a pond growout sys-
tem. Journal of the World Aquaculture Society 18: 148—155.

Azim ME, Verdegem MC]J, Singh M, van Dam AA, Beveridge
MCM (2003) The effects of periphyton substrate and fish
stocking density on water quality, phytoplankton, periphyton
and fish growth. Aquaculture Research 34: 685-695.

Azim ME, Verdegem MC]J, van Dam AA, Beveridge MCM
(2005) Periphyton and aquatic production: an introduction.
In: Azim ME, Verdegem MC]J, van Dam AA, Beveridge MCM
(eds) Periphyton: Ecology, Exploitation and Management,
pp- 1-11. CABI Publishing, Wallingford, UK.

Beltran M, Fernandez-Borras J, Medale F, Perez-Sanchez J,
Kaushik S, Blasco J (2008) Natural abundance of '°N and °C
in fish tissues and the use of stable isotopes as dietary protein
tracers in rainbow trout and gilthead sea bream. Aquaculture
Nutrition 1: 9-18.

Ben-David M, Hanley TA, Klein DR, Schell DM (1997) Seasonal
changes in diets of coastal and riverine mink: the role of spawn-
ing Pacific salmon. Canadian Journal of Zoology 75: 803—811.

Boyd CE, Tucker CS (1998) Pond Aquaculture Water Quality
Management, 1st edn. Kluwer Academic Publishers, Norwell,
MA, USA.

Burford MA, Preston NP, Minh TH, Hoa TTT, Bunn SE, Fry
VM (2004a) Dominant sources of dietary carbon and nitro-

Reviews in Aquaculture (2014) 6, 36-47
© 2013 Wiley Publishing Asia Pty Ltd

85U8017 SUOWIWOD 9A 181D 3 qeot dde au Aq peusenob ale sajoie YO ‘9SO Sa|nJ Joj Aeiq18UlUO A8]IAA UO (SUOTPUOO-PUR-SLUB)LIY A8 | 1M Afe.d 1 jBu JUo//:Sdny) SUORIpUOD pue swie | 8y} 89S *[6202/90/60] UO AiqiT8uliuo A8|1m ‘Uce ] 0renN 8@ ewouoiny AiseAIIN AQ £202T DeJ/TTTT 0T/I0pwod Ao 1M ARiq 1l juo//Sdny wouy papeojumoq ‘T ‘102 ‘TETSESLT



gen for shrimp reared in extensive rice-shrimp ponds. Aqua-
culture Research 35: 194-203.

Burford MA, Sellars MJ, Arnold SJ, Keys SJ, Crocos PJ, Preston
NP (2004b) Contribution of the natural biota associated with
substrates to the nutritional requirements of post-larval
shrimp (Penaeus esculentus) in high-density rearing systems.
Aquaculture Research 35: 508-515.

Burford MA, Thompson PJ, McIntosh RP, Bauman RH, Pearson
DC (2004c) The contribution of flocculated material to
shrimp (Litopenaeus vannamei) nutrition in a high-intensity,
zero exchange system. Aquaculture 232: 525-537.

Cam D, Rollet P-E, Mariotti A, Guillaume J (1991) The relative
contribution of natural productivity and formulated food in
the nutrition of Penaeus japonicus reared in semi-intensive
conditions. Aquatic Living Resources 4: 175-180.

Ceccaldi HJ (1997) Anatomy and physiology of the digestive sys-
tem. In: D’Abramo LR, Conklin DE, Akiyama DM (eds) Crus-
tacean Nutrition. Advances in World Aquaculture, 1997, pp.
261-291. World Aquaculture Society, Baton Rouge, LA.

Chikaraishi Y, Kashiyama Y, Ogawa NO, Kitazato H, Ohkouchi
N (2007) Metabolic control of nitrogen isotope composition
of amino acids in macroalgae and gastropods: implications
for aquatic food web studies. Marine Ecology Progress Series
342: 85-90.

Coman F, Connolly R, Preston N (2003) Zooplankton and epi-
benthic fauna in shrimp ponds: factors influencing assem-
blage dynamics. Aquaculture Research 34: 359-371.

CONAPESCA (2010) Anuario Estadistico de Acuacultura y Pesca.
Comision Nacional de Acuacultura y Pesca. México. Available
from URL: http://www.conapesca.sagarpa.gob.mx/wb/cona/
anuario2010

Cruz-Suarez LE, Ledn A, Pena-Rodriguez A, Rodriguez-Pena G,
Moll B, Ricque Marie D (2010) Shrimp/Ulva co-culture: a
sustainable alternative to diminish the need for artificial feed
and improve shrimp quality. Aquaculture 301: 64—68.

DeNiro MJ, Epstein S (1978) Influence of diet on the distribu-
tion of carbon isotope ratios in animals. Geochimica et Cosmo-
chimica Acta 42: 495-506.

DeNiro MJ, Epstein S (1981) Influence of diet on the distribu-
tion of nitrogen isotopes in animals. Geochimica et Cosmochi-
mica Acta 45: 341-351.

Duffy RE, Godwin I, Nolan J, Purvis I (2011) The contribution
of naturally occurring food items to the diet of Cherax de-
structor when fed formulated diets of differing protein levels.
Aquaculture 313: 107-114.

Edwards P (1982) Lecture notes on utilization of animal and
plant wastes. Report of consultancy at the Regional Lead
Center in China for Integrated Fish Farming. Network of
Aquaculture Centres in Asia (NACA), FAO Field Document,
No. NACA/WP/82/6, Bangkok, Thailand, October 1982,
104 pp.

Ehleringer JR, Rundel PW (1989) Stable isotopes: history, units
and instrumentation. In: Rundel PW, Ehleringer JR, Nagy KA
(eds) Stable Isotopes in Ecological Research, pp. 1-16. Springer-
Verlag, New York, USA.

Reviews in Aquaculture (2014) 6, 36-47
© 2013 Wiley Publishing Asia Pty Ltd

Contribution of nutrients as indicated by isotopes

Emerenciano M, Ballester ELC, Cavalli RO, Wasielesky W
(2012) Biofloc technology application as a food source in a
limited water exchange nursery system for pink shrimp Far-
fantepenaeus  brasiliensis ~ (Latreille, 1817). Aquaculture
Research 43: 447-457.

Fantle MS, Dittel AI, Schwalm S, Epifanio CE, Fogel ML (1999)
A food-web analysis of the juvenile crab Callinectes sapidus,
using stable isotopes in whole animals and individual amino
acids. Oecologia 120: 416-426.

FAO (1989) Métodos de Alimentacién. In: FAO. Nutricion y Ali-
mentacion de Peces y Camarones Cultivados. Manual de Capac-
itacion. ONU, Roma. Available from URL: http://www.fao.
org/docrep/field/003/AB492S/AB492S15.htm

Feller RJ (1991) Dietary analysis of penaeid shrimp: the immu-
noassay approach. Developments in Aquaculture and Fisheries
Science 22: 141-156.

Felsing M, Telfer T, Glencross B (2006) 15N enrichment of an
aquaculture diet and tracing of aquaculture waste in the envi-
ronment. Journal of Applied Ichthyology 22: 419-426.

Fenchel T (1970) Studies on the decomposition of organic detri-
tus from the turtle grass Thalassia testudinum. Limnology and
Oceanography 15: 14-20.

Focken U, Groth A, Coloso RM, Becker K (1998) Contribution
of natural food and supplemental feed to the gut content of
Penaeus monodon Fabricius in a semi-intensive pond system
in the Philippines. Aquaculture 164: 105-116.

Forster IP, Dominy WG, Obaldo LG, Hartnell GF, Sanders EF,
Hickman TC et al. (2011) The effect of soybean oil containing
stearidonic acid on growth performance, n-3 fatty acid depo-
sition and sensory characteristics of pacific white shrimp
(Litopenaeus vannamei). Aquaculture Nutrition 17: 200-213.

Fry B (2006) Stable Isotope Ecology, 1st edn. Springer Science,
New York, USA.

Fry B, Baltz DM, Benfield MC, Fleeger JW, Gace A, Haas HL
et al. (2003) Stable isotope indicators of movement and resi-
dency for brown shrimp (Farfantepenaeus aztecus) in coastal
Lousiana marshscapes. Estuaries 26: 82-97.

Gamboa-Delgado J, Le Vay L (2009a) Natural stable isotopes as
indicators of the relative contribution of soy protein and fish
meal to tissue growth in Pacific white shrimp (Litopenaeus
vannamei) fed compound diets. Aquaculture 291: 115-123.

Gamboa-Delgado J, Le Vay L (2009b) Artemia replacement in
co-feeding regimes for mysis and postlarval stages of Litopena-
eus vannamei: nutritional contribution of inert diets to tissue
growth as indicated by natural carbon stable isotopes. Aqua-
culture 297: 128-135.

Gamboa-Delgado ], Molina-Poveda C, Cahu C (2003) Digestive
enzyme activity and food ingesta in juvenile shrimp Litopena-
eus vannamei (Boone 1931) as a function of body weight.
Aquaculture Research 34: 1403—1411.

Gamboa-Delgado J, Canavate JP, Zerolo R, Le Vay L (2008)
Natural carbon stable isotope ratios as indicators of the rel-
ative contribution of live and inert diets to growth in larval
Senegalese sole (Solea senegalensis). Aquaculture 280: 190—
197.

45

85U8017 SUOWIWOD 9A 181D 3 qeot dde au Aq peusenob ale sajoie YO ‘9SO Sa|nJ Joj Aeiq18UlUO A8]IAA UO (SUOTPUOO-PUR-SLUB)LIY A8 | 1M Afe.d 1 jBu JUo//:Sdny) SUORIpUOD pue swie | 8y} 89S *[6202/90/60] UO AiqiT8uliuo A8|1m ‘Uce ] 0renN 8@ ewouoiny AiseAIIN AQ £202T DeJ/TTTT 0T/I0pwod Ao 1M ARiq 1l juo//Sdny wouy papeojumoq ‘T ‘102 ‘TETSESLT



J. Gamboa-Delgado

Gamboa-Delgado ], Pena-Rodriguez A, Cruz-Suarez LE, Ric-
que D (2011) Assessment of nutrient allocation and meta-
bolic turnover rate in Pacific white shrimp Litopenaeus
vannamei co-fed live macroalgae Ulva clathrata and inert
feed: dual stable isotope analysis. Journal of Shellfish
Research 30: 1-10.

Gannes LZ, O’Brien DM, Martinez del Rio C (1997) Stable iso-
topes in animal ecology: assumptions, caveats, and a call for
more laboratory experiments. Ecology 78: 1271-1276.

Gonzalez-Felix M, Perez-Velazquez M, Quintero-Alavarez ], Davis
D (2009) Effect of various dietary levels of docosahexaenoic
and arachidonic acids and different n-3/n-6 ratios on biological
performance of Pacific white shrimp, Litopenaeus vannamei,
raised in low salinity. Journal of the World Aquaculture Society
40: 194-206.

Hood MA, Meyers SP (1974) Microbial aspects of penaeid
shrimp digestion. Gulf and Caribbean Fisheries Institute. Pro-
ceedings of the 27th Annual Session. pp. 81-91. Miami Beach,
FL. USA.

Hoyt M, Fleeger JW, Siebeling R, Feller R (2000) Serological
estimation of prey-protein gut residence time and quantifica-
tion of meal size for grass shrimp consuming meiofaunal co-
pepods. Journal of Experimental Marine Biology and Ecology
248: 105-119.

Hunter B, Pruder G, Wyban J (1987) Biochemical composition
of pond biota, shrimp ingesta, and relative growth of Penaeus
vannamei in earthen ponds. Journal of the World Aquaculture
Society 18: 167—-174.

Jomori RK, Ducatti C, Carneiro DJ, Portella MC (2008) Sta-
ble carbon (8'°C) and nitrogen (3'°N) isotopes as natural
indicators of live and dry food in Piaractus mesopotamicus
(Holmberg, 1887) larval tissue. Aquaculture Research 39:
370-381.

Ju ZY, Forster I, Conquest L, Dominy W, Kuo WC, Horgen DF
(2008) Determination of microbial community structures of
shrimp floc cultures by biomarkers and analysis of floc amino
acid profiles. Aquaculture Research 39: 118—133.

Kelly SP, Larsen SD, Collins PM, Woo NYS (2000) Quantitation
of inert feed ingestion in larval sea bream (Sparus sarba) using
auto-fluorescence of alginate-based microparticulate diets.
Fish Physiology and Biochemistry 22: 109-117.

Kent M, Browdy CL, Leffler JW (2011) Consumption and diges-
tion of suspended microbes by juvenile Pacific white shrimp
Litopenaeus vannamei. Aquaculture 319: 363—368.

Le Vay L, Gamboa-Delgado J (2011) Naturally-occurring stable
isotopes as direct measures of larval feeding efficiency, nutri-
ent incorporation and turnover. Aquaculture 315: 95-103.

MacAvoy S, Arneson L, Bassett E (2006) Correlation of metabo-
lism with tissue carbon and nitrogen turnover rate in small
mammals. Oecologia 150: 190-201.

Martinez del Rio C, Wolf BO (2005) Mass-balance models for
animal isotopic ecology. In: Starck JM, Wang T (eds) Physio-
logical and Ecological Adaptations to Feeding in Vertebrates, pp.
141-174. Science Publishers, Enfield, NH.

46

Martinez del Rio C, Wolf N, Carleton SA, Gannes LZ (2009) Iso-
topic ecology ten years after a call for more laboratory experi-
ments. Biology Reviews 84: 91-111.

Martinez-Cérdova LR, Campana-Torres A, Porchas-Cornejo
MA (2002) Promotion and contribution of biota in low water
exchange ponds farming blue shrimp Litopenaeus stylirostris
(Stimpson). Aquaculture Research 33: 27-32.

Martinez-Cérdova LR, Pasten N, Barraza R (1998) Effect of
fertilization on growth survival, food conversion ratio and
production of Pacific white shrimp Penaeus vannamei in
earthen ponds in Sonora, Mexico. The Progressive Fish Cultur-
ist 60: 101-108.

Martinez-Rocha L, Gamboa-Delgado J, Nieto-Lopez MG, Ric-
que-Marie D, Cruz-Suarez LE (2013) Incorporation of dietary
nitrogen from fish meal and pea meal (Pisum sativum) in
muscle tissue of Pacific white shrimp (Litopenaeus vannamei)
fed low protein compound diets. Aquaculture Research 44:
847-859.

Matsuda H, Takenouchi T, Tanaka S, Watanabe S (2009) Rela-
tive contribution of Artemia and mussel as food for cultured
middle-stage Panulirus japonicas phyllosomata as determined
by stable nitrogen isotope analysis. New Zealand Journal of
Marine and Freshwater Research 43: 217-224.

McClelland JW, Montoya JP (2002) Trophic relationships and
the nitrogen isotopic composition of amino acids in plankton.
Ecology 83: 2173-2180.

McCullagh J, Gaye-Siessegger J, Focken U (2008) Determination
of underivatized amino acid 8"°C by liquid chromatography/
isotope ratio mass spectrometry for nutritional studies: the
effect of dietary non-essential amino acid profile on the isoto-
pic signature of individual amino acids in fish. Rapid Commu-
nications in Mass Spectrometry 22: 1817—-1822.

Michener RH, Schell DM (1994) Stable isotope ratios as tracers
in marine aquatic food webs. In: Lajtha K, Michener RH (eds)
Stable Isotopes in Ecology and Environmental Science, pp. 138—
157. Blackwell Scientific Publications, Oxford, UK.

Milstein A, Peretz Y, Harpaz S (2009) Culture of organic tilapia
to market size in periphyton based ponds with reduced feed
inputs. Aquaculture Research 40: 55-59.

Moles P, Bunge J (2002) Shrimp farming in Brazil: an industry
overview. Report prepared under the World Bank, NACA,
WWF and FAO Consortium Program on Shrimp Farming
and the Environment. Work in Progress for Public Discus-
sion. Published by the Consortium. 26 pp. Available from
URL: http://library.enaca.org/Shrimp/Case/LatinAmeri-
ca/Brazil/ShrimpFarmingBrazil.pdf

Moriarty DJW (1997) The role of microorganisms in aquacul-
ture ponds. Aquaculture 151: 333-349.

Nunes AJP, Parsons GJ (2000) Effects of the Southern brown
shrimp, Penaeus subtilis, predation and artificial feeding on
the population dynamics of benthic polychaetes in tropical
pond enclosures. Aquaculture 183: 125-147.

Nunes AJP, Gesteira TCV, Goddard S (1997) Food ingestion
and assimilation by the Southern brown shrimp Penaeus

Reviews in Aquaculture (2014) 6, 36-47
© 2013 Wiley Publishing Asia Pty Ltd

85U8017 SUOWIWOD 9A 181D 3 qeot dde au Aq peusenob ale sajoie YO ‘9SO Sa|nJ Joj Aeiq18UlUO A8]IAA UO (SUOTPUOO-PUR-SLUB)LIY A8 | 1M Afe.d 1 jBu JUo//:Sdny) SUORIpUOD pue swie | 8y} 89S *[6202/90/60] UO AiqiT8uliuo A8|1m ‘Uce ] 0renN 8@ ewouoiny AiseAIIN AQ £202T DeJ/TTTT 0T/I0pwod Ao 1M ARiq 1l juo//Sdny wouy papeojumoq ‘T ‘102 ‘TETSESLT



subtilis under semi-intensive culture in NE Brazil. Aquaculture
149: 121-136.

O’Brien DM, Boggs CL, Fogel ML (2003) Pollen feeding in the
butterfly Heliconius charitonia isotopic evidence for essential
amino acid transfer from pollen to eggs. Proceedings of the
Royal Society B: Biological Sciences 270: 2631-2636.

O’Brien DM, Boggs CL, Fogel ML (2005) The amino acids used
in reproduction by butterflies: a comparative study of dietary
sources using compound-specific stable isotope analysis. Phys-
iological and Biochemical Zoology 78: 819—827.

Parrish CC, Whiticar M, Puvanendran V (2007) Is 06 docosa-
pentaenoic acid an essential fatty acid during early ontogeny
in marine fauna? Limnology and Oceanography 52: 476—479.

Peterson BJ, Fry B (1987) Stable isotopes in ecosystem studies.
Annual Review of Ecology and Systematics 18: 293—320.

Phillips DL, Gregg JW (2001) Uncertainty in source partitioning
using stable isotopes. Oecologia 127: 171-179. (see also erra-
tum, Oecologia 128: 204).

Phillips DL, Gregg JW (2003) Source partitioning using stable
isotopes: coping with too many sources. Oecologia 136: 261—
269.

Porchas-Cornejo MA, Martinez-Cérdova LR, Ramos-Trujillo L,
Herndndez-Lépez ], Martinez-Porchas M, Mendoza-Cano F
(2011) Effect of promoted natural feed on the production,
nutritional, and immunological parameters of Litopenaeus
vannamei (Boone, 1931) semi-intensively farmed. Aquaculture
Nutrition 17: e622—628.

Ray AJ, Dillon KS, Lotz JM (2011) Water quality dynamics and
shrimp (Litopenaeus vannamei) production in intensive, mes-
ohaline culture systems with two levels of biofloc manage-
ment. Aquacultural Engineering 45: 127—136.

Reymond H, Lagardere JP (1990) Feeding rhythms and food of
Penaeus japonicus Bate Crustacea, Penaeidae in salt water
ponds: role of halophilic entomofauna. Aquaculture 81: 125—
143.

Richards MP, Fuller BT, Molleson TI (2006) Stable isotope
palaeodietary study of humans and fauna from the multi-

Reviews in Aquaculture (2014) 6, 36-47
© 2013 Wiley Publishing Asia Pty Ltd

Contribution of nutrients as indicated by isotopes

period (Iron Age, Viking and Late Medieval) site of New-
ark Bay, Orkney. Journal of Archaeological Science 33: 122—
131.

Schlechtriem C, Focken U, Becker K (2004) Stable isotopes as a
tool for nutrient assimilation studies in larval fish feeding on
live food. Aquatic Ecology 38: 93—100.

Schroeder GL (1983) Sources of fish and prawn growth in polycul-
ture ponds as indicated by 8'°C analysis. Aquaculture 35: 29-42.

Serrano R, Blanes MA, Orero L (2007) Stable isotope determina-
tion in wild and farmed gilthead sea bream (Sparus aurata)
tissues from the western Mediterranean. Chemosphere 69:
1075-1080.

Stern S, Sonnenholzner S (2011) Semi-intensive shrimp culture:
the history of shrimp farming in Ecuador. In: Alday-Sanz V
(ed.) The Shrimp Book, pp. 207-232. Nottingham University
Press, Nottingham, UK.

SuY, Ma S, Tian X, Dong S (2008) A Study on the contribution
of different food sources to shrimp growth in an intensive
Fenneropenaeus chinensis pond. Journal of Ocean University of
China (English Edition) 7: 453—456.

Tacon AGJ (1995) Aquaculture feeds and feeding in the next
millennium: major challenges and issues. First electronic con-
ference on Tropical feeds and feeding systems. www.fao.org/
WAICENT/FAOINFO/AGRICULT/AGA/AGAP/FRG/ECON
FO5/HTML/TACON.HTM.

Van der Zanden MJ, Shuter BJ, Lester N, Rasmussen JB (1999)
Patterns of food chain lengths in lakes: a stable isotope study.
American Naturalist 154: 406—416.

Venero JA, Davis DA, Rouse DB (2007) Variable feed allowance
with constant protein input for the pacific white shrimp
Litopenaeus vannamei reared under semi-intensive conditions
in tanks and ponds. Aquaculture 269: 490-503.

Verschoor AM, Boonstra H, Meijer T (2005) Application of sta-
ble isotope tracers to studies of zooplankton feeding, using
the rotifer Brachionus calyciflorus as an example. Hydrobiolo-
gia 546: 535-549.

47

85U8017 SUOWIWOD 9A 181D 3 qeot dde au Aq peusenob ale sajoie YO ‘9SO Sa|nJ Joj Aeiq18UlUO A8]IAA UO (SUOTPUOO-PUR-SLUB)LIY A8 | 1M Afe.d 1 jBu JUo//:Sdny) SUORIpUOD pue swie | 8y} 89S *[6202/90/60] UO AiqiT8uliuo A8|1m ‘Uce ] 0renN 8@ ewouoiny AiseAIIN AQ £202T DeJ/TTTT 0T/I0pwod Ao 1M ARiq 1l juo//Sdny wouy papeojumoq ‘T ‘102 ‘TETSESLT



