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Abstract Although stable isotope ratios in animals have
often been used as indicators of the trophic level and for
the back-calculation of diets, few experiments have been
done under standardized laboratory conditions to inves-
tigate factors influencing d15N and d13C values. An
experiment using Nile tilapia [Oreochromis niloticus (L.)]
was therefore carried out to test the effect of different
dietary protein contents (35.4, 42.3, and 50.9%) on d15N
and d13C values of the whole tilapia. The fish were fed the
isoenergetic and isolipidic semi-synthetic diets at a
relatively low level. d15N and d13C values of the lipid-
free body did not differ between the fish fed the diets with
different protein contents, but the trophic shift for N and
C isotopes decreased with increasing protein accretion in
the individual fish, for N from 6.5‰ to 4‰ and for C in
the lipid-free body from 4‰ to 2.5‰. This is the first
study showing the strong influence of the individual
protein balance to the degree to which the isotopic
signature of dietary protein was modified in tissue protein
of fish. The extrapolation of the trophic level or the
reconstruction of the diet of an animal from stable isotope
ratios without knowledge of the individual physiological
condition and the feeding rate may lead to erroneous
results.

Introduction

The use of stable isotopes in ecological research has
increased tremendously over the last decade. Stable
isotope ratios are used, for example, to reconstruct the
diets of animals (Szepanski et al. 1999), to determine the
fate of assimilated nutrients (Ambrose and Norr 1993), or
to investigate the trophic position of animals in ecological
systems (Welch and Parsons 1993). Animals are usually
enriched in the heavier isotope compared with their diet
(DeNiro and Epstein 1978, 1981). For N isotopes an
enrichment of 1.3–5.3‰ has been observed (Minagawa
and Wada 1984), but in practice a constant diet–tissue
discrimination factor (trophic shift) of 3.5‰ is often used
for the back-calculation of diets (Herrera et al. 2002).
Feed quality seems to be important for the absolute value
of the trophic shift. Hobson and Clark (1992) observed
lower trophic shifts for N in crows (Corvus brachyrhyn-
chos) raised on a perch-based diet compared with that in
crows raised on a plant-based diet. Gaye-Siessegger et al.
(2003) found significantly higher values for the trophic
shift of C and N isotopes in Nile tilapia fed a semi-
synthetic wheat-based diet compared with those fed a
fish-meal-based diet. Adams and Sterner (2000) fed water
fleas (Daphnia magna) with green algae (Scenedesmus
acutus) which differed in their C:N ratio (7.3–24.8). The
d15N values of the daphnids and the trophic shifts were
inversely related to the nitrogen content of the algae.
Pearson et al. (2003) fed songbirds (Dendroica coronata)
with diets differing in their relative proportions of fruit
and insects, and determined d15N and d13C values of
blood and feathers. In contrast to the previously men-
tioned results, they found higher discrimination factors
for carbon and nitrogen isotopes when the carbon and
nitrogen concentrations of the diets increased. It should be
noted that in this experiment, the birds did not grow.

Although d15N values serve as an indicator for the
trophic level of an animal in an ecological system, little
information is available on factors influencing these
values. Gannes et al. (1997) demanded more laboratory
research to interpret data gathered in the field and called
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for a better understanding of the processes that lead to
fractionation in different body components. The aim of
this work was therefore to investigate the influence of
different protein/energy ratios in the diet on the d15N and
d13C values of the whole body of Nile tilapia, Oreo-
chromis niloticus (L.), under controlled laboratory condi-
tions.

Materials and methods

The semi-synthetic isoenergetic and isolipidic diets used here were
made from wheat gluten, wheat starch, and wheat germ oil with
three different protein/energy ratios. Synthetic amino acids (argi-
nine, lysine, threonine, tryptophan, isoleucine, methionine) were
added to meet the tilapia’s nutritional requirements (National
Research Council 1993). Additional ingredients of the diets were
vitamin- and mineral-premixes and cellulose. The proximate
composition, the metabolizable energy, and d13C and d15N values
of the three semi-synthetic diets are given in Table 1. The diets
were offered in the form of 2-mm moist pellets and were stored
frozen until required.

The experimental fish were obtained from the University of
G�ttingen and were all from the same batch. Genetically male fish
were used, since Nile tilapia are mouthbrooding and females do not
feed while they are carrying eggs. Thirty-two fish were reared
individually with the diet P42 for 11 weeks to ensure a constant
individual feed intake and a dynamic equilibration with the semi-
synthetic diet. At the beginning of the main experiment, the fish
had an average body mass of 22.3€4.0 g. Seven tilapia were
sacrificed to estimate the initial body composition. The remaining
fish were randomly assigned to three groups and were fed
individually on the semi-synthetic diets at 5 g per kg0.8 per day,
which is slightly above the maintenance level of tilapia calculated
for a diet with the same proximate composition (Richter et al.
2002). The experiment lasted for 8 weeks.

At weekly intervals, the fish were weighed to adjust the feeding
ration. The water temperature was maintained at 27�C (€0.1�C).
Fish were kept under standardized conditions. At the end of the
experiment, all fish were fasted for 48 h before they were
sacrificed.

Analytical methods

The samples were prepared as described by Gaye-Siessegger et al.
(2003). The d13C values were analyzed separately in the lipid-free
matter and the lipids (Focken and Becker 1998). Mass spectrometry
was carried out at the Forest Ecosystems Research Center of the
University of G�ttingen (Germany) using an isotope ratio mass
spectrometer (Finnigan-MAT 251) coupled to an element analyzer
(EA 1108 Fisons Instruments). d13C data are expressed in the
differential notation relative to the PDB standard, d15N data relative
to air. The standard deviations for d13C and d15N values of the
external standard (acetanilide) were below 0.1‰.

Table 1 Proximate composition, metabolizable energy and d13C
and d15N values of the semi-synthetic diets. DM = Dry matter

P35 P42 P51

Proximate composition
Crude protein (% of DM) 35.4 42.3 50.9
Crude lipids (% of DM) 10.5 9.8 9.7
Crude ash (% of DM) 5.0 4.6 5.0

Metabolizable energy (kJ/g DM)a 14.9 14.5 14.4
d13C and d15N valuesb

d13C lipid-free (‰) �26.1 �26.3 �26.4
d13C lipids (‰) �28.0 �28.1 �28.2
d15N (‰) 2.2 2.3 2.2

a Calculated from Brett and Groves (1979) using 33.5 kJ/g for
lipids, 18.8 kJ/g for protein and 13.8 kJ/g for carbohydrates
b Differences between duplicate determinations for d13C <0.2‰ and
for d15N <0.3‰

Table 2 Initial composition of
tilapia and initial and final body
mass, body mass gain, feed
conversion, proximate compo-
sition, fat, protein, and energy
utilization parameters in tilapia
fed the three semi-synthetic
diets

Initial P35 P42 P51

Experimental details

Number of experimental animals (n) 7 9 8 8
Initial body mass (g) 21.5 (€2.07) 20.8 (€4.04) 24.7 (€4.64) 22.6 (€3.93)
Final body mass (g) 26.6 (€5.87) 32.0 (€7.75) 28.8 (€6.29)
Body mass gain (g) 5.7 (€3.11) 7.2 (€4.08) 6.2 (€3.55)
FCR (g/g) 3.2 (€2.81) 2.3 (€0.94) 2.6 (€1.11)

Chemical composition of fish

Dry matter (% of FM) 25.7 (€1.58) 24.6 (€1.41) 24.8 (€1.79) 23.0 (€1.97)
Crude protein (% of DM) 59.3 (€3.52) 59.6b (€2.19) 60.1b (€2.69) 64.2a (€4.82)
Crude lipids (% of DM) 24.4 (€4.42) 23.6a (€4.48) 24.0a (€4.42) 16.8b (€5.88)
Crude ash (% of DM) 13.9 (€1.26) 15.2ab (€1.94) 13.7b (€1.74) 16.2a (€1.39)
Gross energy (kJ/g DM) 23.6 (€1.08) 23.1ab (€1.44) 23.6a (€1.38) 21.7b (€1.85)

Efficiencies

Lipid gain (g) 0.3a (€0.46) 0.4a (€0.73) �0.3b (€0.42)
ALC (%) 20.9a (€34.74) 29.0a (€45.69) �23.0b (€37.15)
Protein gain (g) 0.7 (€0.52) 1.0 (€0.82) 0.8 (€0.63)
PPV (%) 16.6 (€10.51) 16.8 (€10.26) 11.9 (€8.66)
Energy gain (kJ) 28.1 (€28.62) 41.4 (€48.89) 8.7 (€25.74)
Energy retention ktot (%) 9.9 (€10.35) 12.3 (€12.66) 2.5 (€9.85)

DM = Dry matter, FM = Fresh matter
FCR = dry matter feed intake (g) / body mass gain (g)
ALC = 100 � [final fish body lipid (g) � initial fish body lipid (g)]/crude lipid intake (g)
PPV = 100 � [final fish body protein (g) – initial fish body protein (g)]/crude protein intake (g)
Data are the average of 8–9 fish and standard deviation. For tilapia fed the semi-synthetic diets, values
within one line not sharing the same letter code differ significantly (DMRT, P<0.05)
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Statistics

A multivariate analysis of variance (MANOVA) was used,
followed by ANOVAs for each dependent variable. Statistical
comparisons between treatments were made using Duncan’s
multiple range test (DMRT). The significance level was set at
P<0.05. The software used was STATISTICA 5.1. The linear
regressions were calculated using GraphPad InStat 3.05.

Results

Multivariate analysis showed a significant effect of
dietary protein content on the dependent variables (Rao’s
R=7.21; df=30, 16; P<0.0001). The three experimental
groups did not differ significantly from each other with
respect to initial (F=1.82; df=2, 22; P=0.1849) and final
body mass (F=1.39; df=2, 22; P=0.2712), body mass gain
(F=0.37; df=2, 22; P=0.6971) or feed conversion (F=0.53;
df=2, 22; P=0.5958), nor from the initial group with
respect to body mass (F=1.62; df=3, 28; P=0.2074) as
shown in Table 2. The fish fed diet P51 had significantly
higher crude protein values (F=4.51; df=2, 22; P=0.0228)
and lower crude lipid values (F=5.43; df=2, 22;
P=0.0120) than the fish fed the diets P35 and P42. The

lipid gain was significantly higher in fish fed the diets P35
and P42 compared with that of fish fed diet P51 (F=3.85;
df=2, 22; P=0.0369).

There were no significant differences in d13C values of
the lipids (F=1.10; df=2, 22; P=0.3511; data not shown)
and the lipid-free material (F=0.88; df=2, 22; P=0.4299)
and in d15N values (F=0.10; df=2, 22; P=0.9026) between
the averages of the three feeding groups, but regardless of
the experimental diet, in the individual fish the trophic
shift declined significantly for both N and C isotopes with
increasing protein efficiency, for N from 6.5‰ to 4‰ and
for C of the lipid-free material from 4‰ to 2.5‰ (for N:
y=�0.0538x+5.9793, r2=0.78, P<0.001, n=25; for C:
y=�0.0354x+3.7396, r 2=0.69, P<0.001, n=25; see Fig. 1).

Discussion

All fish were fed at the same level to avoid an influence of
the feeding level on d15N and d13C values (Gaye-
Siessegger et al. 2003, 2004).

The optimum protein level in the diet of fish depends on
the digestibility and amino acid composition of the protein,
the water temperature and salinity, the level of non-protein
energy, the feeding level, and the culture system. The
requirement also varies between species and life stages. On
the basis of growth, survival, and feed conversion,
Santiago et al. (1982) stated a dietary crude protein
requirement of 35% for tilapia fry. This is equivalent to the
protein content of diet P35 used here, whereas diets P42
and P51 had markedly higher protein contents.

Some of the results, for instance differences between
average body masses, might become significant at a
greater sample size. Although no significant differences
could be observed for average d15N and d13C values in the
different feeding groups of this experiment, the trophic
shift for N and C isotopes decreased with increasing
protein retention in the individual fish, because more
amino acids from the feed were used directly for the
synthesis of proteins and therefore the d15N and d13C
values of the fish approached the d15N and d13C values of
the feed. For N, the difference between the highest and
lowest trophic shift observed here was 2.5‰, which
corresponds to almost one trophic level (Fry and Sherr
1984). Gannes et al. (1998) stated that the body protein of
animals fed a high-protein diet appears to resemble the
isotopic values of dietary protein and not of the bulk diet.
The excess protein is deaminated and the carbon skeleton
burned to provide energy. In contrast, animals feeding on
protein-deficient diets recycle the amino-groups from
degraded tissue protein to synthesize new amino acids,
using the carbon skeletons derived from dietary carbohy-
drates and lipids (Fisler et al. 1982). Higher deamination
and transamination rates result in a higher enrichment in
15N (Macko et al. 1986; Schimerlik et al. 1975).

Vanderklift and Ponsard (2003) conducted a literature
review with 134 estimates from controlled studies of
consumer-diet 15N enrichment. They suggested that the

Fig. 1 Dd15Nwhole body—diet (A) and Dd13Clipid-free body—lipid-free diet (B)
decreased significantly with increasing protein accretion in the
individual fish, showing a considerable overlap between groups.
Note different scale of y-axis
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most important source of variation in 15N enrichment is
the major biochemical pathway for excretion of nitrog-
enous metabolites. In their meta-analysis, ammonotelic
organisms show lower 15N enrichment than ureotelic or
uricotelic organisms. Focken and Becker (1993) observed
that in carp (Cyprinus carpio) fed high-protein diets, the
sum of the body constituents protein (Kjeldahl-nitrogen �
6.25), lipids and ash exceeded 100%, and they attributed
this to the presence of non-protein nitrogen, most likely
urea. Da Silva (1991) reported that urea excretion can
contribute up to 45% of total nitrogen excretion in the
cichlid fish (Sarotherodon galilaeus), depending on the
environmental conditions. According to Vanderklift and
Ponsard (2003), in such a situation, a higher 15N
enrichment in the tissue can be expected compared to
situations when the fish excrete only ammonia. Mc-
Cutchan et al. (2003) expected high values for the trophic
shift for N isotopes when dietary N either exceeds or is
well below requirements for optimal growth. The trophic
shift for N should be highest at highest rates of N
excretion relative to assimilation of N. This is in
agreement with the results of the present study.

Gannes et al. (1997) predicted that the protein balance
has an important influence on the degree to which the
isotopic signature of dietary protein is conserved in a
consumer’s tissue. This experiment demonstrates the high
influence of the individual protein balance on the d13C
and d15N values in fish fed at relatively low intensity. In
ecological studies, neither the individual physiological
condition, nor the protein intake, nor the feeding rate of
an animal are known. All these factors increase the
uncertainty of the trophic shift and subsequent interpre-
tations of the trophic level and back-calculated diets, and
should therefore be considered in the light of the results
from stable isotope analysis.

Acknowledgements This study was partly funded by a DFG grant
to Dr. U. Focken (FO 267/8-1). The authors wish to thank R.
Langel, Georg-August University of G�ttingen, for analysis of the
isotopic ratios, Dr. H. Richter for critical reading of the manuscript,
and B. Fischer for support in the laboratory.

References

Adams TS, Sterner RW (2000) The effect of dietary nitrogen
content on trophic level 15N enrichment. Limnol Oceanogr
45:601–607

Ambrose SH, Norr L (1993) Carbon isotopic evidence for routing
of dietary protein to bone collagen, and whole diet to bone
apatite carbonate: purified diet growth experiments. In: Lam-
bert J, Grupe G (eds) Molecular archaeology of prehistoric
human bone. Springer, Berlin Heidelberg New York, pp 1–37

Brett JR, Groves DD (1979) Physiological energetics. In: Hoar WS,
Randall DJ, Brett JR (eds) Fish physiology. Academic Press,
New York, pp 280–325

Da Silva PA (1991) Untersuchungen zum Einfluss abiotischer und
biotischer Faktoren auf den Energie- und Proteinstoffwechsel
des Cichliden Sarotherodon galilaeus. Doctoral thesis, Univer-
sity of Hohenheim, Germany

DeNiro MJ, Epstein S (1978) Influence of diet on the distribution of
carbon isotopes in animals. Geochim Cosmochim Acta 42:495–
506

DeNiro MJ, Epstein S (1981) Influence of diet on the distribution of
nitrogen isotopes in animals. Geochim Cosmochim Acta
45:341–351

Fisler JS, Drenick EJ, Blumfeld DE, Swendseid ME (1982)
Nitrogen economy during very low calorie and very low
protein diets. Am J Clin Nutr 35:471–486

Focken U, Becker K (1993) Body composition of carp (Cyprinus
carpio L.). In: Braunbeck T, Hanke W, Segner H (eds) Fish:
ecotoxicology and ecophysiology. VCH, Weinheim, pp 269–
288

Focken U, Becker K (1998) Metabolic fractionation of stable
carbon isotopes: implications of different proximate composi-
tions for studies of the aquatic food webs using d13C data.
Oecologia 115:337–343

Fry B, Sherr EB (1984) d13C measurements as indicators of carbon
flow in marine and freshwater ecosystems. Contrib Mar Sci
27:13–47

Gannes LZ, O’ Brien DM, Mart�nez del Rio C (1997) Stable
isotopes in animal ecology: assumptions, caveats, and a call for
more laboratory experiments. Ecology 78(4):1271–1276

Gannes LZ, Mart�nez del Rio C, Koch P (1998) Natural abundance
variations in stable isotopes and their potential uses in animal
physiological ecology. Comp Biochem Physiol 119A:725–737

Gaye-Siessegger J, Focken U, Abel HJ, Becker K (2003) Feeding
level and diet quality influence trophic shift of C and N isotopes
in Nile tilapia (Oreochromis niloticus (L.)). Isot Environ Health
Stud 39:125–134

Gaye-Siessegger J, Focken U, Muetzel S, Abel HJ, Becker K
(2004) Feeding level and individual metabolic rate affect d13C
and d15N values in carp: implications for food web studies.
Oecologia 138:175–189

Herrera LG, Gutierrez E, Hobson KA, Altube B, D�az WG,
S�nchez-Cordero V (2002) Sources of assimilated protein in
five species of New World frugivorous bats. Oecologia
133:280–287

Hobson KA, Clark RG (1992) Assessing avian diets using stable
isotopes. II. Factors influencing diet–tissue fractionation.
Condor 94:189–197

Macko SA, Fogel Estep ML, Engel MH, Hare PE (1986) Kinetic
fractionation of stable nitrogen isotopes during amino acid
transamination. Geochim Cosmochim Acta 50:2143–2146

McCutchan JH, Lewis WM, Kendall C, McGrath CC (2003)
Variation in trophic shift for stable isotope ratios of carbon,
nitrogen, and sulfur. Oikos 102:378–390

Minagawa M, Wada E (1984) Stepwise enrichment of 15N along
food chains: further evidence and the relationship between d15N
and animal age. Geochim Cosmochim Acta 48:1135–1140

National Research Council (1993) Nutrient requirements of fish.
National Academy Press, Washington, D.C.

Pearson SF, Levey DJ, Greenberg CH, Mart�nez del Rio C (2003)
Effects of elemental composition on the incorporation of
dietary nitrogen and carbon isotopic signatures in an omniv-
orous songbird. Oecologia 135:516–523

Richter H, Francis G, Becker K (2002) A reassessment of the
maintenance ration of red tilapia. Aquacult Int 10:1–9

Santiago CB, Ba�es-Aldaba M, Laron MA (1982) Dietary crude
protein requirement of Tilapia nilotica fry. Philipp J Biol
11:255

Schimerlik MI, Rife JE, Cleland WW (1975) Equilibrium pertur-
bation by isotope substitution. Biochemistry 14:5347–5354

Szepanski MM, Ben-David M, Van Vallenberghe V (1999)
Assessment of anadromous salmon resources in the diet of
the Alexander Archipelago wolf using stable isotope analysis.
Oecologia 120:327–335

Vanderklift MA, Ponsard S (2003) Sources of variation in
consumer-diet d15N enrichment: a meta-analysis. Oecologia
136:169–182

Welch DW, Parsons TR (1993) d13C - d15N values as indicators of
trophic position and competitive overlap for Pacific salmon
(Oncorhynchus spp.). Fish Oceanogr 2:11–23

93


