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ABSTRACT: Determination of the isotopic turnover rate in the various tissues of an organism is
one of the essential prerequisites for tracing the food sources of consumers and for elucidating
trophic interactions in ecological studies using stable isotope analysis (SIA). Isotopic turnover and
fractionation in the commercially important freshwater teleost grass carp Ctenopharyngodon idellus, however, are poorly understood so far. In the present study, we conducted a diet-switch experiment of C. idellus for 3 mo to assess nitrogen isotopic turnover and fractionation in different tissues of this species, including liver, muscle, and gill. The results revealed that turnover rates
exhibited significant differences between tissues and increased in the sequence of gill < muscle <
liver, owing to the differences in metabolic activities between the tissues. Contribution to longterm nitrogen isotopic turnover rates from metabolism was greatest for the liver (~70 to 77% metabolic contribution) and greatest from growth for the gill (86 to 90% contribution of net tissue
increase). Nitrogen half-lives estimated with time- or growth-based models were, respectively,
29.9 d and 1.18-fold mass increase for liver, 68.3 d and 1.45-fold mass increase for muscle, and
115.4 d and 1.81-fold mass increase for gill. The nitrogen isotopic fractionation of all tissues was
enriched by 3 to 4 ‰ relative to the nitrogen isotopic signature of the diet, with significant differences between the 3 types of tissues, probably owing to the different biochemical pathways and
constituents between the various tissues.
KEY WORDS: Ctenopharyngodon idellus · Nitrogen isotopic turnover · Metabolism · Growth ·
Fractionation
Resale or republication not permitted without written consent of the publisher

The stable isotope ratio of nitrogen, i.e. the ratio
of 15N:14N (δ15N), is widely used for assessing the
feeding ecology of organisms (Guelinckx et al. 2007,
Overmyer et al. 2008) and the trophic interactions in
food webs (Murchie & Power 2004, Persaud et al.
2012). In contrast with traditional gut content analysis, which captures a snapshot of consumer food
sources recently consumed (Jones & Waldron 2003),
stable isotope analysis (SIA) as a dietary tracer provides an integrated estimate of long-term food utilization (Gao et al. 2006, 2011) and reflects the iso-

topic signature of diet sources with a fractionation
factor by analyzing the entire organism or a specific
tissue (Phillips & Gregg 2003). In spite of the obvious
advantages of SIA, multiple caveats or assumptions
have been recognized and addressed for the application of SIA, such as the variable isotopic fractionation
between various diet sources, consumer species, and
tissue types, and the uptake and elimination kinetics
of 15N and 14N in organisms after a diet switch
(Gannes et al. 1997). Particularly, analysis of the
nitrogen isotope ratio plays a more important role in
elucidating trophic positions in ecological studies
since nitrogen stable isotopes show more remarkable
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fractionation between trophic levels relative to carbon and sulfur (Post 2002).
After a consumer is provided with an isotopically
distinct diet, the isotopic ratios of its tissues will
change as a consequence of 2 general processes:
catabolic breakdown and anabolic replacement. The
isotopic turnover rate depends on both the growth
rate, representing the synthesis from the new diet in
excess of breakdown; and the metabolic rate, representing the balanced rate of breakdown of old tissue
synthesized during feeding on a previous diet and resynthesis of tissue components made from the new
diet (Hesslein et al. 1993, MacAvoy et al. 2005). With
known growth rates, the proportional contributions
of metabolism and growth to stable isotopic turnover
can be estimated from nonlinear regressions of the
isotopic turnover trajectories based on both time and
growth models (Buchheister & Latour 2010). Previous
studies have showed that the contribution of metabolic replacement to the total isotopic turnover rate is
negligible or of minor importance for the juveniles of
ectothermic species, and growth is the primary factor
driving the turnover of stable isotopes due to the low
metabolic activities of ectothermic animals (Maruyama et al. 2001, Bosley et al. 2002, Tominaga et al.
2003). However, contrasting results have been recently found, showing that the isotopic turnover rate
substantially varies depending on the relative metabolic activity of various tissues (Herzka & Holt 2000,
Herzka et al. 2001, Sakano et al. 2005, McIntyre &
Flecker 2006, Sulak et al. 2012).
With the increasing application of SIA in studies on
trophic ecology, it is crucial to determine the extent
and cause of the variation in isotopic turnover rates
among species (Tieszen et al. 1983, Tarboush et al.
2006, Fisk et al. 2009) and tissues (MacNeil et al.
2006, Guelinckx et al. 2007), and to take tissuespecific turnover rates into account for accurate interpretation of isotopic data. Meanwhile, the time lag
determined by the isotopic turnover rate in the tissue
is essential for quantitatively analyzing shifts in food
habit and habitat. Although research on isotopic
turnover rates in organisms has become more popular recently, studies focusing on the nitrogen isotopic
turnover rate in various fish tissues after a diet switch
are very scarce, especially for slow-growing fish
(Vander Zanden et al. 1998, Reich et al. 2008).
When in equilibrium with the new diet after food
conditions are changed, fractionation represents the
difference in stable isotopic ratios between the diet
and the tissue of the consumer, which is strongly
related to metabolic processes (Fry 2006). Generally,
δ15N of the consumer is slightly higher than that in its

diet because the preference for the lighter isotope in
enzymatic processes leads to more excretion of
isotopically lighter 14N relative to 15N, and the heavy
nitrogen isotope remains in the tissues of the consumer. Consequently, the ratio of 15N:14N (δ15N) will
increase in the consumer. Traditional fractionation
of 2.0 to 3.4 ‰ for nitrogen per trophic level has been
applied in aquatic systems (Peterson & Fry 1987,
Karlsson et al. 2004). However, broad bounds of fractionations have been reported (δ15N, −0.7 to 9.2 ‰),
and considerable differences in fractionation values
have been observed among species and tissues (Pinnegar & Polunin 1999, Vanderklift & Ponsard 2003,
Buchheister & Latour 2010, Sulak et al. 2012). Taking
species- or tissue-specific fractionation into account
can greatly improve the accuracy when predicting
trophic levels or stable isotopic signatures of organisms based on known isotopic data. It is essential to
measure fractionation, since only a few fractionation
values for fish tissues have been published.
Grass carp Ctenopharyngodon idellus is the most
commercially important freshwater fish species for
aquaculture in China. Its production has increased
rapidly over recent decades. At present, the production of this species has reached 4 222 000 tons, or
18.0% of the total aquaculture production of all
freshwater fish species in China (MOAC 2011). In
spite of the fast-growing aquaculture industry, application of stable isotopes for biological and ecological
studies on this species has not been reported so
far. In the present study, we conducted a diet-switch
experiment where grass carp were fed an isotopically
distinct diet, and changes in nitrogen stable isotope
values were recorded over time until fish tissues
came to reflect the nitrogen isotopic signatures of the
new diet. The objectives were: (1) to determine turnover rate and fractionation of nitrogen stable isotope
in muscle, liver, and gill of C. idellus, and (2) to examine and compare the proportional contributions of
metabolism and growth to nitrogen stable isotopic
turnover in these 3 tissues.

MATERIALS AND METHODS
Experiment
The experiment was conducted at the Fresh Water
Fishery Research Institute of Shandong Province,
China (36° 69’ N, 116° 86’ E) and lasted for 3 mo.
Grass carp were collected from a local commercial
farm. They were continuously fed artificial feed (control feed) with constant nitrogen stable isotopic com-
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position to ensure the complete turnover of the stable
isotopes and thus equal isotopic ratios for grass carp
individuals at the start of experiment. The grass carp
were transported to the laboratory immediately after
collection and acclimated for 3 wk while maintained
with the control feed. After acclimation, the grass
carp were divided into 2 groups. The first group
(control group) was fed the control feed continuously,
which had a nitrogen stable isotopic ratio of 2.04 ±
0.06‰ and dietary components of 28.1% protein, 6.3%
crude fat, and 3.2% fiber. The second group (experimental group) was for the diet-switch experiment
and was fed pelletized feed (experimental feed)
whose main ingredient was ground corn. The nitrogen stable isotopic ratio of the experimental feed
(6.68 ± 0.17 ‰) was distinct from that of the control
feed (2.04 ± 0.06 ‰). This allowed the identification of
the changes in the stable isotopic ratios in the experimental group after the diet switch. The major
components of the experimental feed included 9.2%
protein, 3.1% crude fat, and 5.5% fiber. Each group
contained 90 grass carp randomly allocated into 3
cylindrical aquaria as triplicates, i.e. 30 individuals
were cultured in each aquarium. The average initial
wet weight of the grass carp was not statistically different among the aquaria (ANOVA, p > 0.05).
During the experiment, grass carp were fed a daily
ration of 5% body weight and kept in freshwater
aquaria at a temperature of 20 ± 0.5°C and a 13 h light:
11 h dark photoperiod. Adequate water circulation
and continuous aeration ensured homogeneous and
stable environmental conditions for each aquarium.
At the start of the experiment, 3 fish were sacrificed
to obtain baseline nitrogen isotopic signatures of liver,
muscle, and gill. To monitor the nitrogen isotopic
turnover rates of the fish tissues over the duration of
the experiment, 3 individuals from the same aquaria
in each group were randomly sampled on Days 7, 14,
28, 42, 56, and 84, and euthanized by low-temperature
anesthesia for measurement of wet weight and nitrogen stable isotopes.
Wet weight was determined to the nearest 0.01 g
using an electronic balance. The specific growth rate
(SGR) and the relative increase in weight were calculated as described in Eq. (3). After mass weighing,
the collected grass carp were dissected; liver, trunk
muscle, and gill arch were separated and immediately rinsed with distilled double deionized water. All
samples for SIA were dried at 60°C for over 72 h to
constant dry weight. Tissues of 3 individuals sampled
from the same aquarium were pooled as 1 replicate.
The dried tissues were ground to fine, homogeneous
powder using a micro-grinder and a sieve of 0.5 mm
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mesh size. Tissues collected from the 3 different
aquaria were used as 3 replicates. The tissue powder
was tightly sealed in a glass Petri dish and stored in
an ultra-low-temperature freezer (−80°C) for future
analyses.

Stable isotope analysis
After the sample homogenization, nitrogen isotope
ratios were determined using an elemental analyzer
coupled with an isotope ratio mass spectrometer
(EA-IRMS, ThermoFinnigan MAT Delta-plus). Results
of isotope ratios were expressed in standard δ-unit
notation, which is defined as follows:
δX = [(Rsample /Rstandard) – 1] × 1000 ‰

(1)

where X = 15N, and R is the 15N:14N ratio. The values
were reported relative to air N2. A laboratory working standard (glycine) was run for every 10 samples.
Analytical precision was ± 0.1 ‰.

Time-based model
To estimate the turnover rates in different tissues of
grass carp, changes in nitrogen stable isotope ratios
were modeled as an exponential function of time
including growth and metabolic constants after the
diet switch (Hesslein et al. 1993). The time-based
model is described by the following equation:

δt = δ f + (δ i – δ f) e–(k + m)t

(2)

where δt is the δ N value of fish at experimental time
t, δ f is the expected isotopic value for grass carp in
equilibrium with the new diet, δ i is the initial δ15N
prior to the diet switch, and m is the metabolic turnover constant. δ f was estimated using nonlinear regression, and the average isotopic ratios of the 3
grass carp collected before the diet switch was used
as the estimate of δ i in the model. The growth rate
constant k, represented by SGR, was determined by
the following exponential growth model (Sun et al.
2012):
15

k = ln(Wf /Wi )/t

(3)

where Wi is the initial weight of grass carp on Day 0,
and Wf is the final weight when sampled on Day t.
Any nitrogen isotopic turnover in excess of growth
was attributable to metabolic tissue replacement (m).
m was derived by fitting the exponential model in
Eq. (2) using the software SPSS for Windows, Release
16.0 (SPSS Inc. 2008), to match the observed isotopic
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data, i.e. using the experimental time (t) as independent, and the corresponding δ15N values of fish at
Time t (δt ) as dependent. Expected nitrogen isotopic
change due to growth alone was calculated using
Eq. (2) where m was set to 0 (Hesslein et al. 1993).
The relative contributions of growth (k) and metabolism (m) were calculated as the ratio of each parameter to the sum of the 2 parameters (k + m). Such
calculation yielded the contributing proportions of
growth (Pg) and metabolism (Pm) to the turnover of
nitrogen stable isotope.
Fractionation estimates of δ15N between the diet
and each tissue (Δ) were calculated as
Δ = δ f – δd

(4)

(Minagawa & Wada 1984), where δd is the δ15N of the
experimental feed after the diet switch. The time
period needed to achieve an α percent turnover of
δ15N was calculated as
Tα/100 = –ln(1 – α/100)/(k + m)

(5)

(Tieszen et al. 1983). To determine half-life (T0.5) of
tissue turnover, the equation is solved for α = 50%.

Growth-based model
Changes in nitrogen stable isotope ratios were also
modeled as a function of relative growth after the
diet switch. The growth-based model was represented by

δW R = δ f + (δ i – δ f) WRc

(6)

(Buchheister & Latour 2010), where δ i and δ f are the
initial and final nitrogen stable isotope ratios of the
grass carp, respectively, as previously defined for
Eq. (2). The relative increase in weight of grass carp
(WR) was calculated as the final wet weight divided
by the initial wet weight, and the variable δW R is the
measured isotopic value for a fish given its increase
in weight. c is the turnover rate constant and was
derived by fitting the exponential model in Eq. (6)
using SPSS for Windows, Release 16.0 (SPSS Inc.
2008), to match the observed isotopic data, i.e. using
the relative mass increase WR as independent, and
the δ15N values corresponding to the WR (δW R) as
dependent. In the growth-based model, if c = −1,
growth is entirely responsible for turnover, whereas
if c < −1, metabolism is contributing to turnover of the
stable isotope in the tissue, with more negative values representing greater contributions by metabolism.
Diet-tissue fractionations (Δ) were also derived
from the estimates of δ f according to the growth-

based model using Eq. (4). The amount of relative
growth needed to achieve an α percent turnover of
δ15N was calculated as
Gα/100 = eln(1 – α /100)/c

(7)

The growth-based half-life (G0.5) is solved for α =
50% and represents the amount of growth needed
for a 50% conversion between the initial and final
isotopic values. Hence, the half-life estimated with
the growth-based model is expressed as an x-fold
mass increase. The fractions of new tissue derived
from growth (Dg) and from metabolism (Dm) were
calculated at the midpoint between the old and new
isotopic values:
Dg = 2 (G 0.5 – 1)/G 0.5

(8)

Dm = (2 – G 0.5)/G 0.5

(9)

Statistical analysis
Differences in the nitrogen isotopic ratios of the
grass carp tissues between the control and experimental groups were compared using paired Student’s
t-test paired by sampling time. Differences in the isotopic ratios between the sampling time points and between the 3 types of tissue, i.e. liver, muscle, and gill,
were analyzed using 2-way ANOVA with the sampling time points and tissue types as 2 treatment factors, followed by Tukey’s test for multiple comparisons.
Regression analyses were applied using nonlinear
procedures to determine the relationships of δ15N values to the SGR (k) and metabolic rate constant m for
the time-based model, and to the relative growth WR
for the growth-based model. Prior to statistical analysis, raw data were diagnosed for normality of distribution and homogeneity of variance with the Kolmogorov−Smirnov test and Levene’s test, respectively
(Zar 1999). All statistical analyses were performed
with SPSS for Windows, Release 16.0 (SPSS Inc. 2008).

RESULTS
Growth
All grass carp individuals in the control and experimental groups showed obvious growth during the
experiment (ANOVA, p < 0.05), and no significant
difference was found in the final body weight of the
fish between the control and experimental groups
(ANOVA, p > 0.05). Individuals in the experimental
group increased 1.58 times relative to the initial
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Day
0
7
14
28
42
56
84

Wet weight (g)
a

52.70 ± 0.70
55.05 ± 0.17ab
56.90 ± 1.75ab
60.99 ± 1.31bc
66.14 ± 1.61cd
71.68 ± 4.44d
83.41 ± 7.17e

SGR (d−1)

WR

na
0.0062 ± 0.0018
0.0055 ± 0.0026
0.0052 ± 0.0005
0.0054 ± 0.0005
0.0055 ± 0.0012
0.0054 ± 0.0010

na
1.04 ± 0.01
1.08 ± 0.04
1.16 ± 0.02
1.26 ± 0.03
1.36 ± 0.10
1.58 ± 0.13

10
9

7
6
5
4
3

weight and reached a wet weight of 83.41 g on average after the 84 d experiment (Table 1). SGR showed
the highest value of 0.0062 d−1 over the first 7 d, and
stayed relatively constant afterward, with a range
between 0.0052 and 0.0055 d−1.

Temporal changes in δ15N
Temporal changes in the observed δ15N values for
liver, muscle, and gill in the control and experimental
groups are shown in Fig. 1. Grass carp exhibited nonsignificant differences in the initial δ15N values among
all groups. Throughout the experiment, no significant
changes in the δ15N values occurred between the
sampling time points or between the 3 types of tissues
in the control group (ANOVA, p > 0.05). In contrast,
for the experimental group, the observed δ15N values
of the 3 types of fish tissues gradually increased after
the diet switch owing to the assimilation of the experimental feed, which has a higher δ15N value relative to
the control feed. For all tissues, significant nitrogen
isotopic shifts were observed on Day 7 relative to the
initial nitrogen isotopic composition, and such shifts
continued throughout the experiment (ANOVA, p <
0.05). Significant differentiation in the isotopic ratios
between the 3 types of tissues commenced from the
first week, and the δ15N values increased in the sequence of gill < muscle < liver (Fig. 1).

Contributions of growth and metabolism
to δ15N turnover
The expected changes in the nitrogen stable isotope ratios for liver, muscle, and gill estimated with
the time- and growth-based models are illustrated in

Liver (control)
Liver (Expt)
Muscle (control)
Muscle (Expt)
Gill (control)
Gill (Expt)

8

d15 N (‰)

Table 1. Ctenopharyngodon idellus. Temporal changes in
average wet weight, specific growth rate (SGR), and relative
growth (WR; final wet weight divided by initial wet weight)
of grass carp in the experimental group. Data are mean
± SD. Numbers with different superscripted letters mean a
significant difference (p < 0.05). na: not applicable
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0

7

14

28

42

Days

56

84

Fig. 1. Ctenopharyngodon idellus. Temporal changes (mean
± SD) in observed δ15N values for grass carp liver, muscle,
and gill tissue

Figs. 2 & 3, respectively. For all 3 types of tissues, the
nitrogen isotopic turnover rates with contributions
of growth plus metabolism (solid lines) were significantly higher than those owing to growth alone (dotted lines) based on either the time (Fig. 2) or growth
model (Fig. 3), suggesting that growth was not solely
responsible for nitrogen isotopic turnover. For the
time-based model (Table 2), the nitrogen isotopic
turnover rates driven by both growth and metabolism
(k + m) varied substantially between tissues (ANOVA,
p < 0.05), with the highest value of 0.0241 d−1 for liver
and the lowest value of 0.0061 d−1 for gill, showing
that nitrogen turned over most rapidly in liver, followed by muscle and then gill. In addition, the proportional contribution of metabolism to nitrogen turnover (Pm) suggested that metabolic tissue replacement accounted for 77% of nitrogen turnover for
liver, 47% for muscle, and 14% for gill, suggesting
that the change in the δ15N value of liver was principally derived from metabolic tissue replacement,
while for gill, the isotopic turnover was primarily
driven by the growth-related process of dilution
(Table 2). As for the growth-based model (Table 3),
the most negative value of c = −4.4900 confirmed the
predominant role of metabolism in δ15N turnover of
liver. The growth-based model, however, generated
slightly lower estimates of metabolic contributions to
isotopic turnover for all 3 types of tissue relative to
the results from the time-based model, with Dm values of 70%, 39%, and 10% for liver, muscle, and gill,
respectively (Table 3).
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d15 N (‰)

8
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5
4
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Days
Fig. 2. Ctenopharyngodon idellus. Changes in δ15N values (mean ± SD) estimated with the time-based model for liver (left), muscle
(middle), and gill (right) tissue. Solid lines/filled symbols represent the δ15N values with the contribution of growth and metabolism, and
dotted lines/open symbols are the δ15N values with the contribution of growth alone (m = 0). The horizontal dash-dotted lines represent the
expected final δ15N values of the grass carp tissues in equilibrium with experimental feed

mately double increase in mass, whereas 5.14- and
13.39-fold increase in mass were required for muscle
and gill, respectively (Table 3).
Based on the time model, the expected δ15N values
of the grass carp in the status of complete equilibrium
with the experimental feed (δ f) were 9.83 ‰, 10.63 ‰,
and 9.75 ‰ for liver, muscle, and gill, respectively
(Table 2). The δ f values derived from the growthbased model were 9.80 ‰, 10.57 ‰, and 9.72 ‰ for
liver, muscle, and gill, respectively, which were not
significantly different from those from the time-based
model (ANOVA, p > 0.05). The nitrogen isotopic
fractionations showed significant differences between

Turnover half-life and fractionation of
nitrogen stable isotopes
For the time-based model using Eq. (5), half-life
was 29.9, 68.3, and 115.4 d for liver, muscle, and gill,
respectively. To attain 95% of 15N turnover, 129.4,
295.3, and 498.5 d were required for liver, muscle,
and gill, respectively (Table 2). Results estimated
with the growth-based model (Eq. 7) showed that
grass carp achieved 50% turnover in liver, muscle,
and gill when growing 1.18, 1.45, and 1.81 times
relative to their initial mass, respectively. The 95%
turnover of 15N for liver occurred after an approxi10
9

(‰)

7

15 N

8

6
5
4
3
1.001.041.08 1.16

1.26

1.36

1.58 1.001.041.08 1.16

1.26

WR

1.36

1.58 1.001.041.08 1.16

1.26

1.36

1.58

Fig. 3. Ctenopharyngodon idellus. Changes in δ15N values (mean ± SD) estimated with the growth-based model for liver (left), muscle (middle), and gill (right) tissue. WR, relative growth (final wet weight divided by initial wet weight). Solid lines/filled symbols represent the δ15N
values with the contribution of growth and metabolism, and dotted lines/open symbols are the δ15N values with the contribution of growth
alone (c = −1). The horizontal dash-dotted lines represent the expected final δ15N values of the grass carp tissues in equilibrium with
experimental feed
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Table 2. Ctenopharyngodon idellus. Parameter estimates and calculations (mean ± SD) from the time-based model of δ15N
turnover for liver, muscle, and gill. m, metabolic turnover constant; k, growth constant; Pm, proportion of metabolic contribution to nitrogen turnover; Pg, proportion of growth contribution to nitrogen turnover; T0.5, time-based half-life; T0.95, time needed
to reach 95% nitrogen turnover; δ f, final asymptotic δ15N value; and Δ, fractionation between experimental feed and fish tissue
Tissue

m (d−1)

k + m (d−1)

Liver 0.0187 ± 0.0048
Muscle 0.0041 ± 0.0032
Gill
0.0009 ± 0.0009

0.0241 ± 0.0057
0.0096 ± 0.0025
0.0061 ± 0.0007

Pm

T0.5 (d)

Pg

T0.95 (d)

0.77 ± 0.02 0.23 ± 0.02
29.9 ± 7.7
0.47 ± 0.15 0.53 ± 0.15
68.3 ± 9.1
0.14 ± 0.15 0.86 ± 0.15 115.4 ± 14.0

δ f (‰)

129.4 ± 33.3 9.83 ± 0.67
295.3 ± 39.4 10.63 ± 1.17
498.5 ± 60.5 9.75 ± 0.64

Δ (‰)
3.14 ± 0.80
3.95 ± 1.20
3.06 ± 0.48

Table 3. Ctenopharyngodon idellus. Parameter estimates and calculations (mean ± SD) from the growth-based model of δ15N
turnover for liver, muscle, and gill. c, turnover constant; Dm, proportion of metabolic contribution to nitrogen turnover; Dg, proportion of growth contribution to nitrogen turnover; G0.5, growth-based half-life (x-fold increase); G0.95, amount of relative
growth needed to reach 95% nitrogen turnover (x-fold increase); δ f, final asymptotic δ15N value; and Δ, fractionation between
experimental feed and fish tissue
Tissue

c

Dm

Dg

G0.5

G0.95

δ f (‰)

Δ (‰)

Liver
Muscle
Gill

−4.4900 ± 1.0803
−1.7766 ± 0.4595
−1.1209 ± 0.1453

0.70 ± 0.07
0.39 ± 0.07
0.10 ± 0.04

0.30 ± 0.07
0.61 ± 0.07
0.90 ± 0.04

1.18 ± 0.05
1.45 ± 0.07
1.81 ± 0.07

2.03 ± 0.38
5.14 ± 1.25
13.39 ± 2.32

9.80 ± 0.67
10.57 ± 1.16
9.72 ± 0.66

3.12 ± 0.80
3.88 ± 1.19
3.03 ± 0.51

tissues (ANOVA, p < 0.05). The fractionations for
each specific tissue were consistent between the 2
models (ANOVA, p > 0.05), with the highest fractionation seen in muscle (Δ = 3.95 ‰ and 3.88 ‰ for timeand growth-based models, respectively). Nitrogen
fractionations for liver and gill ranged, depending on
whether the growth- or time-based model was used,
from 3.12 to 3.14 ‰ and from 3.03 to 3.06 ‰, respectively (Tables 2 & 3).

DISCUSSION
As an efficient trophic marker, nitrogen SIA is
widely used for diagnosing trophic relationships in
aquatic ecosystems (McCutchan et al. 2003, Vanderklift & Ponsard 2003, McIntyre & Flecker 2006).
Generally, such studies are based on 2 assumptions:
(1) consumers are in isotopic equilibrium with their
diets; and (2) fractionations between the diet and the
consumer’s tissue are known (Post 2002). However,
owing to various biological and environmental factors, such as the seasonality of food availability, the
variable isotopic signatures of a single diet over
space and time, the movement or migration of predators, and the physiological characteristics of various
species, the assumption that an organism is isotopically equilibrated to the diet are frequently violated (Sakano et al. 2005, Sweeting et al. 2007).
Therefore, there is a high demand to carry out laboratory experiments under controlled conditions for

determining the turnover rate of isotopes, especially
for unstudied species and tissues (Fisk et al. 2009).
Previous studies have been mainly focused on endotherms, such as mammals and birds (Hobson et
al. 2000, MacAvoy et al. 2005), whereas ectotherms,
especially fish tissues, have rarely been addressed so
far (Hesslein et al. 1993, Harvey et al. 2002, MacNeil
et al. 2005, Suring & Wing 2009, Sulak et al. 2012).
In the present study, the nitrogen stable isotope
turnover was analyzed for 3 types of grass carp tissue
by means of a diet-switch study. The results showed
that the nitrogen isotopic signatures of grass carp
tissue reflected and approached those of the new
diet (experimental feed), and the nitrogen isotopic
turnover processes were mathematically predictable
following the turnover models, as reported by others
(Guelinckx et al. 2007). Hesslein et al. (1993) reported
that turnover rates of nitrogen stable isotope for liver
and muscle tissue were similar in broad whitefish,
suggesting that the remarkable differences in turnover rates between tissues of endotherms might not
occur in fishes (Sweeting et al. 2005, McIntyre &
Flecker 2006). This was also supported by Herzka &
Holt (2000), who stated that the high basal metabolism of endotherms probably results in a tissuespecific turnover rate that does not occur in ectotherms. However, results of the half-lives for the 3
types of grass carp tissue in the present study demonstrated that different turnover rates of the nitrogen
isotope substantially varied between different fish tissues. Meanwhile, estimation based on the time and
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growth models showed that nitrogen turnover rates
therefore the shorter the half-life of the tissue
increased following the rank of gill < muscle < liver
(MacAvoy et al. 2005). Such correlation was well
owing to the variations in enzyme systems and bioconfirmed by the results of the present experiment.
chemical components between the various tissues of
Another factor influencing nitrogen isotopic turnover
grass carp (Fig. 1). This is consistent with other rerates is the different biochemical composition of tisports in fish that showed that liver generally showed
sues. The relative abundance of amino acids in the
faster isotopic turnover rates than other tissues, such
various tissues differs. The isotopic composition of
as muscle, heart, and cartilage (MacNeil et al. 2006,
essential amino acids exhibits little change during
Tarboush et al. 2006, Guelinckx et al. 2007, Buchassimilation. However, amino acids that are wholly
heister & Latour 2010). As a result of the different
synthesized or at least partly modified may undergo
nitrogen isotopic turnover rates, liver had the shortest
shifts in δ15N with varying magnitude depending on
the biosynthetical pathway (Pinnegar & Polunin
half-life (29.9 d or 1.18-fold increase in mass for time1999, Guelinckx et al. 2007). Liver protein is known
and growth-base models, respectively) compared to
to have a greater proportion of essential amino acids,
other tissues, suggesting the greatest potential to inwhich might explain the higher observed δ15N values
dicate the most recent change in dietary isotopes.
for liver (Kurle & Worthy 2002, McClelland & MonConversely, it appears that muscle and gill respond
toya 2002).
relatively more slowly to the changes in the isotopic
Nitrogen isotopic fractionation might differ significomposition of the diet (Tables 2 & 3). No significant
cantly among species and tissues. Based on a mathedifferences in the nitrogen stable isotope composition
matical model, Martínez del Rio & Wolf (2005) prefor the 3 types of grass carp tissues in the control
dicted that δ15N values of growing organisms were
group were observed during the experiment, consignificantly lower than those of non-growing organfirming the assumption that the fish had been in an
isms, and δ15N values decreased as the ratio of incorisotopically steady state with the constant supply of
porated nitrogen in tissues increased. In the present
control feed at the start of experiment.
study, the nitrogen isotopic fractionation showed sigThe nitrogen stable isotope turnover rates of the 3
nificant differences between the 3 tissues, which is
types of grass carp tissue were significantly higher
consistent with results from other reports (Sweeting
than those predicted by growth alone (Figs. 2 & 3),
et al. 2007, Buchheister & Latour 2010). The principal
which indicates that the tissue turnover might be
factor that might explain the differentiation in δ15N
attributable to both tissue replacement in the form of
between tissues is the variation in amino acid profiles
metabolism (m) and net tissue increase in the form of
for specific tissues. The δ15N of different amino acids
growth (k). Metabolic contributions to nitrogen isogenerally varies significantly (McClelland & Montopic turnover reached approximately 70−77% and
toya 2002, Fogel & Tuross 2003), resulting in subse39−47% for liver and muscle, respectively, while
quent differences in isotopic fractionation among
86−90% contribution of growth to nitrogen isotopic
tissues (Howland et al. 2003). Pinnegar & Polunin
turnover was strongly correlated with less metabolic
(1999) also reported that amino acid profiles influactivity of gill, and reflected that growth played a
enced the fractionation of various tissues. The intermore important role in the long-term isotopic turntissue variation in δ15N in the present study suggests
over of gill (Tables 2 & 3). Such results indicate that
that such a phenomenon is possibly common in fish.
metabolism is not always negligible in the isotope
turnover of fish tissue (Herzka & Holt 2000, MarcoAcknowledgements. The work described in this paper was
gliese 2001, Harvey et al. 2002). Similar results were
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