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ABSTRACT: Carbon stable isotope signatures can effectively trace food sources, elucidate trophic
interactions, and presumably reflect food web structure. The present study conducted a dietswitch experiment using freshwater teleost grass carp Ctenopharyngodon idella cultured for 3 mo
with artificial feed that had a distinct carbon stable isotope composition. Turnover and fractionation of carbon stable isotopes were determined based on the proportional contributions of metabolism and growth to the isotopic turnover in different tissues. Carbon isotopic turnover rates
showed significant differences among tissues and increased in the sequence of gill < muscle <
liver due to the difference in the metabolic activities among the various tissues. Carbon half-lives
based on the isotopic turnover models were 22.5 d or 1.13-fold mass increase for liver, 52.7 d or
1.35-fold mass increase for muscle and 101.1 d or 1.73-fold mass increase for gill tissue. Fractionation of carbon stable isotopes differed among the 3 types of tissues due to the differential biochemical constituents of the tissues. Based on the isotopic turnover models, the fractionation of
carbon stable isotopes relative to the new diet approximately fitted the traditional carbon fractionation value of 1 ‰. Metabolism in liver and muscle tissue accounted for approximately 75–85%
and 50–60% of tissue turnover, respectively, whereas only 15–25% of tissue turnover might be
attributable to metabolism in the gills.
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Stable isotopes are becoming increasingly common
potential markers for elucidating trophic interactions,
energy flow and matter cycling in food webs (Murchie
& Power 2004, Fry 2006). Stable isotopes can be
applied as dietary tracers for analyzing the long-term
food utilization by organisms (Peterson et al. 1985,
Kurata et al. 2001, Jones & Waldron 2003, Kharlamenko et al. 2008) and reflect the isotopic signatures
and contributions of different diet sources (Phillips &
Gregg 2003, Gao et al. 2006, 2011, Xia et al. 2013a).
These studies are generally based on 2 assumptions:
first, the organism’s tissues are in isotopic equilibrium with its diet; second, fractionations between the
consumed diet and the assimilated tissue are known
(Post 2002). However, the assumption that an organ-

ism is isotopically equilibrated to the diet is frequently violated, as the results from stable isotope
analyses in field investigations may be inconclusive
due to 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 (e.g. carbon fractionation in lipids and differential routing of dietary nutrients to tissues) (Schwarcz
1991, Hobson et al. 2000). Also, the processes of equilibrium depend on the isotopic turnover rate of the
organism’s tissues and its dietary consistency (Sun et
al. 2012). Therefore, knowledge of species- and tissue-specific turnover and fractionation is important
for accurate interpretation of isotopic data, and laboratory experiments under controlled conditions to
determine the turnover rate of isotopes need to be
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carried out, especially for unstudied species (Fisk et
al. 2009, Xia et al. 2013b).
Tissue turnover mainly results from 2 opposite
physiological processes — catabolic breakdown and
anabolic replacement— depending on both growth,
which is considered to be synthesis in excess of
breakdown, and metabolism, which is considered to
be a balanced rate of breakdown and re-synthesis of
tissue components (Hesslein et al. 1993, MacAvoy et
al. 2005). The proportional contributions of metabolism and growth to stable isotopic turnover can be
estimated from nonlinear regressions of the isotopic
turnover trajectories using time- or growth-based
models (Buchheister & Latour 2010). To date, numerous studies regarding stable isotopic turnover have
been reported for various species, such as mammals
(Tieszen et al. 1983), birds (Hobson & Clark 1992a,b),
fishes (Harvey et al. 2002, Tarboush et al. 2006),
amphibians (Reich et al. 2008, Fisk et al. 2009) and
other invertebrates (Frazer et al. 1997, Suring & Wing
2009), which demonstrated that tissue replacement
exhibited significant discrepancies among different
species. However, there are consistent observations
of the isotopic turnover of various species: first, the
turnover rate of endothermic organisms is much
faster than that of ectothermic organisms due to
higher metabolic rates of endothermic species as a
result of stabilizing the body temperature for optimizing enzyme activities; second, the turnover rate of
mammals and birds, which experience slow growth
during the adult stages, is predominantly driven by
metabolism; third, larval or juvenile organisms with a
rapid growth have faster turnover rates and a subsequently higher proportional contribution of growth
to the isotope turnover (Tieszen et al. 1983, MacNeil
et al. 2006). In addition, inter-tissue variation in
isotopic turnover has been reported recently, suggesting that more metabolically active tissues have
faster turnover than those with lower metabolism
(Buchheister & Latour 2010).
Fractionation is calculated based on the difference
in the stable isotopic ratios between the diet and the
consumer, which is strongly related to metabolic processes (Fry 2006). Although traditional fractionation
values of 0 to 1 ‰ for carbon (DeNiro & Epstein 1977,
Peterson & Fry 1987, McCutchan et al. 2003, Gao
et al. 2011) per trophic level have been applied in
aquatic ecosystems, broad ranges of fractionations
have been published (Δ13C, −3 ‰ to 4 ‰), and considerable differences in fractionation values have been
observed among various species and tissues (Hobson
& Clark 1992a, Pinnegar & Polunin 1999). Inaccurate
fractionation values can lead to substantial errors in

diet estimates, particularly when isotopic discrepancy among diets is small (Gaye-Siessegger et al.
2004).
Previous studies regarding carbon isotopic turnover and fractionation in fish have mainly focused on
marine species, while few data on freshwater species
have been reported to date (Bosley et al. 2002, MacNeil et al. 2006, Buchheister & Latour 2010, Nelson et
al. 2011). Grass carp Ctenopharyngodon idella is the
primary freshwater fish species for commercial aquaculture in China and production is continuously increasing. In 2010, production of this species reached
4 222 000 t or 18.0% of the total aquaculture
production of all freshwater fish species in China
(MOAC 2011). Research on the stable isotope turnover and fractionation of grass carp tissues can
potentially be used to determine dietary and habitat
types over a range of time scales by linking isotopic
values to specific food sources and may also provide
fundamental data for further studies on the biology
and ecology of this commercially important species.
In the present study, a diet-switch experiment was
conducted in which grass carp were fed an isotopically distinct diet and changes in their carbon stable
isotope values were recorded over time when fish
came to reflect the carbon isotopic signatures of the
new diet. The objectives of the study were, first, to
determine the turnover and fractionation of carbon
stable isotopes using time- and growth-based models
in 3 tissues of grass carp (muscle, liver and gill) and,
second, to examine and compare the proportional
contributions of metabolism and growth to the carbon stable isotope turnover in these 3 tissues.

MATERIALS AND METHODS
Maintenance of fish and tissue collection
Juvenile grass carp of similar body weight (~50 g)
were collected from a local commercial farm in Jinan
City, China. Before collection, the carp were continuously fed artificial feed (control feed) with constant carbon stable isotopic composition to ensure
complete turnover of the stable isotopes and the subsequent homogeneous isotopic composition of individuals at the start of the experiment. The experiment was carried out for a period of 3 mo at the
Freshwater Fishery Research Institute of Shandong
Province, China. At the laboratory, the fish were first
maintained for 3 wk with a supply of the control feed
that was used in the farm to acclimate to the laboratory conditions. After acclimation, the fish were
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divided into 2 groups. The first group (control) was
fed with the control feed continuously, which had a
carbon stable isotopic composition of −22.33 ± 0.09 ‰
and was composed of 28.1% protein, 6.3% crude
fat and 3.2% fiber. The second group (the experimental group with a diet switch) was fed with pelletized corn feed (experimental feed). The C4 photosynthetic pathway of corn in the experimental feed
resulted in the remarkably distinct stable isotopic
composition compared to the control feed (Table 1),
allowing the identification of changes in stable isotopic ratios of grass carp after the diet switch. Fish
were fed up to 5% of their body weight per day and
kept in freshwater aquaria at 20 ± 0.5°C, which was
the same as that in the farm, and a 13 h light: 11 h
dark photoperiod. Sufficient continuous water circulation and aeration ensured homogenous environmental conditions for each aquarium. Each group
contained 90 grass carp randomly allocated into 3
cylinder aquaria as triplicates, i.e. 30 individuals per
aquarium. The average wet weight was not statistically different among the aquaria (ANOVA, p > 0.05).
At the beginning of the experiment, 3 fish were sacrificed to obtain the baseline isotopic signatures of
liver, muscle and gill tissues. To monitor the tissue
turnover rates of grass carp 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 measurements of wet weight and
stable isotope analysis.
Wet weight was determined to the nearest 0.01 g
using a microbalance, and the relative increase in
weight and the specific growth rate (SGR) were
calculated as described below. After weighing, the
collected grass carp were dissected; the liver, trunk
muscle and gill were separated and immediately
rinsed with distilled double deionized water. All the
samples for the stable isotope analysis were dried at
60°C for > 72 h to a constant dry weight. Tissues of 3
individuals sampled from the same aquarium were
pooled, homogenized and sieved through a 0.5 mm
mesh size sieve and were used as one replicate.
Table 1. Dietary components and carbon isotopic values
(mean ± SD) of feed used in the control and experimental
groups
Feed

Control
Experimental

Dietary components (%)
Protein Crude fat Fiber
28.1
9.2

6.3
3.1

3.2
5.5

δ13C (‰)

−22.33 ± 0.09
−12.10 ± 0.07

209

Tissues collected from the 3 different aquaria were
used as 3 replicates. The tissue powder was tightly
sealed in glass Petri dish and stored in an ultralow
temperature freezer (−80°C) for future analyses.

Measurements of stable isotopes
After pretreatment, carbon isotope ratios were determined using an elemental analyzer coupled with
an isotope ratio mass spectrometer (EA-IRMS, ThermoFinnigan MAT Delta-plus). The isotope ratios
were expressed in standard δ-unit notation, which is
defined as follows:
δX = [(Rsample /Rstandard) – 1] × 1000 ‰

(1)

where X = 13C, and R is the 13C:12C ratio. The values
were reported relative to the Vienna Pee Dee Belemnite standard for carbon. A laboratory working standard (glycine) was run for every 10 samples. Carbon
concentrations of all samples were determined using
a CHNS/O Analyzer (PE2400 Series II, PerkinElmer).

Time-based modeling
Changes in stable isotope ratios were modeled as
an exponential function of time since the diet switch,
including growth and metabolic constants. The timebased model used in the present study was based on
that of Hesslein et al. (1993) and is represented as follows:
(2)
δt = δ f + (δi – δ f) e−(k + m)t
where δt is the carbon isotopic signature of the grass
carp at experimental time t, δ f is the expected isotopic
value when completely equilibrated to the new diet,
δ i is the initial isotopic signature prior to the diet
switch, m is the metabolic turnover constant and k is
the growth rate constant, represented by SGR. δ f was
estimated using non-linear regression, and the average isotopic value for the 3 grass carp sacrificed
before the diet switch was used as the estimate for δ i
in the model. k was determined by monitoring the
temporal changes in the mass of grass carp over the
experimental time and described as follows:
k = ln(Wf /Wi) /t

(3)

(Buchheister & Latour 2010, Sun et al. 2012), where
Wf is the final weight of grass carp when sampled
on day t, Wi is the initial weight at t = 0, and t is
time in days from the onset of the feeding experiment. Expected carbon isotopic change due to
growth alone was calculated using Eq. (2) where m
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was set to 0 (Hesslein et al. 1993). Carbon isotopic
turnover due to metabolism was derived by comparing expected isotopic turnover due to growth to that
which was experimentally observed. Any carbon
isotopic turnover in excess of that attributable to
growth was metabolic tissue replacement, which
was derived by fitting the exponential model to
match the observed isotopic data using the software
SPSS for Windows, release 16.0 (SPSS 2008). The
best estimate of m was the value that resulted in the
lowest absolute sum of the differences between the
calculated and observed isotopic values for each
time interval (MacAvoy et al. 2005). The relative
contributions of growth (k) and metabolism (m)
were calculated as the ratio of each parameter to
the sum of the 2 parameters. This calculation yields
the proportions of turnover attributable to growth
(Pg) and to metabolism (Pm).
Fractionation estimates of δ13C between the diet
and each tissue (Δ) were calculated as follows:
Δ = δ f – δd

(4)

(Minagawa & Wada 1984), where δd is the stable isotope ratio of the experimental feed after the diet
switch. The time period (T, d) needed to achieve α
percent turnover of δ13C was calculated as follows:
Tα/100 = –ln (1 – α/100)/(k + m)

(5)

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

Growth-based modeling
Changes in carbon stable isotope ratios were also
modeled as a function of relative growth since the
diet switch. The growth-based model is represented
by the following equation (Fry & Arnold 1982):
δW R = δ f + (δ i – δ f) WRc

(6)

The relative increase in weight of each 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. 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 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 α percent turnover of δ13C was
calculated as follows:
Gα/100 = eln (1 − α/100)/c

(7)

The growth-based half-life (G0.5, d) is solved for α =
50% and represents the amount of growth needed
for a 50% conversion between the initial and final
isotopic values. 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 (Buchheister & Latour 2010):
Dg = 2 (G0.5 – 1) /G0.5

(8)

Dm = (2 – G0.5) /G0.5

(9)

Statistical analysis
The differences in isotopic ratios of grass carp
tissues between the control and experimental groups
were compared using a paired Students’ 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 δ13C values
to the SGR (k) and m for the time-based model, and to
WR for the growth-based model. Prior to analysis, raw
data were tested 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 software SPSS
for Windows, release 16.0 (SPSS 2008).

RESULTS
Growth
The WR and SGR of the grass carp are shown in
Table 2. All of the grass carp in the control and experimental groups had significant growth during the
84 d experiment, 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 reached a
body mass of 83.41 g on average, which was 1.58-fold
greater than the initial weight (Table 2). SGR was
highest on Day 7 (0.0062 d−1) and remained relatively
constant, ranging between 0.0052 and 0.0055 d−1.
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Temporal changes in carbon stable isotope

–10

The temporal changes in the observed δ13C of the
livers, muscles and gills of the grass carp in the control and experimental groups are shown in Fig. 1.
Throughout the experiment, no significant differences in the δ13C values among the sampling time
points or among the 3 types of tissues were found in
the control group (ANOVA, p > 0.05). At the start of
experiment, the carbon isotopic ratios of grass carp
tissues were ~1 ‰ enriched relative to the control
feed that was used in the farm where the fish were
sampled and continuously used in the control group
at the laboratory.
After the diet switch, the observed carbon isotopic
ratios of the 3 grass carp tissues in the experimental
group gradually increased due to assimilation of the
experimental feed with a higher δ13C value relative
to that of the control feed, and the δ13C values
increased in the sequence of gill < muscle < liver
(Fig. 1). For all tissues, significant carbon isotopic
shifts were observed from Day 7 relative to the initial
carbon isotopic composition, and such shift continued throughout the experiment (ANOVA, p < 0.05).
Significant differentiation in the isotopic ratios
among the 3 types of tissues also commenced in the
first week (ANOVA, p < 0.05).

–12

Contributions of growth and metabolism to
isotopic turnover
The expected changes in carbon stable isotope
turnovers for liver, muscle and gill estimated with
the time- and growth-based models are illustrated
in Fig. 2 and Fig. 3, respectively. For all 3 tissues,

Table 2. Ctenopharyngodon idella. Temporal changes
(mean ± SD) in the average wet weight, specific growth rate
(SGR) and relative growth (WR) of grass carp in the experimental group. Different lowercase letters show significant
differences at p = 0.05
Time (d) Wet weight (g)
0
7
14
28
42
56
84

52.70 ± 0.70a
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

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

–
1.04 ± 0.01
1.08 ± 0.04
1.16 ± 0.02
1.26 ± 0.03
1.36 ± 0.10
1.58 ± 0.13
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Fig. 1. Ctenopharyngodon idella. Temporal changes (mean
± SD) in the observed δ13C values for liver (circle), muscle
(triangle) and gill tissues (diamond) of the control group
(empty symbols) and the experimental group (filled symbols)

the carbon turnover rates due to growth plus metabolism were significantly higher that those due to
growth alone based on either the time-based (Fig. 2)
or growth-based model (Fig. 3), suggesting that
growth was not solely responsible for isotopic turnover in grass carp tissues. For the time-based model,
as shown in Table 3, the carbon isotopic turnover
rates driven by both growth and metabolism (k + m)
varied substantially among tissues (p < 0.05), with
the highest value for liver (0.0310 d−1) for liver and
the lowest value for gill (0.0069 d−1), showing most
rapid carbon turnover in the liver, followed by muscle and then gills. In addition, the proportional contribution of metabolism (Pm) to the sum of growth
and metabolism (k + m) suggested that metabolic
tissue replacement accounted for 82% of carbon
turnover for liver, 58% for muscle and 22% for gill.
Such proportional contributions of growth and
metabolism to the carbon stable isotope turnover
indicated that the change in the δ13C value of liver
tissue was principally derived from the metabolic
tissue replacement, while for gills, the isotopic turnover was primarily driven by the growth-related
process of dilution. Regarding the growth-based
model, more negative values of c = −5.7630 confirmed the predominant role of metabolism in turnover of liver δ13C. However, growth-based models
generated slightly smaller estimates of metabolic
contributions to isotopic turnover for all 3 types of
tissue, with Dm values of 77%, 49% and 16% for
liver, muscle and gill, respectively (Table 4).
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Fig. 2. Ctenopharyngodon idella. Changes in δ13C values (mean ± SD) estimated with a time-based model for liver, muscle and
gill tissues. Solid lines represent the δ13C values with the contribution of growth and metabolism, and dotted lines represent
the δ13C values with the contribution of growth alone (m = 0). Dash-dot lines represent the expected final δ13C values of the
fish tissues in equilibrium with the experimental feed
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Fig. 3. Ctenopharyngodon idella. Changes in δ13C values (mean ± SD) estimated with a growth-based model (based on the relative increase in weight of each grass carp [WR]) for liver, muscle and gill. Solid lines represent the δ13C values with the contribution of growth and metabolism, and dotted lines represent the δ13C values with the contribution of growth alone (c = −1).
Dash-dot lines represent the expected final δ13C values of the fish tissues in equilibrium with the experimental feed

Isotopic turnover half-life and fractionation
For all grass carp in the experimental group, no
tissue completed the isotopic turnover after the 84 d
experiment. According to Eq. (5) in the time-based
model, half-lives for δ13C in liver, muscle and gill
were estimated as 22.5, 52.7 and 101.1 d, respectively
(Table 3). Periods of 97.1 and 213.8 d were expected to
replace 95% of the carbon isotope in liver and muscle,
respectively, whereas 95% turnover in gill could require up to 436.95 d. Eq. (7) in the growth-based
model showed that grass carp achieved 50% turnover
in liver, muscle and gill when growing 1.13-, 1.35- and
1.73-fold greater than their initial mass, respectively
(Table 4). Also, wet weights of 1.69-, 3.68- and 10.98fold greater than the initial values were estimated for
liver, muscle and gill, respectively, to attain 95% carbon turnover. According to the time-based model, the

expected δ13C values when reaching isotopic equilibrium after the diet switch from the control feed to the
experimental feed (δ f) were −11.26, −10.74 and
−10.83 ‰ for liver, muscle and gill, respectively
(Table 3). The δ f values derived from the growthbased model of −11.32, −10.82 and −10.90 ‰ for liver,
muscle and gill, respectively, were similar to those
from the time-based model with insignificant difference (p > 0.05). The carbon isotopic fractionations significantly differed among the tissues (p < 0.05). The
highest fractionation was found in muscle, with Δ values of 1.43 and 1.49 ‰ for the time- and growth-based
models, respectively. Carbon fractionations for liver
and gill ranged, depending on the time- or growthbased model, from 0.79 to 0.84 ‰ and from 1.25 to
1.29 ‰, respectively (Table 4). The fractionations for
each specific tissue were consistent between the 2
models (p > 0.05).
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Table 3. Ctenopharyngodon idella. Parameter estimates and calculations (mean ± SD) from the time-based model of δ13C
turnover for liver, muscle and gill of grass carp. m: metabolic turnover constant; k: growth constant; Pg: proportion of growth contribution to carbon turnover; Pm: proportion of metabolic contribution to carbon turnover; δ f: final asymptotic δ13C value; Δ: fractionation between experimental feed and fish tissue; T0.5: time-based half-life; T0.95: time needed to reach 95% carbon turnover
Tissue

m (d−1)

k + m (d−1)

Pm

T0.5 (d)

Pg

T0.95 (d)

δ f (‰)

Δ (‰)

Liver
0.0256 ± 0.0036 0.0310 ± 0.0027 0.82 ± 0.04 0.18 ± 0.04 22.5 ± 1.91
97.1 ± 8.24 −11.26 ± 0.30 0.84 ± 0.24
Muscle 0.0076 ± 0.0074 0.0130 ± 0.0065 0.58 ± 0.18 0.42 ± 0.18 52.7 ± 15.94 213.8 ± 59.02 −10.74 ± 1.67 1.49 ± 1.41
Gill
0.0015 ± 0.0007 0.0069 ± 0.0009 0.22 ± 0.11 0.78 ± 0.11 101.1 ± 12.64 437.0 ± 54.61 −10.83 ± 1.11 1.29 ± 1.12

Table 4. Ctenopharyngodon idella. Parameter estimates and calculations (mean ± SD) from the growth-based model of δ13C turnover for liver, muscle and gill of grass carp. c: turnover constant; Dg: proportion of growth contribution to carbon turnover; Dm:
proportion of metabolic contribution to carbon turnover; δ f: final asymptotic δ13C value; Δ: fractionation between experimental
feed and fish tissue; G 0.5: growth-based half-life; G 0.95: amount of relative growth needed to reach 95% carbon turnover
Tissue

c (d−1)

Liver
−5.7630 ± 0.4990
Muscle −2.4460 ± 0.6368
Gill
−1.2822 ± 0.1816

Dm

Dg

G0.5 (d)

G0.95 (d)

δ f (‰)

Δ (‰)

0.77 ± 0.02
0.49 ± 0.10
0.16 ± 0.09

0.23 ± 0.02
0.51 ± 0.10
0.84 ± 0.09

1.13 ± 0.01
1.35 ± 0.09
1.73 ± 0.12

1.69 ± 0.07
3.68 ± 1.02
10.98 ± 3.10

−11.32 ± 0.29
−10.82 ± 1.66
−10.90 ± 1.11

0.79 ± 0.23
1.43 ± 1.36
1.25 ± 1.08

DISCUSSION
Previous studies have shown that when organisms
were provided with a new diet with different carbon
isotopic values relative to that of their previous diet,
their tissue eventually reflected the isotopic signature
of the new diet. Different tissues generally show remarkably distinct turnover rates due to the variations
in enzyme systems and biochemical components between the various parts of organisms (MacNeil et al.
2006). To date, such studies have been mainly focused on endotherms, such as mammals and birds.
MacAvoy et al. (2005), for example, assessed the carbon isotopic turnover rates in the liver, muscle and
blood of mice Mus musculus and found that the halflives of carbon isotopic turnover of these tissues differed significantly. Relative to endotherms, studies on
ectotherms are scarce and limited to a few species,
such as sea cucumber Apostichopus japonicus (Sun et
al. 2012), lobster Jasus edwardsii (Suring & Wing
2009) and shark Prionace glauca (MacNeil et al. 2005)
where it was found that variations in isotopic turnover
rates did exist between various tissues.
In the present study, the carbon turnover rates estimated based on time- and growth-based models consistently increased with the rank of gill < muscle <
liver due to the differential metabolic activities
between the tissues. As a result of the different turnover rates, liver had the shortest half-life (22.47 d or
1.13-fold increase in mass for time- and growthbased models, respectively), suggesting the greatest

potential to indicate the most recent change in
dietary isotopes. Conversely, it appears that muscle
and gill are, relatively, slower to respond to changes
in diet (Tables 3 & 4). This is consistent with other
reports that the digestive organs, such as liver and
intestine, generally show faster isotopic turnover
rates than other tissues, such as muscle and bone collagen. Tieszen et al. (1983), for example, determined
the contribution of metabolic replacement to the isotopic change in several tissues of gerbils Meriones
unguienlatus and revealed that δ13C varied faster in
more metabolically active tissues (liver, half-life =
6.4 d) than in less metabolically active tissues (hair,
half-life = 47.5 d). Similarly, Hobson & Clark (1992a)
observed that liver and blood of Japanese quail
Coturnix japonica showed faster turnover rates that
were indicated by shorter isotope half-lives relative
to muscle and bone collagen. Most studies of fishes
support our finding of a faster turnover rate of the
liver relative to other tissues (Suzuki et al. 2005,
Logan et al. 2006), although few demonstrated little
or no difference in isotopic turnover rates among the
tissues of each specific fish individual (Sweeting et al.
2005, McIntyre & Flecker 2006).
The carbon turnover rates in all 3 tissues were significantly higher than those predicted by growth
alone (Figs. 2 & 3), indicating that the stable isotope
turnover might be attributable to both tissue replacement in the form of metabolism (m) and net tissue
increase in the form of growth (k). The relative
importance of growth versus metabolism in carbon
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isotopic turnover is determined by bioenergetic allocations. Studies examining carbon isotopic turnover
of fast-growing organisms, such as invertebrates
(Frazer et al. 1997), Japanese quail and chickens
(Hobson & Clark 1992a,b) and larval or juvenile fish
(Herzka & Holt 2000, Marcogliese 2001, Harvey et al.
2002), showed that carbon isotopic turnover was primarily dependent on growth, and more energy was
allocated to growth instead of metabolic activities
relative to slow-growing organisms. In contrast, our
results in the present study revealed a higher contribution of metabolism, relative to that of growth, to
the isotopic turnover for liver and muscle, and the
proportional contributions of growth and metabolism
to isotopic turnover varied significantly among liver,
muscle and gill.
It should be noted that although the grass carp in
our study were in a growing stage, low growth rates
were observed due to the low protein content of the
experimental feed used in the experimental group.
Fry & Arnold (1982) predicted that metabolic tissue
replacement would have a stronger influence on isotopic change in slow-growing brown shrimp compared to the fast-growing individuals. Tarboush et al.
(2006) also reported that metabolic tissue replacement
is expected to become a stronger driver of isotopic
change with decreasing growth rate. Metabolic contributions to carbon isotopic turnover reached approximately 75−85% and 50−60% for liver and muscle, respectively, in the present study, which were consistent
with the results for the liver of summer flounder
(Buchheister & Latour 2010), intestine of sea cucumber
(Sun et al. 2012) and muscle of zebra fish (Tarboush et
al. 2006). In total, 80 to 85% of the contribution of
growth to the carbon isotopic turnover was strongly
correlated with the less metabolically active gill and
reflected that growth plays an important role in the
long-term isotopic turnover of gills.
The different Pm values from the time-based model
(Table 3) and the different Dm values from the
growth-based model (Table 4) among liver, muscle
and gill suggested that metabolism contributed to the
carbon stable isotope turnover with different proportions in various tissues. Previous studies have
demonstrated that the discrepancies of turnover rates
between tissues were mainly driven by variable metabolic contributions to the turnover process. EvansOgden et al. (2004), Arneson & MacAvoy (2005) and
MacAvoy et al. (2006) all suggested that the carbon
isotopic turnover rates were correlated strongly with
the metabolic rate of tissue involved. The faster the
metabolism, the quicker the turnover rate and therefore the shorter the half-life of the tissue. This pattern

was corroborated by our results. The greater carbon
isotopic turnover rates in fish livers are likely due to
the physiological basis that carbohydrate synthesis
and degradation rates in livers are much greater than
in other tissues (Smith 1981, Houlihan et al. 1988, De
la Higuera et al. 1999). Another factor influencing isotopic turnover rates is the variation in the lipid contents of different tissues. Lipid functions as a storage
substance for energy and matter metabolism, and tissues with high lipid content accordingly appear to
have faster turnover rates than those with lower lipid
content (Nelson et al. 2011). Hence, liver, with the
highest lipid content, showed the fastest turnover
among the 3 types of tissues in the present study.
No temporal changes in the stable isotope composition for the grass carp in the control group were
observed, confirming the assumption that the fish
had been in an isotopically steady state with the control feed at the start of experiment. However, carbon
isotopic fractionation in the experimental group relative to the new diet did occur and differed among tissues. The different fractionations in tissues are likely
due to the different biochemical constituents of the
tissues, such as lipid content, and the different enzymatic reactions needed to synthesize a specific tissue
(Macko et al. 1987, McClelland & Montoya 2002,
Gaye-Siessegger et al. 2004). Moreover, assimilated
dietary components are not necessarily distributed
equally to all tissues, leading to differentiation in
the isotopic fractionations between various tissues
(Schwarcz 1991, Gannes et al. 1997). Differentiation
in the isotopic fractionations between various tissues
plays an important role in ecological studies. Investigation of the diet source of consumers using carbon
stable isotopes, for example, relies on the assumption
that the isotopic signatures of tissues equal the
weighted average of the signatures of the diet constituents. However, different fractionations between
tissues generally violate this assumption and indicate
that the use of a suitable factor or wider confidence
intervals for correcting the results may be needed
(Suring & Wing 2009).
The carbon isotopic turnover rates for all 3 of the
tissues were well predicted by both time- and
growth-based turnover models, which supported the
mechanistic foundations of the models in which somatic growth and metabolic tissue replacement drive
isotopic turnover (Fry & Arnold 1982, Hesslein et al.
1993). Although time-based models can effectively
provide valuable information, including relative differences in turnover among tissues, the applied scope
of the time-based model may be restricted relative to
the growth-based model. The time-based model
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relies on a single growth parameter (k), which is intended to be representative of the entire population
and is assumed to be constant over the duration of the
experiment (Tarboush et al. 2006). However, the m
and k constants in this model may be particularly sensitive to any fluctuation in exogenic environmental
factors and endogenic physiological conditions and to
subsequent variation in growth rate (Watanabe et al.
2005). In the present study, grass carp in the experimental group exhibited relative stability in growth
rates and a regular growth trajectory under the environmental conditions of controlled temperature and
food sources (Table 2). Therefore, turnover rates can
be well predicted by a time-based model. Relative to
the time-based model, the growth-based model may
be more suitable in experimental conditions of variable temperatures and growth rates because any
variability in growth rates is inherently accounted for
by the relative growth variable WR (Witting et al.
2004). Bosley et al. (2002) showed that c did not vary
greatly between temperature treatments despite
changes in fish growth rates. The results derived from
the 2 models in the present study showed relative
consistency because of the consistent laboratory conditions (Tables 3 & 4).
Comprehensive understanding of stable isotopic
analysis for entire organisms and specific tissues will
ultimately determine the usefulness of stable isotopes
in analysis of food web structure (Murchie & Power
2004, Fry 2006). The present study showed that carbon stable isotope analysis of multiple tissues can effectively estimate trophic relationships and can be
used to monitor the trophic dynamics of fish by analyzing the long-term food utilization. Meanwhile, elucidation of the role of growth and metabolism on the
stable isotope turnover can be exploited to more precisely characterize the trophic dynamics of organisms
(MacAvoy et al. 2005, Buchheister & Latour 2010).
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