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Stable isotopes are useful tools for studying species residency andmovement in aquatic environments. Yet, many
questions about their use still remain, mostly related to assumptions that should be experimentally validated,
such as turnover rates and discrimination factors. Salinity is a key environmental variable that may influence
turnover and discrimination factors, but its effects have not been tested. A controlled diet-shift experiment
was conducted with whitemouth croakers (Micropogonias furnieri), a euryhaline species, to determine the turn-
over rates and diet-tissue discrimination of carbon (δ13C) and nitrogen (δ15N) stable isotopes in muscle tissue.
Fish captured in Patos Lagoon, Brazil were distributed into three independent recirculating aquaculture systems
with salinities adjusted to represent freshwater, estuarine and marine environments, and fed for 90 days on an
isotopically distinct diet. Half-life estimates were longer for both isotopes in the freshwater group (δ13C =
25.6days, and δ15N=34.6 days) compared to the estuarine (δ13C=18.7days, and δ15N=23.9 days) andmarine
treatments (δ13C= 17.7 days, and δ15N= 22.3 days). Overall, carbon isotopic turnoverwasmainly driven by ca-
tabolism, whereas growth was the main factor responsible for nitrogen turnover. Trophic discrimination factors
(TDFs) for carbon isotope were similar between fresh and estuarine treatments (TDFfinal = 0.82 ± 0.54‰ and
0.88 ± 0.58‰, respectively), but higher in marine (TDFfinal = 1.44 ± 0.66‰). Hence, in addition to providing
species-specific isotopic parameters of a widespread sciaenid in the western Atlantic Ocean crucial to elucidate
residence time along salinity gradients, these findings provide lab-based evidence of salinity effects on diet-
tissue discrimination of a euryhaline species.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Understanding fish dependence on estuaries and establishing their
patterns of migration or movement therein is fundamental for compre-
hension of the ecology, life history and behavior of these animals, in ad-
dition to being prerequisites for their effective conservation and
sustainable exploitation (Bennett et al., 2015; Guelinckx et al., 2008;
Litvin andWeinstein, 2004). The abundance and stability of fish popula-
tions over a year vary as a result of the continued ability of its individ-
uals to move to, from and within bays and estuaries for important
foraging and reproductive activities (Kennish and Paerl, 2010; Kerr
et al., 2010).

Natural biogeochemical tracers (e.g., stable isotopes) are particularly
useful for studying animal movements because they do not require
capture-mark-recapture or other trackingmethods, and provide spatial
and time-integrated information (Rubenstein and Hobson, 2004).
t'Alverne).
Marked differences in stable isotope values can be found along salinity
gradients, from freshwater to the sea, and these are incorporated into
organisms and their food webs (Deegan, 1993; Fry and Chumchal,
2011; Oliveira et al., 2014). The basic premise underlining the use of sta-
ble isotopes in dietary studies is that tissues of consumers will isotopi-
cally resemble what is consumed; however, the relationship between
isotopic ratios in the diet and that in the tissues is not always straight-
forward. The dynamics of elemental incorporation depends on a variety
of factors, such as nutrient composition of the diet and differences in as-
similation (Gaye-Siessegger et al., 2003; Zuanon et al., 2007), tissue
turnover rate (Heady and Moore, 2012; Vander Zanden et al., 2015)
and isotope trophic discrimination (Buchheister and Latour, 2010;
Caut et al., 2013).

Isotopic changes in tissues, in response to dietary or habitat
switches, may occur through the dilution of existing mass by new
mass (addition) and/or by the synthesis and degradation of existing tis-
sues using material from the new diet (replacement). As a result, the
main factors controlling the rate at which an organism's tissues reflect
the isotopic signature of its food are the growth of an individual and

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jembe.2016.03.021&domain=pdf
http://dx.doi.org/10.1016/j.jembe.2016.03.021
mailto:remontalverne@yahoo.com.br
http://dx.doi.org/10.1016/j.jembe.2016.03.021
http://www.sciencedirect.com/science/journal/00220981
www.elsevier.com/locate/jembe


37R. Mont'Alverne et al. / Journal of Experimental Marine Biology and Ecology 480 (2016) 36–44
its metabolic activity (Buchheister and Latour, 2010; Hesslein et al.,
1993; MacAvoy et al., 2001). Proper consideration of and knowledge
about specific turnover rates may determine the length of time that an
immigrant to a given habitat will be distinguishable from a longtime
resident that has reached isotopic equilibrium, thus being essential to
the inference of movement patterns (Guelinckx et al., 2008; Herzka,
2005). Once at equilibrium, trophic discrimination refers to the process
by which ratios of stable isotopes change between prey and consumer
during metabolic processing of consumed material (Mill et al., 2007;
Tieszen et al., 1983). Although it is known that the employment of inac-
curate discrimination values may introduce substantial errors in the es-
timation of contributions by food sources to consumer tissues, many
values used in isotopic studies for estuarine species originate from stud-
ies conducted with mammals, birds and freshwater animals (Vander
Zanden and Rasmussen, 2001; Vanderklift and Ponsard, 2003). This cre-
ates a demand for more studies on euryhaline species.

Ideally, both isotopic turnover and trophic discrimination should be
validated through controlled experiments, therefore serving as models
for field-based results and providing accurate knowledge for the inter-
pretation of the isotopic data gathered in the field (Martínez del Rio
et al., 2009). This has not been the case, as the number of observational
field studies that apply stable isotopes to ecological problems far sur-
passes the number of experimental studies designed to clarify the
mechanisms behind the patterns found by isotopic ecologists (Wolf
et al., 2009). While studies on turnover rates and discrimination factors
for fish species have increased over time (Herzka, 2005; Vander Zanden
et al., 2015), many questions about their use still remain. For example,
abiotic variables (e.g., temperature and salinity) are known to affect
metabolic rate through different mechanisms (Claireaux and
Lagardère, 1999; Gillooly et al., 2001; Swanson, 1998) and could, there-
fore, affect turnover rates. The effects of temperature on both isotopic
turnover and discrimination have been considered by some studies
(Barnes and Jennings, 2007; Bosley et al., 2002; Weidel et al., 2011),
but results have been equivocal. Unlike temperature, the influence of sa-
linity on these factors has not yet been tested, even though it is known
that differences in salinity values are a key factor determining habitat
use and fish distribution in estuaries and coastal lagoons (Jaureguizar
et al., 2003; Moura et al., 2012) and may increase the energetic cost of
an organism either due to osmoregulation or related physiological pro-
cesses (Swanson, 1998).

In this study, a controlled diet-shift experiment was conducted with
the whitemouth croaker Micropogonias furnieri (Desmarest, 1823), an
important euryhaline, estuarine-dependent sciaenid widely distributed
along the western Atlantic coast from Mexico (20°N) to Argentina
(41°S) (Isaac, 1988). This species is an important component of com-
mercial and recreational fisheries in Brazil (where fish landings exceed
40,000 metric tons, Chao et al., 2015), Uruguay and Argentina
(Vasconcellos and Haimovici, 2006). Nowadays, stocks are considerably
depleted, either due to overexploitation (Cergole et al., 2005; Seeliger
and Odebrecht, 2010) and/or climatic events (e.g. ENSO), which may
exert a great influence on the distribution of early life stages and recruit-
ment success (Garcia et al., 2001). In estuaries and coastal lagoons,
young-of-the-year usually occupy low salinity habitats, from which
theymove towardsmore saline areas downstreamuntil reachingmatu-
rity, then migrate to sea for reproduction (Costa and Araújo, 2003;
Jaureguizar et al., 2003). A previous isotopic study in Patos Lagoon estu-
ary, the largest nursery area for this species in southern Brazil, provided
first evidence that whitemouth croaker sub-adults stay in freshwater
long enough to have their carbon isotope ratios reflect local autochtho-
nous freshwater food sources (Garcia et al., 2007). A lack of lab-
determined values for isotope turnover rates and trophic discrimina-
tion, however, hinders a precise inference of residence time periods in
estuarine and freshwater conditions experienced by the whitemouth
croaker, and other species, as they move along salinity gradients.

Hence, the objectives of this study were to determine the turnover
rates and trophic discrimination factors of carbon (13C/12C) and
nitrogen (15N/14N) stable isotopes in muscle tissue of the whitemouth
croaker reared under different salinities. The hypothesis was that isoto-
pic turnover would take longer in the freshwater environment as a re-
sult of an enhanced energetic cost due to osmoregulatory activity
(Laiz-Carrión et al., 2005). These results will elucidate the temporal uti-
lization of the estuary region and adjacent areas by croakers, and their
applicability can be extended to other fish species with the same behav-
ior, helping to better understand life-history patterns, eventually lead-
ing to more efficient management and conservation of these species.

2. Material and methods

2.1. Experimental design and fish facilities

Whitemouth croakers were captured from their natural environ-
ment in Patos Lagoon estuary, in a site approximately 5 m deep, domi-
nated by silty-clay sediments and where the presence of floating
macroalgae depends on estuarine currents and local winds (32°04′0″
S, 52°05′00″ W). The temperature at time of capture was 26 °C and sa-
linity, measured using the Practical Salinity Scale (UNESCO, 1985),
was 18. Fish were captured by 5 min hauls using a bottom trawl
(15 m head rope, 5 m opening mouth, 13 mm mesh size on the end,
and a pair of 10 kgweighted otter doors) towed by a small boat (SISBIO
collecting permit no. 33369-1). Immediately after capture, fishes were
kept inside a plastic container (170 L) equipped with aeration. Later,
they were transferred to a transport unit box (1000 L) where dissolved
oxygen concentration was maintained above saturation with air stones
and bottled oxygen and, then, transported by truck (25 km) to the Ma-
rine Aquaculture Station of the Federal University of Rio Grande (EMA-
FURG) (Rio Grande City, Brazil), where the experiment was conducted.
Upon arrival, fish were stocked in three 300 L static tanks and, after a
12 h period of acclimation, they were measured to the nearest mm
(total length — TL) and weighed (g). Twenty-three individuals were
randomly selected, measured and euthanized to determine the initial
isotopic composition (δXi) prior to the diet switch. Fish rearing and eu-
thanasia procedures followed all Brazilian Ethics Committee Guidelines
(Proc. 23116.001894/2013-86).

Fish with initial weight between 8 and 9.9 g were selected and ran-
domly distributed into three salinity treatments, at densities of 30 fish/
tank (90 fish per treatment). Each treatment consisted of an indepen-
dent recirculating aquaculture system (RAS), comprised of three tanks
(300 L each), a reservoir (sump — 300 L) with bioballs, a skimmer and
a sand filter. Initially, to avoid osmotic shock, salinity was held constant
in each treatment (~20), approximately the same as the croakers were
experiencing in the field. That value was gradually adjusted, either by
adding sea water to the system or by diluting the existing water with
dechlorinated tapwater, until the treatments reached values simulating
freshwater, estuarine andmarine environment. Salinity was changed at
rates of approximately 1.5 (on the practical salinity scale) per day for
the freshwater system and 0.5 per day for the estuarine andmarine sys-
tem, reaching values of 3, 16 and 27, respectively, which remained fixed
until the end of the experiment. Each tank was equipped with an air
diffusor to maintain dissolved oxygen close to saturation. Temperature
(thermometer INCOTERM Hg), salinity (refractometer Atago, S/Mill-
E), pH (digital pHmeter Mettler Toledo, FiveEasy FE20), alkalinity
(titrimetry — APHA, 1998), total ammonia-nitrogen (TAN — Grasshoff
et al., 1999) and nitrite (Aminot and Chaussepied, 1983) were moni-
tored daily. The photoperiodwas fixed at 14 L:10 D, simulating summer
conditions, and flow rate in the RAS was held constant at 60 L h−1.

Because the initial isotope value (δXi) for δ13Cwas−17.54±0.95‰,
consistent with a combination of organic matter in suspension, organic
matter in the sediment and C4 plant-derived diet for croakers in Patos
Lagoon estuary (Garcia et al., 2007), the experimental diet was formu-
lated using fish meal combined with C3 plants (rice and soybean)
(Table 1). This resulted in a large difference between initial and ex-
pected equilibrium values (δXeq), important for adequately



Table 1
Food ingredients, stable isotope values (δ13C and δ15N) and proximal composi-
tion of the experimental diet.

Ingredient (%) Experimental diet

Soybean meal 45.00
Rice meal 34.00
Dry fish muscle 17.00
Fish oil 2.00
Premixa 2.00
Total 100.00

δ13C, measured (‰) −26.90 ± 0.79
δ15N, measured (‰) 3.71 ± 0.28
C:N ratio (‰) 9.45 ± 1.06

Proximal composition (g % dry matter) Experimental diet

Dry matter 89.52
Crude protein 40.87
Crude fiber 5.99
Ashes 6.71
Ether extract 11.40
Non-nitrogenous extracts 30.27

a PremixM. Cassab, SP— Brazil (Vit. A (500,000 UI kg−1), Vit. D3 (250,000 UI
kg−1), Vit. E (5000 mg kg−1), Vit. K3 (500 mg kg−1), Vit. B1 (1000 mg kg−1),
Vit. B2 (1000mg kg−1), Vit. B6 (1000mg kg−1), Vit. B12 (2000 μg kg−1), niacin
(2500 mg kg−1), calcium pantothenate (4000 mg kg−1), folic acid (500 mg
kg−1), biotin (10 mg kg−1), Vit. C (10,000 mg kg−1). colin (100,000 mg kg−1),
inositol (1000 mg kg−1). Trace elements: selenium (30 mg kg−1), iron (5000
mg kg−1), copper (5000 mg kg−1), manganese (5000 mg kg−1), zinc (9000
mg kg−1), cobalt (50 mg kg−1), iodine (200 mg kg−1).

38 R. Mont'Alverne et al. / Journal of Experimental Marine Biology and Ecology 480 (2016) 36–44
characterizing elemental turnover with stable isotopes. Similarly, δXi for
δ15Nwas 13.54± 0.95‰ and, because themain ingredients used to for-
mulate the experimental diet were primary producers, a large differ-
ence between δXi and δXeq was also achieved for δ15N (Table 1). Fish
were hand-fed three times per day until apparent satiation at 9:00,
13:00 and 17:00 h.

Fish muscle used in diet formulation was obtained by filleting wild
characin (Cyphocharax voga) from Mirim Lagoon (32°50′ S, 52°69′ W),
southern Brazil, and drying it in an oven at 60 °C for 48 h. This option
was used instead of industrial marine fish meal because characin in
that particular lagoon exhibit carbon isotope values of
δ13C = −24.64 ± 1.15‰ (Silva-Costa and Bugoni, 2013), whereas the
commercial product, usually composed of estuarine and marine forage
fishes, was likely to have a similar value to that of our wild croakers.
All dry ingredients were homogenized, and oil and distilled water
were subsequently added until achieving a consistent texture that en-
abled pelleting in a meat grinder with 2 mm diameter. Next, the pellets
were dried in a convection oven for 7 h at 60 °C. After drying, diets were
stored frozen (−20 °C) in hermetically sealed plastic bags until they
were used. Proximate analyses of the experimental diet were conducted
by a specialized laboratory in the Food Technology and Science Depart-
ment, Federal University of Santa Maria (UFSM, RS — Brazil).

Before and after each feeding event, rations were weighed on a pre-
cision analytical scale (0.01 g) to monitor feed consumption rates. Dur-
ing the experiment, rations and pellet size were adapted to the
increasing fish biomass. After the first feeding each day, feces and un-
eaten food in the tanks and the systems sumps were siphoned away.
The sumpswere then refilled with chlorinatedwater previously filtered
through bag filters (5 μm mesh size) and treated with sodium thiosul-
fate for chlorine neutralization, with salinity values adjusted to corre-
spond to each treatment. The experiment lasted for 90 days and, once
a week, three individuals from each salinity treatment (one per tank)
were lethally sampled to obtain muscle samples for isotope analysis.
Two days after the end of the experiment (day 92), all remaining fish
were also lethally sampled in order to gauge variation in trophic dis-
crimination after reaching a steady state with the new diet. For all sam-
pling, fish were euthanized with an overdose of benzocaine (500 ppm),
measured and weighed to obtain the following growth indexes:
1. Weight gain (g): final weight − initial weight;
2. Specific growth rate (% day−1): [(ln final weight − ln initial

weight) / experiment days] × 100; and
3. Apparent feed conversion ratio: diet supplied/weight gain.

2.2. Stable isotope analyses

For stable isotope analyses, samples were processed following
Garcia et al. (2007). Briefly, muscle and feed samples were dried for
48 h at 60 °C to constant weight and ground with a mortar and pestle.
Subsamples of 1 mg were placed into Ultra-Pure tin capsules (Costech
Analytical, Valencia, California), and sent to the Analytical Chemistry
Laboratory of the Institute of Ecology, University of Georgia, for analysis
of carbon and nitrogen isotope ratios. Results were expressed in delta
notation (parts per thousand deviation from a standard material):
δ13C or δ15N = [(Rsample / Rstandard) − 1] ∗ 1000, where R = 13C/12C or
15N/14N. The standard material for carbon was Pee Dee Belemnite
(PDB) limestone, and the nitrogen standard was atmospheric nitrogen.
Organic laboratory reference materials were run after every twelve
samples and they were both accurate and precise (Spinach standard:
δ13C SD = 0.14‰ and δ15N SD = 0.50‰; Bovine standard: δ13C SD =
0.03‰ and δ15N SD= 0.09‰).

Lipids were not removed from our samples prior to analysis, but be-
cause high lipid levels can drive carbon values in a negative direction
(Logan et al., 2008), δ13C of both the diet and croaker muscle was
lipid-normalized (henceforth δ13Ccorr). The C:N ratio is a proxy for
lipid content, so we used the following equation in Logan et al.
(2008): δ13Ccorr = δ13C − ((−2.976 ∗ ln(C:N)) + 3.093).

2.3. Data analyses

Measures of fish productive performance (weight gain, apparent
feed conversion ratio and specific growth rate) in each treatment
were compared with an analysis of variance (ANOVA) and muscle
lipid content (C:N ratio) with repeated measures ANOVA. Following
the ANOVAs, if significant differences were detected, the Tukey test
was applied to identifywhich treatments differed. In all cases, the signif-
icance level was fixed at 5% (Zar, 2010).

In order to model the isotopic change observed in muscle following
the diet switch, a three parameter (3P) time-based exponential model
was used to fit the isotope data (δ13C, δ13Ccorr and δ15N), following
Hesslein et al. (1993) and Suzuki et al. (2005):

δXt ¼ δXeq þ δXi–δXeq
� � � e λ�tð Þ

where δXt is the stable isotope ratio of fishmuscle tissue t days after the
start of the experiment, δXi and δXeq are the initial and asymptotic stable
isotope ratios, respectively, and λ is the fractional rate of isotopic incor-
poration. This particularmodel accounts for both tissue addition and tis-
sue replacement, because |λ | is the sum of growth (k) and catabolism
(c) (Warne et al. 2010). The values ofλ and δXeqwith approximate stan-
dard errors were estimated for each treatment using the software JMP
version 11. Treatment-specific growth rate constants (k) were deter-
mined by fitting exponential growth models to the available data
(Wf = Wi ek·t), where Wi is initial weight and Wf is the final weight
when sampled on day t. Any isotopic turnover in excess of what was at-
tributable to growth was metabolic tissue replacement (c) according to
c = |λ | − k.

In order to estimate the length of time required to reach the point at
which 50% (half-life) and 95% (near complete) turnover of the tissue oc-
curred, the following equation from Tieszen et al. (1983) was solved:

T ¼ ln 1− α=100ð Þð Þ=λ

where T is the time in days and α is percent turnover. The trophic dis-
crimination factor (TDF) was calculated for δ13C, δ13Ccorr and δ15N in
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two different ways: 1) TDFfinal representing the difference between
mean values for croakers at the end of the experiment (sampled on
day 92) and the value of the diet, and 2) TDFasymp was estimated by
subtracting the value of the diet from the δXeq value of the exponential
model.

3. Results

The physical and chemical parameters of water during the experi-
ment were maintained within the tolerance range for most teleost spe-
cies used in aquaculture. Water conditions were similar among all
treatments, with the exception of salinity and alkalinity (Table 2).
Some individuals died during the experiment, but that did not affect
sample sizes, since mortality rates were similar among treatments
(16, 13 and 20 individuals in the freshwater, estuarine andmarine treat-
ment, respectively). Fish increased in weight during the 92 days of the
experiment (Fig. 1A), with those reared under a salinity corresponding
to an estuarine environment exhibiting the highest weight gain
(58.14 ± 1.39 g), followed by the marine group (48.59 ± 3.56 g) and
the freshwater group (33.11 ± 3.16 g), respectively (F2,152 = 31.1;
p b 0.01) (Table 2). The same trend, with the estuarine treatment
exhibiting highest values and the freshwater treatment the lowest,
was observed for the specific growth rate (Table 2) and for the growth
constant (k), this last one fitted with an exponential model (Fig. 1B).
Croakers reared under freshwater salinities consumed more food in
order to gain weight when compared to other treatments, as indicated
by a higher feed conversion ratio (Table 2).

During the experiment there was an increase in muscle lipid con-
tent, indicated by the C:N ratio (day 0 C:N = 3.84 ± 0.05; day 92 C:
N= 6.19± 0.73), but no significant difference was found among treat-
ments (p N 0.05) (Fig. 2). Considering that at the end of the experiment
croakers had a lipid concentration high enough to alter their isotope
values, results are shown for both non- and lipid-corrected δ13C.

Isotopic turnover was clearly evident as muscle tissue of croakers in
all salinity treatments reached an apparent steady state with the new
diet after 92 days (Fig. 3). Half-life estimates were longer for both iso-
topes in the freshwater group (δ13C = 25.6 days, δ13Ccorr = 21.6 days
and δ15N = 34.6 days) compared to the estuarine (T5013C = 18.7 days,
T50
13Ccorr = 16.9 days, T5015N = 23.9 days) and the marine treatments

(T5013C = 17.7 days, T5013Ccorr = 16.1 days, T5015N = 22.3 days) (Table 3).
When considering the near complete turnover (T95) values, croakers
in freshwater require almost a month longer for carbon (T9513C = 110.9,
T95
13Ccorr = 93.6 days) and nearly 50 days longer for nitrogen (T9515N =

149.7 days) to reach equilibrium, as opposed to those in estuarine
(T9513C = 80.9 days, T9513Ccorr = 73.0 days, T9515N = 103.3 days) or marine
conditions (T9513C = 76.8 days, T9513Ccorr = 69.6 days, T9515N = 96.6 days)
Table 2
Water quality parameters and growth performance (mean± SD) ofwhitemouth croakers
(Micropogonias furnieri) reared under three different salinities. Significant differences
among treatments in fish parameters are indicated by different superscripts (ANOVA, p
b 0.05).

Parameter Treatments

Freshwater Estuarine Marine

Water quality
Temperature (°C) 26.64 ± 0.91 26.76 ± 0.98 26.90 ± 0.92
Salinity 2.32 ± 1.16 15.20 ± 1.06 27.55 ± 1.79
pH 7.70 ± 0.29 7.98 ± 0.16 8.09 ± 0.11
Alkalinity (mg CaCO3 mL−1) 43.15 ± 8.23 105.06 ± 14.13 157.71 ± 9.91
TAN (mg·L−1) 0.06 ± 0.03 0.06 ± 0.03 0.08 ± 0.03
Nitrite (NO2

¯—N mg·L−1) 0.13 ± 0.30 0.02 ± 0.01 0.06 ± 0.02

Growth performance
Final average weight (g) 42.86 ± 7.83 67.65 ± 12.67 57.95 ± 14.65
Weight gain (g) 33.11 ± 3.16a 58.14 ± 1.39b 48.59 ± 3.56c

Specific growth rate (% day−1) 1.67 ± 0.08b 2.19 ± 0.07a 2.01 ± 0.10a

Feed conversion rate 2.14 ± 0.31b 1.49 ± 0.13a 1.79 ± 0.30ab
(Table 3). In all three treatments, nitrogen turnover appeared to be
slower than carbon turnover (half-lives of 22 to 35 days for nitrogen
vs. 16 to 26 days for carbon).

Both growth and catabolism contributed to isotopic change. Overall,
muscle carbon turnover (λ)wasmainly driven by catabolism (c) as c N k
in all cases except for the non-corrected values in freshwater (Table 3).
Conversely, growth was the main factor accounting for nitrogen turn-
over in all three salinity treatments (k N c, Table 3).

Trophic discrimination factors (TDFs) calculated from individuals
sampled at the end of the experiment (TDFfinal) were most consistent
among treatments for δ15N, ranging from 3.42 to 3.89‰, whereas for
both δ13C (from 0.82 to 1.44‰) and δ13Ccorr (from −0.41 to 0.02‰)
the TDFfinal was similar between fresh and estuarine waters, but higher
in marine (Table 3). Discrimination factors calculated from δXeq

(TDFasymp) differed from TDFfinal, but exhibited the same pattern for
all isotopes, with lowest values being found in freshwater, intermediate
in estuarine waters and highest in the marine treatment (Table 3).

4. Discussion

The unique feature of this study was the determination of isotopic
turnover rates and discrimination factors for a species raised in different
salinity conditions. Usually, these parameters are calculated by rearing
the species of interest in similar environmental conditions, hence corre-
sponding to only one type of aquatic environment, even when the spe-
cies is known to migrate throughout its life cycle (e.g. Buchheister and
Latour, 2010). This study demonstrated that differences in salinity af-
fected both growth and metabolic turnover of the euryhaline
whitemouth croaker and led to different half-life estimates in muscle.
Turnover rates for carbon and nitrogen were similar between estuarine
and marine environments, but considerably slower in freshwater. This
finding has implications for ecologists and fisheries scientists who
have been using stable isotopes to determine residence time, move-
ment patterns and the role of fishes as biological vectors transporting
nutrients between freshwater and estuarine ecosystems (Jardine et al.,
2012; Kline et al., 1990; MacAvoy et al., 2000; Naiman et al., 2002;
Oliveira et al., 2014), without taking into account the salinity effect in
isotope turnover rates of these migrant animals.

Salinity is one of the most important abiotic factors in aquatic envi-
ronments and its optimal levels are species-specific for survival and pro-
duction efficiency, with euryhaline species almost always exhibiting
highest growth rates in intermediate salinity conditions (estuarine wa-
ters) (Boeuf and Payan, 2001; De Silva and Perera, 1976; Fazio et al.,
2013). Results from the current study corroborate this observation, as
croakers reared under estuarine waters exhibited higher specific
growth rates than those in other salinities. Whitemouth croakers can
move through a wide range of salinities and acclimation to these new
environmental conditions is often associated with an increase in energy
demands, but there is not much agreement concerning the magnitude
of these costs and some experiments indicate that the true energetic de-
mands of osmoregulatory processes may constitute less than 10% of the
total energy budget (Boeuf and Payan, 2001; Kidder et al., 2006;Morgan
and Iwama, 1991). Because the rate of isotopic turnover depends on
both the growth rate and the degree of metabolic turnover, it was ex-
pected that this rate would differ among environments, being greatest
in isosmotic waters. While it was found that muscle turnover was in-
deed faster in the estuarine treatment comparedwith freshwater, turn-
over was surprisingly fast in the marine salinity treatment, slightly
exceeding that of the estuarine treatment.

Given these points, the results support the hypothesis that muscle
isotopes in freshwater indeed take longer to turn over. Since this isoto-
pic incorporation ratewas not fastest in the isosmotic salinity (estuarine
treatment) andmetabolic rates were not directly measured, these turn-
over differences among treatments may not be exclusively associated
with osmoregulation. This is not the first study in which salinity close
to the isosmotic zone did not provide metabolic advantages (Morgan



Fig. 1.A)Average (±SD) change inwhitemouth croakers' (Micropogonias furnieri)weight over time (days) in captivity. Circles= freshwater group; triangles=estuarine group; and black
cross = marine group; B) exponential growth curves represent the growth of each treatment (gray line) with best-fit equations and coefficients of determination (R2).
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and Iwama, 1991), despite the belief it would give the lowest energetic
demands for maintaining ion balance. Hence, modifications in food in-
take and hormonal changes, among other possibilities induced by envi-
ronmental salinity, must play a role along with osmoregulation
(Laiz-Carrión et al., 2005; Vargas-Chacoff et al., 2011).

To date, most diet switch studies with fishes have concluded that
growth was primarily responsible for isotopic changes in different tis-
sues (Bosley et al., 2002; Carleton and Martínez del Rio, 2010; Herzka
and Holt, 2000; Hesslein et al., 1993; Maruyama et al., 2001; Perga
Fig. 2.Muscle C:N ratio versus time in a controlled diet-shift experimentwithwhitemouth
croakers (Micropogonias furnieri). Circles = freshwater group; triangles = estuarine
group; and black cross = marine group.
andGerdeaux 2005) and fewhave demonstrated a strong role for catab-
olism (Tarboush et al., 2006; Xia et al., 2013). Growth is expected to
dominate turnover in small, young and active animals, characteristics
present in the majority of turnover experiment models. Though the ex-
perimental croakers also had these features, results suggested that ca-
tabolism contributed substantially to carbon turnover in muscle, while
growth was the main cause of nitrogen turnover. Some may attribute
higher growth rates and better food conversion ratios to uncontrolled
factors, such as spontaneous activity and swimming performance rather
than to changes in metabolic rate (Boeuf and Payan, 2001). Although
not measured quantitatively, visual observations indicated similar be-
havior of croakers among tanks, suggesting that differences in turnover
rates among environments may indeed be a consequence of changes in
metabolic rates following salinity adaptation demands. Overall, while
metabolic rate does not dictate growth, it is coadjusted with it
(Glazier, 2015) and these different patterns of growth and catabolism
for a single species in different environmental salinities could confound
interpretation of field isotopic data.

As previously stated, turnover rates not only differed between envi-
ronments but also between isotopes within treatments, with carbon al-
ways exhibiting faster turnover than nitrogen. Other studies have also
documented distinct turnover of isotopes in some tissues, highlighting
that muscle N turnover times are usually slower than C to track changes
in diet (Buchheister and Latour, 2010; Guelinckx et al., 2007; MacNeil
et al., 2006). Many reasons may be responsible for this disparity, and
these may not be mutually exclusive. Carbon and nitrogen have differ-
entmetabolic routing, hence being allocated differentially to specific tis-
sues and tissue components (Boecklen et al., 2011; Guelinckx et al.,
2007). While N is used only to build proteins, carbon present in the
diet is used in proteins, lipids and carbohydrates. Therefore, the higher
demand for carbon could cause more rapid turnover for this element,



Fig. 3. Isotopic change in muscle tissue of whitemouth croakers (Micropogonias furnieri). δ13C (A), δ13Ccorr (B) and δ15N (C) are shown as a function of time (days) after the beginning of
isotopically distinct diet switch. Solid lines correspond to exponential model fits as a function of growth andmetabolic turnover together, for fish in a freshwater (left column), estuarine
(center column) and saltwater (right column) systems. The horizontal broken line indicates the mean isotope value of diet supplied during the experiment.
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when compared to nitrogen. Turnover differences between elements
may also be a function of food quality (e.g. amount of protein vs.
fiber) and availability (e.g. ad libitum vs. starvation) (Braun et al.,
2013; Mirón et al., 2006). Altogether, the interaction between metabo-
lism, growth and processes such as routing must be better understood
to clarify how incorporation and elimination phases differ among ele-
ments and tissues (MacNeil et al., 2006).

Biological incorporation and elimination are generally unidirec-
tional, consisting of a number of stepswith potential for discrimination,
where kinetic reactions usually dominate over isotope exchange effects
(Kendall and Caldwell, 1998; Michener and Lajtha, 2007). This is one of
the reasons why discrimination factors are usually determined after re-
actions reach equilibrium, because until this point lighter isotopes may
be preferentially concentrated in the products (White, 2013). Since bio-
logical processes are examples of open-systems, a perfect steady-state is
never achieved and TDFs may also be calculated in the absence of
marked changes in dietary isotope ratios or when those changes are
too small (MacNeil et al., 2006; Schoeller, 1999). Because only some of
the treatments achieved equilibrium between consumer tissue and
their diet, trophic discrimination is presented in two ways, one calcu-
lated from animals sampled at the end of the experiment (TDFfinal)
and the other from asymptotes derived from turnover equations
(TDFasymp). As expected, TDFasymp results were all lower than TDFfinal
(by approximately 0.5‰), and they differed even for treatments that
had reached a practical steady-state (T95), such as the marine system.
Despite this discrepancy, by either method, TDFs calculated from this
study were consistent with previous review studies. When considering
the TDFfinal, values for both carbon and nitrogen isotopes in all salinity
treatments fell within the range proposed by Post (2002) [Δ13C =
0.4‰ (1SD = 1.3‰) and Δ15N = 3.4‰ (1SD = 1‰)]. As for TDFasymp

values, Δ13C in all treatments and Δ15N in the marine treatment were
still in this range (Post, 2002), whereasΔ15N in the freshwater and estu-
arine treatment were more similar to lower values summarized by
McCutchan et al. (2003) and Vanderklift and Ponsard (2003).

Potential effects of environment factors on isotopic discrimination,
such as the differences observed in TDF values among fresh, estuarine
andmarine waters, often have not been taken into account. One review
that considered 66 TDF studies in different groups of animals identified
a significant environment effect on carbon discrimination, with organ-
isms inhabiting freshwater presenting higher averages (Δ13C =
1.33‰, SE = 0.07) when compared to saltwater ones (Δ13C = 0.96‰.
SE = 0.18) (Caut et al., 2009). Yet when analyzing fishes separately in
that review, there was no significant effect of the environment on car-
bon or nitrogen TDFs. Although TDFs in the present study are the oppo-
site of those identified by Caut et al. (2009), with values for croakers in
marinewaters being higher compared with estuarine and freshwater, it
can be suggested that they aremore accurate, as results were calculated
from a single experiment with only one species and not obtained
through the grouping of previous studies with different animals that
likely have different salinity optima. The magnitude of this isotope dis-
crimination can be affected bymany factors, including nutritional stress,
different digestibility of diet components or its protein content (Codron
et al., 2011; Gaye-Siessegger et al., 2004; Hobson et al., 1993; Mill et al.,
2007). Even though the experimental diet was formulated to
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specificallymeet the nutritional requirements of croakers and also to be
attractable, palatable and isotopically depleted, it still likely had a differ-
ent biochemical composition from the croaker's natural diet. Therefore,
there may exist a slight difference between TDFs from the experiment
and values under natural conditions. All this emphasizes that the dis-
crimination factor is not a constant and the use of standard values
may bias ecological results, because dietary mixing models, one of the
most common tools to analyze data and infer diet composition, are
highly sensitive to TDF variation (Bond and Diamond, 2011).

In conclusion, this study demonstrated that for a single fish species,
both turnover rates and isotopic discrimination factors differ not only
between isotopes, but also among environments of distinct salinities.
When considering ecological studies using the isotope approach and
fishes as proxies, species-specific values are a better alternative to TDF
values from published reviews, as these are rarely determined from
the organism in question or available for closely related species, and
usually have very large error. Information obtained in this study im-
proves applications of stable isotopes to quantify material transport in
and between food webs, essential for inferring habitat use, residency
and migration patterns in euryhaline species. The authors reinforce
Martínez del Rio et al. (2009) call for more laboratory experiments,
also focusing on physiology and behavior, which may provide a more
thorough understanding of themain processes driving isotopic changes
in different species and environments and, thereby, facilitating ecologi-
cal inferences.
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