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ABSTRACT: Stable-isotope ratios of carbon (**C/!2C) and nitrogen (*’N/N) are widely used in the
analysis of animal diets. However, using these stable-isotope ratios to infer dietary changes depends
on precise knowledge of turnover rates of carbon and nitrogen. In the present study, carbon and
nitrogen turnover rates were determined for recently settled juvenile winter flounder Pseudopleu-
ronectes americanus in the laboratory using naturally occurring stable isotopes as dietary tracers.
Flounder were reared at 13°C on a diet of rotifers Brachionus plicatilis of known isotopic composition
from the time that the larvae began feeding until they reached metamorphosis and began to settle to
the benthic habitat. At settlement, the fish were assigned to 1 of 2 temperature treatments (13 and
18°C). A subset of fish at each temperature was maintained on rotifers to serve as controls. The
remaining fish were switched to a diet of brine shrimp Artemia sp. (known to be isotopically distinct
from rotifers) and then sampled systematically over a 16 d period. Temperature had a significant
effect on both carbon and nitrogen turnover rates. At 13°C, the half-life of carbon was 4.1 d (+0.6),
and of nitrogen, 3.9 d (+0.7). At 18°C, the half-life of carbon was 2.2 d (+0.3), and of nitrogen, 3.1 d
(£0.3). The change in isotopic composition closely followed predictions based entirely on the pro-
duction of new tissue.
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INTRODUCTION

Knowledge of the identity and sources of prey con-
sumed by fishes is fundamental to understanding
trophic relationships in most aquatic ecosystems. One
complication that makes this difficult is the fact that
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fish are likely to encounter complex assemblages of
prey (Checkley 1982, Peterson & Ausubel 1984, Jenk-
ins 1987, Perry & Neilson 1988, McLaren & Avendano
1995) which may vary with life stage (Grover et al.
1998). Another is the difficulty in quantifying the rela-
tive importance of prey items beyond simply the fre-
quency of the occurrence of prey items in the stomach
of a fish. The extent that behavioral and physiological
responses of a fish to its environment may be affected
by spatial and temporal variability of different environ-
mental factors also makes identifying trophic relation-
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ships more difficult. A better knowledge of the ways in
which the identity, sources and value of a fish's diet
may be manifested and the rates at which changes in
diet are expressed in a fish's tissues, as well as how
both of these may vary with environmental factors
such as water temperature, is essential for gaining a
clearer understanding of trophic relationships in aquatic
ecosystems.

Naturally occurring stable isotopes of carbon and
nitrogen have proven to be useful tools for identifying
sources of nutrition as well as trophic relationships in
food webs (reviews by Fry & Sherr 1984, Owens 1987,
Peterson & Fry 1987). This is because the manner in
which the stable-isotopic composition of a consumer's
tissues reflects its diet is fairly predictable (DeNiro &
Epstein 1978, 1981, McConnaughey & McRoy 1979,
Rau et al. 1983, Minigawa & Wada 1984, Fry 1988).
An assumption that is sometimes made in stable-
isotope studies is that the diet of an animal is con-
stant, or that the animal is in equilibrium with its diet,
i.e. the time since the most recent diet change is
greater than the time required for tissues to attain the
value that reflects the new diet. However, if the diet
of a consumer changes through time, a knowledge of
the amount of time required for the isotopic composi-
tion of a consumer to equilibrate with the isotopic com-
position of its current diet is essential if information on
recent diet is to be inferred from the isotopic composi-
tion of the consumer. Recent studies have used stable
isotopes to examine food-web interactions and fish
migration (Hansson et al. 1997) and to document the
settlement history of individual fish larvae into demer-
sal habitats (Herzka et al. 2001). These studies illus-
trate how, with good estimates of the length of time
required for the isotopic composition of fish tissue to
reflect its diet, stable-isotope ratios are better tools for
inferring changes in diet which may, in turn, reflect
changes in the foraging behavior of animals or the
habitats that they occupy. Ecological applications of
stable-isotope techniques will be enhanced by experi-
mental or laboratory validation of the assumptions
that are made when they are used in a field context
(Gannes et al. 1997).

Changes in the isotopic composition of tissues after a
change in diet occurs through 2 processes. The first
process involves the metabolic breakdown, or turn-
over, of tissues that were synthesized during feeding
on a previous diet, and their subsequent replacement
with tissues synthesized on a new diet (Hobson &
Clark 1992, Hesslein et al. 1993). Secondly, the growth
of new tissues that occurs after a diet switch will also
reflect the isotopic composition of the current diet (Fry
& Arnold 1982, Herzka & Holt 2000), and therefore will
contribute to the overall reflection of that diet in the
isotopic composition of the consumer. Taken together,

these processes result in a change in the isotopic com-
position of fish tissues after a change in diet.

Changes in the isotopic composition of tissues over
time provide a means of estimating turnover rates
because ratios of stable isotopes of carbon and nitro-
gen in tissues reflect the integration of dietary carbon
or nitrogen assimilated by a consumer. Controlled-
feeding experiments using 2 or more isotopically dis-
tinct prey species can be used to determine the time
required for a diet shift to be reflected in the isotopic
composition of the consumer's tissues. The determina-
tion of turnover rates in non-growing organisms, typi-
cally referred to as metabolic turnover, can be made by
simply monitoring the isotopic composition of body
tissues as a function of the time after the shift to an
isotopically distinct diet (Tieszen et al. 1983, Hobson
& Clark 1992). In growing organisms, however, the
amount of somatic growth that occurs after the diet
shift must be accounted for as well, so turnover rates
are determined by monitoring the isotopic composition
of body tissues as a function of growth. In growing
organisms, therefore, the rate at which the turnover of
older tissues occurs can be determined by the differ-
ence between the observed change in isotopic compo-
sition relative to growth and the change predicted
from growth alone (Fry & Arnold 1982, Hesslein et al.
1993, Herzka & Holt 2000).

Previous determinations of the turnover rates of tis-
sues using stable-isotope methods have used various
ectotherm and endotherm taxa as study subjects, in-
cluding post-larval brown shrimp Penaeus aztecus
(Fry & Arnold 1982), gerbils Meriones unguienlatus
(Tieszen et al. 1983), Japanese quail Coturnix japonica
(Hobson & Clark 1992), broad whitefish Coregonus
nasus (Hesslein et al. 1993), and larval red drum Sci-
aenops ocellatus (Herzka & Holt 2000). The results
of those studies suggest that turnover rates are specific
to the taxon and tissue being analyzed.

Turnover rates may vary during an organism's life
such that an organism that is growing or developing
rapidly will have a more rapid turnover rate than one
that is growing less rapidly or not at all. For instance,
Fry & Arnold (1982) found that rapidly growing post-
larval brown shrimp Penaeus aztecus had higher car-
bon turnover rates than shrimp that grew more slowly.
Furthermore, tissues and body components that have a
high level of metabolic activity such as blood, or that
possess a high lipid content such as liver, are known to
have more rapid turnover rates than less active ones
such as bone collagen, or less fatty ones such as hair
(Tieszen et al. 1983, Hobson & Clark 1992). Regarding
tissue-specificity, Hobson & Clark found that turnover
rates in quail were the most rapid for liver (half-life
ca. 2.6 d), followed by blood (ca. 11.4 d), muscle
(ca. 12.4 d), and bone collagen (ca. 173.3 d).
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Turnover rates are typically expressed in terms of
half-life. Half-life refers to the amount of time required
for the stable-isotopic signature of the consumer's tis-
sue to reach a midpoint value between that observed
with the original diet and that which will be observed
with the new diet in equilibrium. The half-lives esti-
mated in previous studies ranged from ~2 d for red-
drum larvae to >1 yr for adult broad whitefish. Previ-
ous investigations have also revealed that the time
required for tissues of juvenile fishes to reflect a diet
shift is rapid relative to the time required by adult
fishes, presumably reflecting the rapid growth of the
juveniles (Bosley 1998).

The effect of temperature on turnover rate is unclear,
although a direct relationship might be expected given
the well-established direct relationship between tem-
perature and growth (Brown 1957). Therefore, consid-
ering the range of seasons (and temperatures) over
which different species of fishes (and even different
individuals within a species of fish: Chambers 1997%)
spawn, there is potential for substantial temperature-
induced variability in turnover rates. Winter flounder
typically settle from late April to early June in New
Jersey estuaries, and the temperatures that they may
experience during these months range from about 10
to 20°C (Witting 1995). Herzka & Holt (2000) reared
larval red drum at 2 temperatures, but they did not
address the effect of temperature on turnover rates.

This study experimentally determines the turnover
rates of carbon and nitrogen, and the effects of water
temperature on these rates, in juvenile winter flounder
Pseudopleuronectes americanus. The subjects that
were used were laboratory-reared fish of known age
and feeding history. At the start of the study, the floun-
der were consistently expressing benthic behavior and
were undergoing metamorphosis from the pelagic lar-
val stage, i.e. larvae were Stage G of Minami (1982).
The metamorphosis of flounder in nature also is associ-
ated with their transition from pelagic to benthic habi-
tats, which is likely to result in a change of diet.
Although the transition is rapid for individual fish, dif-
ferences in spawning times and locations of larvae will
result in substantial variations in water temperatures
experienced by individual fish at the time of their diet
shifts in habitats. Hence, this experimental model does
pertain to diet changes and water- temperature varia-
tions experienced by flounder in nature.

MATERIALS AND METHODS

Fish culture and rearing. Winter-flounder gametes
were obtained from adults collected in Logy Bay, New-
foundland, Canada, by the staff at the Ocean Sciences
Centre, Memorial University of Newfoundland. The

eggs were fertilized, maintained at <5°C, and sent
within 1 d to the National Oceanic and Atmospheric
Administration’'s Howard Laboratory, Highlands, New
Jersey, USA. There they were incubated until hatching
under static conditions at 5°C and a light cycle of 12 h
light:12 h dark. The embryos were maintained in fil-
tered, UV-sterilized seawater which was changed
daily during the period from fertilization through
hatching (~3 wk). Upon hatching, 1000 larvae (<1 d
old) were counted, placed into a 60 1, cylindrical, rear-
ing container, and maintained at 13°C under static
conditions. These larvae were fed a daily augmenta-
tion of rotifers Brachionus pilcatilis (5 rotifers ml™).
The rotifers themselves were cultured separately from
the fish and were fed a mixture of unicellular marine
algae (Dunaliella tertiolecta, Isochrysis galbana, and
the University of Texas-2341 strain of Nannochloropsis
oculata).

The experimental laboratory approach by which
metamorphosing winter flounder underwent a diet
shift from rotifers to Artemia sp. is shown in Table 1.
These prey species were chosen because both are
readily eaten by winter flounder of this age, and they
were determined previously to be isotopically distinct
from one another (Table 2). At the onset of eye migra-
tion (an indicator of metamorphosis in flatfishes),
96 fish were videotaped live at 6x magnification for
later size determination. Of these fish, 12 were frozen
(-=20°C) to provide initial stable-isotopic-composition
values of winter flounder after feeding exclusively on
rotifers. The remaining 84 fish were distributed at
2 fish per container into 42 x 8 1 containers of filtered,
UV-treated seawater. The containers were divided
equally between the 2 test temperatures, 13 and 18°C.
These temperatures were selected because they are
representative of the temperatures that recently settled
winter flounder might encounter in New Jersey estuar-
ies (Witting 1995).

Table 1. Pseudopleuronectes americanus. Experimental design
for a controlled diet shift to derive carbon and nitrogen
turnover rates in juvenile winter flounder. Fish were sampled
at time () 0, 1, 2, 4, 8, and 16 d after the diet switch from the
rotifer Brachionus pilcatilis to the brine shrimp Artemia sp.
Numbers listed under each sampling time refer to the number
of fish. Each sample consisted of 2 winter flounder from each
of 3 containers; the f, sample was a single collection of 12
flounder from the source-rearing container

Diet T (°C) Sample size at
to t 13 t g te 2h
Rotifers 13 12 - - - 6 6 24
18 - - - - 6 6 12
Artemia sp. 13 - 6 6 6 6 6 30
18 - 6 6 6 6 6 30
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Table 2. Nitrogen and carbon stable-isotopic composition of the fish diets and
algal supplements used in the turnover experiment. Fish diet samples were
taken 0, 8 (except for Artemia sp.), and 16 d after the start of the experiment.
Algal samples were taken at the end of the experiment. Units are per mil (%o)

Samples of the diets were also col-
lected throughout the experiment and
frozen wuntil processing for stable-
isotope analyses. Rotifer samples were

collected at Times f,, f3, and t;5, and

Sample , ISOtOpitC value , Artemia sp. were sampled at f, and t;.

515N 0 55C 515N ¢ 55 515N 10 58¢C Samples (100 ml each) of algae-rich

water from the culture containers were

Fish diets o filtered through pre-combusted, glass-

rtemores plicatilis 200 tae o0 T 0% Tasoq | fiber filters (Whatman GF/F) and then

Algae frozen wuntil further processing for
Dunaliella tertiolecta ~3.79 -16.44 stable-isotope analyses.

Isochrysis galbana -0.08 -16.49 Sample preparation for isotopic

Nannochloropsis oculata 3.65 -12.93 analysis. In order to obtain final dry

The fish in 6 containers at each temperature (n = 24
total fish) were maintained on the original diet of
algae-enriched rotifers (5 rotifers ml™! d-!). For each
temperature, 3 containers were sampled at 8 d, and
3 more at 16 d after the start of the experiment. The
fish were videotaped live for later size determination
and then frozen.

The remaining fish (n = 60) were switched to a diet of
Artemia sp. (1 Artemia ml~* d™!). Fish in 3 containers in
each temperature treatment were videotaped and then
frozen at times () 1, 2, 4, 8, and 16 d after the diet
switch.

815N

-20 !

0 4 8 12 16 0 4 8 12 16
Time since diet switch (d)

Fig. 1. Pleuronectes americanus. Nitrogen stable-isotope

value, 8'°N (a,b), and carbon stable-isotope value, 8'°C (c,d),

of individual winter flounder as a function of the time since

their diet was switched from rotifers Brachionus plicatilis to

Artemia sp. Fish were maintained at 18 (a,c) or 13°C (b,d).

Lines represent the best-fit nonlinear regressions to the data,
using the model of Hobson & Clark (1992)

weights of the fish, each individual was
rinsed with deionized water, loaded
into a pre-weighed 8 x 5 mm tin capsule (Microanaly-
sis), and placed in a 55°C drying oven for 24 h. After
drying, the tin capsules were reweighed (Sartorius
Micro Balance™), and the final dry weight of each fish
was determined by difference. The capsules were
crushed into small balls and stored in a desiccator until
analysis. A regression between length and dry weight
(r? = 0.81) of the 12 f, fish was used to estimate the
initial dry weights of all of the fish destructively sam-
pled at times subsequent to f. (All fish were video-
taped for lengths prior to the experiment and at the
time of sacrifice.) The initial dry weights of the 12 ¢,
fish and the measured final dry weights of all fish were
then used to estimate the amount of growth in dry
weight for each fish.

Samples of rotifers and Artemia sp. were placed into
pre-combusted glass vials and dried at 55°C for 24 h or
until completely dried. After drying, these subsamples
were ground to a fine powder using a Wig-L-Bug™
(Crescent Dental) automated mortar and pestle.
Approximately 0.8 mg of sample was loaded into tin
capsules for analysis.

The filters upon which the algae were collected were
thawed and rinsed with deionized water. Algae (plus
some filter material) was scraped from the filters,
placed into pre-combusted glass vials, and dried at
55°C for 24 h. After drying, the material was ground
using a clean glass mortar and pestle. Approximately
5 mg of each sample were loaded into tin capsules for
analysis.

Sample analysis. The stable-isotope analysis was
carried out using a Europa Scientific ANCA-GSL ele-
mental analyzer coupled to a Europa Scientific 20/20
stable-isotope ratio mass spectrometer in the continu-
ous-flow mode, with ultra-high-purity helium as the
carrier gas. The stable-isotope ratios (N:*N and
13C:12C) are reported as 3'°N and &'3C, with units of per
mil (%o) difference relative to standards (N, in air for
nitrogen and the fossil Belemnitella americana [PDB]



Bosley et al.: C and N turnover rates in winter flounder 237

Table 3. Pseudopleuronectes americanus. Estimates of turn-
over constants (c) calculated using nonlinear regressions of
carbon and nitrogen stable-isotope data vs time since diet
switch from rotifers Brachionus plicatilis to Artemia sp. Half-
lives calculated from the turnover constants are included.
Turnover rates of both carbon and nitrogen were significantly
faster at 18 than at 13°C (p < 0.001 for both, Student's t-test)

Element T (°C) c (xSE) Half-life (d)
sC 13 -0.17 £0.024 4.1

18 -0.32 £ 0.038 2.2
N 13 -0.18 £ 0.032 3.9

18 -0.22 £ 0.038 3.1

from the Peedee formation of South Carolina [Craig
1957] for carbon). Secondary standards (egg powder
and aquatic plant) were included in each batch for
quality control. The average values of the secondary
standards for the 2 elements indicated that the isotopic
determinations were close to the expected values. The
standard deviation around the expected values for the
secondary standards was +0.3% (n = 2 secondary
standards for every 10 unknowns analyzed).

Estimating turnover rates. Turnover rates were cal-
culated in 2 ways. Turnover rate as a function of the
time since the diet switch was determined by the expo-
nential model of Hobson & Clark (1992), using the
equation:

y = a+be” (1)

where y = 8°C or 8°N at Time t, a = the value being
approached asymptotically, b = the total change in iso-
tope value after the diet is switched, ¢ = the turnover
rate, and t = the time since the diet switch.

Second, turnover rate as a function of the change in
weight since the diet switch was determined by the
exponential model of Fry & Arnold (1982). This model
defines growth as the increase in individual mass rela-
tive to initial mass (measured here as dry weight):

Wi = Wi/W, (2)

where Wy = growth relative to initial weight, W; =
final weight, and W; = initial weight. This estimate
of growth can then be used to yield an estimate of
growth-specific turnover with the equation:

y = a+b Wy (3)

in which the variables are the same as in Eq. (1). In this
model, growth is entirely responsible for the change in
isotopic composition if ¢ = -1. If ¢ < -1, metabolic
turnover or replacement of old tissues is occurring,
with more negative values of c corresponding to higher
turnover rates. Derivations of the models and equa-
tions used to calculate half-lives are in the original

literature references. The estimates of ¢ were obtained
from a Levenburg-Marquardt iterative, non-linear,
least-squares fitting algorithm (Seber & Wild 1989),
with software (TableCurve 2D™) specifically designed
for this purpose.

RESULTS

The controlled laboratory conditions resulted in
clear, temporal patterns that showed changes in the
isotopic composition of the fish (Fig. 1). The estimates
of turnover rates calculated using time since the diet
switch as the independent variable and the corre-
sponding half-lives varied significantly among the
temperatures tested (Table 3). The turnover of both
carbon and nitrogen was significantly faster at 18°C
than at 13°C (p < 0.001 for both, Student's t-test). How-
ever, it appears that the model may be overestimating
the turnover rates at 18°C and underestimating the
turnover rates at 13°C over the 4 d immediately follow-
ing the diet change (Fig. 1).

By also examining changes in both the nitrogen- and
carbon-isotopic compositions relative to growth (Fig. 2),
it was determined that at both temperatures the expo-

18 °C 13°C
16 a
137

8'5N

8"

19+ .
-20

0 10 20 30 40 O 10 20 30 40
Growth (final mass/initial mass)

Fig. 2. Pleuronectes americanus. Nitrogen stable-isotope value,
85N (a,b), and carbon stable-isotope value, °C (c,d), of indi-
vidual winter flounder as a function of growth (relative in-
crease in individual dry weight) since their diet was switched
from rotifers Brachionus plicatilis to Artemia sp. Fish were
maintained at 18 (a,c) or 13°C (b,d). Lines represent the best-
fit nonlinear regressions to the data, using the model of Fry &
Arnold (1982)
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Table 4. Pseudopleuronectes americanus. Estimates of turn-
over constants (c) calculated using nonlinear regressions of
carbon and nitrogen stable-isotope data vs growth since the
diet switch from rotifers (Brachionus plicatilis) to Artemia
sp. The values of r? indicate the fit of the Fry & Arnold
(1982) model to the data. The t-statistic pertains to the
hypothesis ¢ = -1. A value of p < 0.05 indicates a significant
difference from -1 (1-tailed test)

Element T (°C) c (£SE) r? t P

d8C 13 -0.79 £ 0.250 0.91 0.84 0.21
18 -1.34 £+0.480 0.58 0.71 0.46

315N 13 -1.00 £ 0.220 0.94 0.00 0.50
18 -1.14 +£0.340 0.62 0.41 0.66

nential changes in isotopic composition were attribut-
able to the production of new tissues. A nonlinear
regression produced estimates of c¢ that were not sig-
nificantly different from -1 (Table 4). This indicates
that it was the production of new tissues after the diets
were changed that caused the corresponding shift in
the isotopic composition of the fish, rather than the
turnover of existing tissues.

The nitrogen-isotopic composition of fish sampled at
to did not resemble values that were predicted based
upon a fractionation factor of 3 to 4 %o between trophic
levels. Based on the isotopic composition of rotifers at
to of 8'°N = —8%. (Table 2), the fish at t, were predicted
to have 8"°N values between —5 and —4 %o, but instead
these were approximately —2 %o (Fig. 1a,b). This repre-
sents a fractionation of roughly +6 %0 between trophic
levels. The nitrogen-isotopic compositions of fish
sampled at t;5 also were not in the range of what was
predicted based on the isotopic composition of Artemia
sp., which had a 3N = 12.8%. at ;5 (Table 2). These
fish were predicted to have &'°N values between 15.8
and 16.8%o, but instead these were approximately
12.5%o in the 18°C treatment (Fig. 1a) and 15%o in the
13°C treatment (Fig. 1b), for fractionation factors of
—-0.3 and +2.2 %o respectively.

The carbon-isotopic composition of fish sampled at £,
was different from that was predicted based upon a
fractionation factor of 1 to 2%. between trophic levels.
Based on the isotopic composition of rotifers at f, of
313C = —14.9%0 (Table 2), the fish at t, were predicted
to have 33C values between —13.9 and -12.9 %o, but
instead these were approximately —14.9%. (Fig. 1c,d).
This represents a fractionation of roughly 0%. between
trophic levels. The carbon isotopic compositions of fish
sampled at t;¢ in the 13°C treatment also were not in
the range of what was predicted based on the isotopic
composition of Artemia sp., which had a 8C = —22 %o
at t;¢ (Table 2). These fish were predicted to have 33C
values between -21 and -20%., but instead were

approximately —19.5%. (Fig. 1d), for a fractionation fac-
tor of +2.5%.. However the fish in the 18°C treatment
had &2C values of approximately —-20%. (Fig. 1c),
which was in line with predictions based on the carbon
isotopic composition of Artemia.

DISCUSSION

These findings show the clear and predictable way
in which a change in diet is reflected in the isotopic
composition of the tissues of young winter flounder,
and that changes in the isotopic composition at this
stage of development are almost entirely attributable
to the production of new tissues rather than to the
metabolic turnover of existing ones. Although these
findings may be affected by error from using a regres-
sion of length versus dry weight to estimate the initial
dry weights, similar results were reported by Herzka &
Holt (2000), who found that shifts in the isotopic com-
position of larval red drum Sciaenops ocellatus also
resembled predictions based on growth alone. The
findings of each of these studies may be unique to the
developmental stages of the fish that were used. We
are currently investigating this possibility by conduct-
ing feeding experiments similar to those reported here,
but evaluating multiple developmental stages from
fertilized eggs to juveniles.

Metamorphosis is a major event in a fish's life his-
tory, with changes in morphology (Balon 1985, Youson
1988), physiology (Marshall et al. 1937, de Silva 1974),
and behavior (Sette 1943, Bergman et al. 1988). Fur-
thermore, a large amount of energy is used during
metamorphosis that might otherwise be used for growth
(Balon 1985). Some authors have reported reduced and
negative growth rates to be associated with this event
(Ahlstrom 1968, Balon 1985, Youson 1988). One might
expect, therefore, that during metamorphosis, changes
that occur in the isotopic composition of fishes as a
result of a change in diet would happen primarily
through the turnover of existing tissues. Our findings
showed conclusively that this is not true.

Biochemical reactions of poikilotherms are reduced
at low temperatures (Laurence 1975, Schmidt-Nielsen
1975), and this is the likely cause of both the lower
growth rates and slower changes in isotopic composi-
tion of both carbon and nitrogen observed at 13°C
compared to 18°C (Fig. 2). Numerous previous studies
have shown that water temperature directly affects the
developmental rate of early life-history stages of vari-
ous fishes (Blaxter 1969). Given the finding that the
change in isotopic composition was almost entirely
attributable to growth rather than metabolic turnover,
it is not surprising that the fish in the 13°C treatment
had both lower growth rates and slower rates of
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change in their isotopic compositions compared to fish
in the 18°C treatment.

The rapid shift in isotopic composition with a diet
shift in recently settled winter flounder reported here
contributes toward a general understanding of the
dependency of isotopic shifts on turnover rate, growth
rate and, potentially, the life stages of fishes. Using
similar methods, Bosley (1998) determined the carbon
and nitrogen turnover rates for 3 species of juvenile
fishes: striped bass Morone saxatilis, tautog Tautoga
onitis, and winter flounder. The half-lives of muscle
tissue were ca. 1 to 17 d for carbon and 2 to 19 d for
nitrogen. In contrast, Hesslein et al. (1993) found the
half-lives of carbon and nitrogen in adult whitefish to
be >1 yr. The slower turnover rates in adult whitefish
may reflect the slowing of growth and metabolism in
fish at advanced ages.

The fish in this experiment were found to have iso-
topic compositions that were different from what was
predicted from the isotopic compositions of their diets
using commonly accepted fractionation factors be-
tween consumers and prey. This has increasingly been
the case in controlled experiments focusing on frac-
tionation of stable isotopes. Fractionation that occurs
between trophic levels has been shown to vary signifi-
cantly at the primary producer level for both nitrogen
(Waser et al. 1999) and carbon (Burkhardt et al. 1999).
Adams & Sterner (2000) also found a strong linear rela-
tionship between the C:N of algae and °N enrichment
in Daphnia magna which consumed the algae, ranging
from nearly zero to approximately 6 %.. Herzka & Holt
(2000) determined a fractionation range between 0.2
and 1.9%. for carbon and between 1.5 and 4.2%. for
nitrogen for larval red drum Sciaenops ocellatus
that was independent of larval size. Finally, species-
specific (Bosley 1998, Focken & Becker 1998) and diet-
specific (Gorokhova & Hansson 1999) fractionation has
also been reported. It is possible that the differences
that were observed in fractionation in the present
study may be attributable to variation in the isotopic
composition of the diets. Furthermore, it is also pos-
sible that the fish that were sampled at the end of this
study might not yet have reached equilibration with
their new diet. Together, all of this points to the need
for continued investigations into the sources of varia-
tion in fractionation. The feeding study mentioned
above that is currently underway will also examine
ontogenetic variation in isotopic fractionation.

The results of this study support the use of stable-
isotope ratios for studying diet shifts of winter flounder
over relatively short periods of time (days to weeks),
such as the initiation of feeding by larval fish and sub-
sequent shifts in prey consumed. To the extent that
habitat utilization is reflected in a fish's diet, stable iso-
topes also may be useful indicators of both the use of,

and shifts between, different habitats (Herzka et al.
2001). For example, if a larval winter flounder which
had been feeding in a pelagic food web since first-
feeding settled into a demersal habitat and began
feeding on benthic food, the present study indicates
that the tissues of that fish would reflect the habitat
change within 2 to 4 d. With the underpinnings of a
validation study such as that reported here, habitat
utilization can be inferred more confidently from the
stable-isotopic composition of wild-caught fish.
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