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ABSTRACT: Stable isotope analyses (SIA) of carbon and nitrogen are used routinely in food-web
studies to determine diet and trophic position. We tested several common assumptions of SIA by
rearing juvenile mummichog Fundulus heteroclitus on 5 isotopically distinct diets under controlled
laboratory conditions. We determined the effect of diet type and lipid extraction on 8*C and §°N
fractionation between diet and muscle. We also examined fractionation of §'*C between otolith and
both diet and muscle. Both *C and ®N were enriched from diet to fish muscle, but the degree of
fractionation differed among diets. Carbon isotope fractionation from diet to fish muscle exceeded
assumed values of <1%. and ranged from 1.2 to 3.9%., while nitrogen fractionation ranged from
2.7 to 7.8 %.. Extracting lipids from fish muscle increased both 8'3C and §'°N by approximately 1 %.
Lipid extraction also increased variation in treatment means for 8!°N, but not §!3C. Otoliths were
enriched in ¥C compared to both diet and fish muscle. Bulk otolith 8'3C values were strongly corre-
lated with muscle tissue, and reflected the same total change in §'*C observed among diet treat-
ments. It was tempting to conclude that otoliths were accurately recording §!3C values of the diet.
However, more information is required on the effects of diet, metabolic rate, and 813C of ambient
dissolved inorganic carbon on otolith §'*C before these structures can be used to reconstruct diet
histories of individual fish.
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INTRODUCTION

Understanding food webs and dietary history is vital
in ecology, and underpins studies of behaviour, preda-
tion, trophic positioning, and competition (Hansson et
al. 1997, Melville & Connolly 2003, Estrada et al. 2005,
Newsome et al. 2007). Traditional methods for deter-
mining diets involve stomach contents analysis, which
provides a dietary snapshot on the time scale of days
(Mann & Orr 1969). However, stomach contents analy-
sis can be difficult to interpret given the variability
associated with rates of digestion and decomposition
(Gannon 1976). Stable isotopes provide integrated esti-
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mates of diet over time that can be used to infer longer-
term feeding behaviour and movements (Hobson &
Wassenaar 1999, Herzka & Holt 2000, Haas et al.
2009). Carbon and nitrogen isotopes are primarily used
for such interpretations as they provide information on
diet and trophic positioning, respectively. Food-web
reconstructions based on carbon and nitrogen isotopes
rely upon prior knowledge of the isotopic fractionation
between prey and consumers (Hobson & Wassenaar
1999, Fry 2006). This fractionation is either measured
or, more commonly, taken from the literature. Carbon
isotopes are generally assumed to fractionate <1 %o
between prey and consumers, and nitrogen isotopes
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are assumed to fractionate approximately 3.5%. with
trophic levels (Fry & Sherr 1984, Minagawa & Wada
1984, Vander Zanden & Rasmussen 2001, Vanderklift
& Ponsard 2003, Fry 2006). These fractionation con-
stants are then used to parameterise mixing models
that aim to identify prey species consumed and the
trophic level at which an individual feeds (Post 2002).

While carbon and nitrogen stable isotopes are com-
monly used in food-web studies, a number of issues
with the technique remain unresolved. For instance,
lipids are typically 6 to 8 %o depleted in '3C relative to
carbohydrates and proteins (DeNiro & Epstein 1977).
Systematic variation in consumer lipid content between
sexes, with maturation, or on seasonal time scales may
confound comparisons of 83C values within the same
species (McConnaughey & McRoy 1979, Focken &
Becker 1998). Interpretation of dietary items is difficult
when variation in 83C caused by differences in lipid
content is larger than the assumed fractionation be-
tween diet and consumers (<1 %o). The removal of lipids
from tissue samples is, therefore, a logical way to re-
duce error associated with stable isotope analyses (SIA)
(Pinnegar & Polunin 1999, Murry et al. 2006). Two
methods currently exist to correct for differences in
lipid content among consumers: extracting lipids from
samples (e.g. Sotiropoulos et al. 2004) or mathemati-
cally correcting data (Kiljunen et al. 2006, Sweeting et
al. 2006). It is not clear, however, under which scenarios
either technique is able to successfully correct for vari-
able lipid content in field samples (Post et al. 2007).

Lipid removal effects on 8°N values are less well
understood than for §'°C values. Most lipids do not
contain nitrogen and, in theory, lipid extraction should
have little influence on §'°N measurements in bulk tis-
sue. If lipid extraction removes metabolic waste then
tissue samples should have lipids removed (Bearhop et
al. 2000, Sotiropoulos et al. 2004). If however, lipid
extraction strips nitrogen atoms from protein, then
removing lipids may either bias or add unnecessary
variation to the assay (Murry et al. 2006). There is little
consensus on this question in the literature, with some
researchers extracting lipids before §'°N analysis (e.g.
Post 2002, Gaye-Siessegger et al. 2004, Schlechtriem
et al. 2004, Logan & Lutcavage 2008) and others not
extracting their samples (e.g. Hansson et al. 1997,
Goedkoop et al. 2006). Clearly we need a more mech-
anistic understanding of sample treatment effects on
8'°N values when using SIA in food-web studies.

A further issue complicating the interpretation of sta-
ble isotopes occurs when consumer tissues fail to track
dietary items due to isotopic routing (Schwarcz 1991).
The carbon skeletons of different dietary constituents
(e.g. proteins, lipids, and carbohydrates) can be routed
to different consumer tissue constituents. Typically,
bulk trophic fractionation between diet and consumer

assumes a constant degree of de novo synthesis of tis-
sue constituents. However, diet 8'C values and those
of the consumer may be decoupled if the degree to
which lipids or amino acids are routed directly into tis-
sue versus synthesized de novo varies due to diet or
physiological conditions (K. E. McMahon et al. unpubl.
data). Few studies have emphasized the problems that
isotopic routing poses to the interpretation of isotopic
data in diet reconstructions (e.g. Parkington 1991,
Schwarcz 1991).

Fish otoliths are comprised of calcium carbonate
(CaCO3) and contain substantial carbon that may be
useful for isotopic investigations of diet. One advan-
tage of otoliths over other tissues for dietary analyses is
that otoliths accrete new material onto their outside
edge daily that is metabolically inert once incorpo-
rated. Unlike muscle, which has a fairly rapid turnover
rate, the isotopic composition of individual growth
increments in otoliths may record dietary information
on fine temporal scales over the lifetime of an individ-
ual fish. Nitrogen is a minor constituent of otoliths, pre-
sumably located within the protein matrix (Campana
1999), and 8N analysis of bulk otolith material is diffi-
cult. Carbon in otoliths comes from dietary sources via
metabolism and from dissolved inorganic carbon (DIC)
(Kalish 1991, Radtke et al. 1996, Solomon et al. 2006).
Metabolic carbon contributes approximately 25% to
total otolith carbon (Hgie et al. 2003), but published
values range between 0% (Kalish 1991) and 100 %
(Wurster & Patterson 2003). The mechanisms generat-
ing such variability in the contribution of metabolic
carbon to otoliths are not understood.

The aim of the present study was to examine factors
controlling trophic fractionation of carbon and nitro-
gen stable isotopes in fish muscle and otoliths. Our
specific objectives were to (1) determine the degree of
fractionation of 8'°C and 8'°N between diet and mus-
cle, and assess if fractionation was consistent among
fish feeding on different diets, (2) test the effect of
extracting lipids from fish muscle on fractionation, and
(3) examine the consistency of fractionation of §*C
between otoliths and both diet and muscle among fish
feeding on different diets, and determine the meta-
bolic contribution of carbon to otoliths. These 3 objec-
tives were addressed under controlled lab conditions
to minimise the potential effects of systematic genetic
or environmental differences among diet treatments.

MATERIALS AND METHODS

Fish rearing. Adult mummichog Fundulus hetero-
clitus, Linnaeus 1766 were collected from a saltmarsh
in Sandwich, Massachusetts, and transported to the
Atlantic Ecology Division, US Environmental Protec-
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tion Agency (USEPA), in Narragansett, Rhode Island.
Fish were held in flow-through seawater with temper-
atures elevated above ambient to induce spawning.
Mummichog spawn on the full moon (Collette & Klein-
MacPhee 2002) during spring through summer (May to
July) and females deposit eggs on substrate, or surro-
gate collecting baskets in the laboratory. Eggs from 2
spawning events, 28 May and 19 June 2006, were col-
lected and transferred to tanks and allowed to hatch.
Juvenile fish were reared in tanks for 6 wk (approxi-
mate length of 11 mm) and fed only on Artemia from
the time of hatching. After 6 wk they were transferred
to experimental tanks.

Experimental tanks consisted of fifteen 40 1 aquari-
ums with flow-through seawater at a temperature of
20°C. Tanks were randomly positioned in 2 rows and
light was administered under a 12 h light:12 h dark
cycle from fluorescent tubes. Twenty fish were stocked
into each tank. Before commencing any dietary manip-
ulations, 30 fish were sacrificed to determine average
otolith weight and isotopic values, which were then
used in subsequent calculations. Dietary manipula-
tions consisted of 3 tanks of fish that were fed 1 of
5 diets: (1) Artemia, (2) vegi-pro®, (3) bio-vita®, (4)
squid, or (5) clam. Diets were selected due to their dif-
ferent isotopic signatures. Vegi-pro is a commercial
fish pellet made from vegetable-based protein,
whereas bio-vita is a commercial fish pellet made from
fish-based protein. Fish fed Artemia diets were consid-
ered control fish, as their dietary sources of carbon and
nitrogen isotopes had not changed since hatching.
Squid and clam diets were made by homogenising
500 g of each and freezing in small amounts. Fish were
fed to saturation once per day, and tanks were cleaned
of excess food and biofilms every third day. Fish were
reared on different dietary treatments for 8 wk, after
which they were sacrificed in an ice slurry and frozen.

Sample preparation. Muscle and diet: Fish were
stored frozen then freeze-dried whole for 72 h (n = 5
fish per tank). White muscle samples were collected
and homogenised for each individual fish using a mor-
tar and pestle, before being split into 2 portions for
analyses. One portion was analysed for §'°C and §'°N,
and the other had lipids extracted prior to isotopic
analysis. Lipid-extracted samples were analysed for
both §'C and §'°N.

Approximately 1 mg of sample was weighed into tin
cups and analysed for 8°C and §'°N values using a
Europa Hydra 20/20 isotope ratio monitoring mass
spectrometer (irm-MS) at the UC Davis Stable Isotope
Facility. The second portion of sample had lipids ex-
tracted by triple washing 1 mg of muscle with dichloro-
methane-methanol (DCM:MEOH, 1:1) and pipetting
off the solvent (Murry et al. 2006). After the third wash,
the remaining solvent was evaporated under inert N,

gas at 50°C. Approximately 1 mg of lipid extracted
muscle was weighed into tin cups and analysed for
83C and 8N composition as previously described.
Stable isotopes were expressed in standard delta ()
notation as parts per thousand (%o):

813C or 815N — ( (Rsarrq;e - standard) ) % 1000 (1)

standard

where R is the ratio of *C:'2C or *N:!N. Results were
reported relative to Vienna Pee Dee Belemnite (VPDB)
for 8'°C and atmospheric air for §°N. Powder stan-
dards (NB519) were analysed to assess instrument drift
and calculate precision.

Samples of diet consumed by fish (Artemia, vegi-pro,
bio-vita, squid, and clam) were analysed for §!3C and
8N values (n = 5), with these samples being a com-
posite of the feeds over the experiment. Methods of
analyses followed those described for muscle, with the
exception that lipids were not extracted.

Otoliths: Otoliths of frozen fish were dissected prior
to freeze drying. Otoliths were washed in ultrapure
water to remove any remaining tissue then further
cleaned with a triple rinse of ultrapure water before
being freeze-dried and stored in microcentrifuge
tubes. Five replicate fish from each tank were selected
for the analysis of otolith §'3C using a irm-MS. Whole
otoliths were analysed and mean (+SE) sample mass
was 298.2 + 8.4 mg and corrected for previous growth
on Artemia (see 'Data analyses’ for a description of this
correction). Sample preparation included weighing
and placing otoliths in glass vials, adding 3% hydro-
gen peroxide and crushing otoliths using a glass probe,
rinsing and drying at 50°C before analysis. Samples
were analysed on a Thermo Finnigan Mat 253 irm-MS
with a Kiell III carbonate device following the methods
of Ostermann & Curry (2000). Isotope values were
reported relative to VPDB, and expressed in standard
delta (8) notation as parts per thousand (%o):

813C :( Rsample _

= 1)>< 1000 2)

standard
where Ris the ratio of 1*C:!2C. Powder standards (NBS19
and bicarbonate) were analysed to assess instrument
drift and calculate precision; long-term precision esti-
mates of the mass spectrometer were §'*C + 0.03 (Oster-
mann & Curry 2000).

Data analyses. Estimates of '3C in whole otoliths for
each diet treatment also incorporated otolith material de-
posited when all fish were fed Artemia (0 to 6 wk of age).
We therefore used the following equation to correct for
otolith material deposited before the diet switch:

(Othole X 813thole) -
sBC. = (mean OWjyiq X mean §°Ciyyia) (3)
el (OW,ynge — mean OWipiiq))
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where OW is otolith weight; OW,,01e and 8'°C,01e TEPTE-
sent values of an individual fish at the end of the exper-
iment and mean OW,y;q and mean 8'3Ciya Tepresent
average values based on the 30 fish sampled after 6 wk.

Isotopic composition of fish muscle was determined
for untreated and lipid-extracted samples. Lipid ex-
traction required additional sample processing that
may increase within-treatment variation. Therefore,
we compared the variation associated with each
method (untreated and lipid-extracted) by calculating
variation estimates (SD) for each tank within each diet
treatment. We then compared treatments between
untreated and lipid-extracted samples using ANOVA.
To determine if the method of analysis altered the
interpretation of the data, we compared statistical sig-
nificance and estimates of variation associated with
each method. We used ANOVA and permutational
multivariate ANOVA (PERMANOVA) to determine if
diet treatments differed, and variance components
(Vaughan & Corballis 1969, Graham & Edwards 2001)
to estimate the magnitude of effect explained by differ-
ences among diets.

Differences in isotopic composition (§!3C and §'°N) of
food and fish muscle were compared among treat-
ments using a PERMANOVA in PRIMER-E (see An-
derson 2001, McArdle & Anderson 2001 for further
details), where rows of data are permuted randomly
among groups, and an F-statistic calculated. Euclidean
distances were used. Where significant differences
were detected, we used pair-wise a posteriori compar-
isons to determine which treatments differed. Univari-
ate ANOVAs were used to determine differences
among treatments of single variables (8'°C, §'°N, C:N)
and isotope enrichments for diet, fish muscle, and oto-
liths, and to determine if fish growth (length and
weight) differed among treatments over the duration
of the experiment.

RESULTS

Diets fed to fish differed in their §'*C and §'°N values
(PERMANOVA: F; 59 = 1309.76, p = 0.002), with all
diets varying significantly from one another. The vegi-
pro diet had an isotopic composition that was very dif-
ferent from all other diets, with significantly lower §'*C
and 8N values (Fig. 1). Diets of bio-vita, Artemia, and
clam had relatively similar §'°N values but different
813C values, while squid had the highest 8'°N value.
The carbon:nitrogen ratio (C:N) differed among diets
(ANOVA: F, 5o = 715.84, p = 0.0000), and diets of vegi-
pro and bio-vita had higher C:N (mean = 5.55 and 5.65,
respectively) than Artemia (3.95), squid (3.58), and
clam (3.55; pairwise comparisons: vegi-pro = bio-vita >
Artemia > squid = clam).
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Fig. 1. Isotopic enrichment of 8*C and §'°N from dietary com-

ponents to mummichog Fundulus heteroclitus muscle. Arrows

indicate change between diet and fish muscle treatments.
Data are means + SE

Fish length and weight were not significantly differ-
ent among diet treatment groups (length: F; ;o = 2.88,
p = 0.0794; weight: F, 1o = 2.76, p = 0.0877), indicating
that growth and, therefore, tissue turnover was not
affected by diet treatment. Growth of fish in all diet
treatments after 8 wk of rearing was, however, sub-
stantially greater than an initial subsampled group of
fish (length: F; 1o = 207.425, p = 0.0002; weight: F; 1, =
170.22, p = 0.0001). During the experiment, fish
increased in length by 153 % and weight by 129 %.

Fish reared on vegi-pro, bio-vita, squid, or clam for
8 wk after an initial diet of Artemia had unique isotopic
values (both 8'*C and §'°N) within their muscle (‘Diet’
effects all significant; Table 1a). All treatments differed
significantly from one another based on pairwise com-
parisons, and from fish fed only Artemia (Fig. 2). For
8'3C, differences among diets represented 96.39 % of
total variation for untreated samples and 95.64 % of
variation for lipid-extracted samples (Table 1a). Similar
differences among diets were detected for 8"°N and
the multivariate signature of 3'3C (99.29 % untreated,
96.33 % lipid-extracted) and 8°N (98.81 % untreated,
94.69% lipid—extracted; Table 1a). The relationship
between dietary §'*C and §'°N in diets and muscle was
confirmed by strong positive correlations between diet
and muscle isotope composition for both §!°C and §"°N
isotopes (Fig. 2). Fish reared on different diets had
similar muscle C:N values (ANOVA: F; 1o = 0.20, p =
0.9341), which ranged from a mean (+SE) of 3.32 + 0.04
for the clam diet to 3.37 + 0.06 for vegi-pro.

Fractionation from diet to fish muscle

Fractionation between diet and fish muscle occurred
for both §'3C and §'°N. Isotopic fractionation between
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Table 1. (a) ANOVAs and PERMANOVAs comparing lipid-extracted and untreated §°C and 8N among diet treatments.
VC%: variance component calculations (see 'Materials and methods'). (b) ANOVA comparing differences in §°C and 8N
among methods (lipid-extracted versus untreated) and diet treatments, and (c) ANOVA comparing difference in variance
among methods (lipid-extracted versus untreated) and diet treatments. Bold values indicate significant variance components

Ln(x + 1)-transformed
PNegative estimate of variance adjusted to zero

(a) Source of variation df — Lipid-extracted ———— — Untreated

MS P VC(%) MS P VC(%)
3c
Diet 4 24.5753 0.0000 96.39 26.6681 0.0000 95.64
Tank (Diet) 10 0.1291 0.0047 1.01 0.0363 0.9155 0.00°
Error 60 0.0440 2.60 0.0809 4.36
315N
Diet 4 128.0114 0.0000 99.29 128.4788 0.0000 96.33
Tank (Diet) 10 0.1142 0.0185 0.15 0.0980 0.9783 0.00P
Error 60 0.0478 0.56 0.3260 3.67
Multivariate (§"*C & §'°N)
Diet 4 152.59 0.0002 98.81 154.1725 0.0002 94.69
Tank (Diet) 10 0.2433 0.0100 0.30 0.2087 0.9594 0.00°
Error 60 0.0918 0.89 0.5754 6.31
(b) Source of variation df Carbon — Nitrogen

MS P MS P
Method 1 137.5901 0.0000 40.8204 0.0000
Diet 4 51.0887 0.0000 256.4107 0.0000
Tank (Method x Diet) 20 0.0827 0.1769 0.1061 0.9278
Method x Diet 4 0.1547 0.1551 0.0795 0.5701
Error 120 0.0624 0.1869
(c) Source of variation df — Carbon® — Nitrogen

MS P MS P
Method 1 0.0112 0.2575 0.9901 0.0000
Diet 4 0.0348 0.0122 0.0650 0.0112
Method x Diet 4 0.0023 0.8902 0.0092 0.6578
Error 20 0.0082 0.0151

diet and muscle was not consistent among fish fed dif-
ferent diets (see significant ANOVA; Table 2, Fig. 2).
Please note that we used a combination of lipid-
extracted 8'°C and untreated 8N values in subse-
quent analyses (see ‘Effects of lipid extraction’' in
‘Results’ for explanation). For 8°C (lipid-extracted),
tissues were enriched by values ranging from 1.24 %o
for clam to 3.85 %o for vegi-pro relative to diet (Table 2,
Fig. 2). The highest levels of §'3C enrichment occurred
with the artificial diets of vegi-pro and bio-vita, sug-
gesting selective incorporation of *C (Table 2, Fig. 2).
For 8N, enrichment from diet to untreated fish muscle
ranged from 2.66%o for squid to 7.83%. for vegi-pro
(Table 2). A combination of large §*C enrichment in
bio-vita and 8N enrichment in Artemia caused a
switch in the position of these treatments relative to
their position in the diet (see significant ANOVA;
Table 2, Fig. 1).

Eifects of lipid extraction

Lipid extraction caused a shift in the stable isotope
ratios of treatments relative to untreated data based on
both §'3C and 8'°N values (Table 1b); however, the rel-
ative placement of the treatment groups to each other
remained similar (Fig. 3). Fish muscle that had lipids
extracted was significantly enriched in both §'*C and
315N isotopes (Table 1b, Fig. 3). The difference
between untreated and lipid-extracted muscle was on
average (mean = SE) 1.00 + 0.04 %o for §'3C and 1.04 +
0.07 %o for 8'°N (Fig. 3).

Lipid extraction increased variation in 8N values,
but not in 8!°C values (Table 1c, Fig. 3). For 8N, the
increased variation due to lipid extraction compared to
untreated samples was seen in the significant ‘Method’
effect (Table 1c, Fig. 3). We also detected significant
effects of diet treatments on variance for both §3C and
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-15 18 Fractionation from diet and muscle to
y =0.605x - 5.133 y=0.573x - 8.193

—164 r*=0.904 ]

16 P =0.985 otoliths

The carbon isotope composition of
fish otoliths reflected that of their diets
(r2 = 0.996; Fig. 4). Otolith §'3C values
differed significantly among dietary
treatments (ANOVA: F, ;o = 39.80, p <

8'3C muscle
85N muscle

—24 -23 -22 21 -20 -19 -18 -17 0 2 4 6 8 10 12 14 16 0.0001). The treatments of squid and
813C diet 815N diet clam had similar §'*C compositions that
14 18 were in turn more enriched than bio-
ODiet 16 ODiet ° vita and Artemia, with vegi-pro being
~161 ®Muscle . . [ 14| *Muscle o o ' * the least enriched (SNK tests: squid =
-18 o ' 12 °© o o clam > bio-vita = Artemia > vegi-pro;
& . © £ 137 . Fig. 4). Isotope enrichment ranged from
© 20 o ° © 6: 12.1%o0 for clam to 14.5%. for vegi-pro
oo 4] (Table 2), with the greatest §!3C enrich-
o 2 . ment detected in fish that were fed the
—24 T o \ \ 0 T = o S~ artificial diet of vegi-pro.

\,Q( N N Q\'Zé\ ®<(‘\ &N N O\’D@ ®<°\ Isotopic composition of otoliths re-

S o @ & Y o @ & . o
@’ R bs W R he flected that of fish muscle, as indicated

Fig. 2. Relationships between isotopes in mummichog Fundulus heteroclitus by a strong positive relationship be-

muscle (3°3C and §'°N) and diet displayed as regressions. Fractionation between ~ tween §"°C composition of fish muscle
diet and fish muscle is shown for each dietary treatment (vegi-pro, bio-vita, and that in otoliths (1r2 = 0.837; Fig. 4).
squid, clam, and Artemia). Data are means + SE Isotope enrichment of $18C from fish

muscle to otolith ranged from 9.66 %o for

Artemia to 10.66 %o for clam, with en-

3N (Table 1c), which was caused by higher variation richments being relatively consistent among treat-
in vegi-pro diets compared to all other diets (Student- ments (Table 2). In general, fractionation between fish
Newman-Keuls [SNK] tests; vegi-pro > all other diets, muscle and otolith was more consistent among treat-
which were equal; Fig. 3). ments than fractionation between diet and otolith (i.e.

Table 2. (a) Isotopic enrichment from diet to fish muscle for both §'*C and §'°N untreated and lipid-extracted data, and (b) isotopic

enrichment from diet and muscle to fish otoliths (§'3C only). ANOVA results are presented as F-ratios and significance levels to in-

dicate whether diet treatments had significantly different isotopic enrichment. Data are means + SE, n = 15 fish. ns: non-significant;
*p<0.05; ***p <0.001

(a) Treatment Muscle-Diet Muscle (lipid-extracted)— Muscle—Muscle
Diet (lipid-extracted)

Diff. 813C Diff. 3'°N Diff. 813C Diff. "N Diff. §13C Diff. 31°N

Vegi-pro 2.96 7.83 3.85 8.88 0.89 1.05

Bio-vita 2.23 2.67 3.36 3.73 1.13 1.07

Squid 1.34 2.66 2.48 3.80 1.14 1.14

Clam 0.62 3.18 1.24 5.27 0.78 1.09

Artemia 1.52 3.52 2.56 4.39 1.04 0.87

ANOVA: df, ;o Diet effect 98.35*** 633.65*** 355.40*** 717.84*** 4.66* 0.697

(b) Treatment Otolith—Diet Otolith—Muscle Otolith—Muscle (lipid-extracted)
Diff. 813C Diff. 813C Diff. §13C

Vegi-pro 14.50 11.54 10.65

Bio-vita 13.26 11.03 9.90

Squid 12.83 11.49 10.34

Clam 12.10 11.48 10.66

Artemia 12.21 10.69 9.66

ANOVA: df, o Diet effect 22.92*** 3.37% 4.89*
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Fig. 3. Isotopic enrichment that occurs with lipid extraction of

mummichog Fundulus heteroclitus muscle, displaying the

variation structure for each tank for both untreated and lipid-
extracted samples. Data are means + SE

diet to otolith was significant, muscle to otolith was not,
ANOVA; Table 2). Enrichments from diet to muscle
were also considerably less (~3%.) than those from
muscle to otoliths (~10%.,, ANOVA; Table 2). Finally,
otolith 8'°C values reflected the same total change in
muscle tissue 83C (Fig. 4).

DISCUSSION

SIA of carbon and nitrogen has become an important
tool in food-web studies conducted in terrestrial and
aquatic environments (Fry 2006). The approach over-
comes many of the biases that may be encountered us-
ing traditional stomach contents analysis that often pro-
vide only a snapshot of relatively indigestible food
items. However, questions still remain concerning
some of the fundamental assumptions of SIA and the
appropriate analytical techniques to be used. Many of
these questions are best resolved using controlled labo-
ratory studies where different diets can be unambigu-
ously assigned to individual fish. Taking such an ap-
proach, we found that at least some of the common
assumptions about fractionation constants of 1%. for
813C and 3 to 4 %0 per trophic level for §'°N used in SIA
are unlikely to be met in field studies and deserve more
attention from the researchers using this technique.

The results of the present study rest on the assump-
tion that muscle tissue of the juvenile mummichog had
reached isotopic equilibrium by the end of the experi-
ment. Several lines of evidence suggest that this as-
sumption was met. Previous research suggested that
carbon and nitrogen turnover in mummichogs was
rapid, with muscle tissues being
close to isotopic equilibrium after
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C approximately 50 d based on mass
increase, and complete equilibrium
reached at 104 d (Logan et al
2008). We reared fish for 56 d after
swapping diets within the labora-
tory and during this time fish in-
creased their length and mass sig-
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turnover did occur. Growth was also consistent among
fish fed different diets, suggesting that fish growth was
not impaired in any of the diet treatments. Finally, and
most persuasively, we assayed §'°C values in individ-
ual amino acids (AA) from the same fish used in the
present study (K. E. McMahon et al. unpubl. data).
Most animals have lost the ability to synthesize essen-
tial AAs de novo and therefore must incorporate them
directly from their diet. We found that §'°C values in 5
essential AAs were indistinguishable from those in the
individual diets at the end of the experiment, indicat-
ing that isotopic equilibrium had been achieved in
muscle tissue by the end of the experiment. Taken
together, it appears unlikely that our data were com-
promised by a failure of the juvenile fish to reach
isotopic equilibrium in any of the diet treatments.

Fractionation from diet to fish muscle and
consistencies of trends

The use of stable carbon and nitrogen isotopes in
dietary and trophic investigations is based on the
assumptions that §'C and 8'°N fractionation is known,
and that carbon and nitrogen move through the food
web with similar stoichiometry (Post 2002, Fry 2006).
The fractionation we detected was relatively large
compared to that described in most, but not all, previ-
ous studies. The diets in our feeding experiment had
different 8°C values, as was expected based upon
their composition. Vegi-pro had the lowest §'3C value
(-23.3 = 0.4 %o) reflecting its composition of wheat (Cj
plant 8'3C § —27%0) and a relatively small contribution
of corn (C, plant 83C & —12%.). The natural diets of
squid and clam had the highest 8'3C values, reflecting
a marine origin (Chisholm et al. 1982). Bio-vita was
intermediate between vegi-pro and the natural diets,
reflecting the presence of fish and krill meal as well as
wheat gluten and whey protein. Fish exhibited frac-
tionation between diets and muscle 3'°C ranging from
1.24 %o for those fish fed clams to 3.85%. for fish fed
vegi-pro. Although we found that fractionation was
>1%o for all diets, the results were consistent with pre-
vious studies that indicated that organisms fed plant-
based diets typically fractionate 8'3C by values >2 %o
(Benner et al. 1987, Howland et al. 2003). Plants con-
tain complex biopolymers, including cellulose and
lignin, that are poorly digested and often differ in §'*C
relative to the bulk organic matter of the plant (e.g.
Benner et al. 1987, Teece & Fogel 2007). As a result,
trophic fractionation of 8C in herbivores is often
higher than those of carnivores, with omnivores having
intermediate fractionation (McCutchan et al. 2003).
The commercial fish pellet bio-vita represented an
omnivorous diet of animal matter (fish and krill meal)

and plant matter (wheat gluten), and showed a §*C
fractionation that was intermediate between that of
vegi-pro and the natural animal-based diets and simi-
lar to the value of several fish species fed commercial
fish pellets (McCutchan et al. 2003).

Many researchers have estimated diets of fishes by
assuming no significant trophic fractionation of car-
bon isotopes. Theoretically, if consumers incorporate
carbon isotopes from their prey with minimal fraction-
ation, then the consumer §'*C values will match that
of its diet (Post 2002, Fry 2006). Our results suggest,
however, that the assumption that 8'3C values do not
exhibit trophic fractionation may be unrealistic. The
<1%o fractionation between prey and consumers has
been derived largely from field studies (Fry 2006).
Only a handful of papers have examined fractionation
between diet and consumers in the laboratory under
controlled conditions. The fractionation we detected
was similar to data from previous laboratory studies
(~3%o for 8'°C) (DeNiro & Epstein 1978, Focken &
Becker 1998, Post 2002, Sweeting et al. 2007). We do
not know the reason for the discrepancy between
field and laboratory studies, but the observation is
clearly repeatable and needs to be acknowledged by
researchers using bulk §°C analyses in food-web
studies.

Fractionation of 8'°N from diet to fish muscle forms
the basis by which tropic position can be established
(Minagawa & Wada 1984, Fry 2006). We found that
85N fractionation among the different dietary treat-
ments ranged between 2.66 to 7.83 %o. Similar to pat-
terns with carbon, the largest fractionation in 8°N val-
ues was detected for the artificial diet of vegi-pro
(7.83%0) and the smallest fractionation for squid
(2.66 %0). Nitrogen isotope fractionation in bulk muscle
tissue is approximately 3 to 4%, among tropic levels
(Fry 2006), but has been shown to range from 1.3 to 9 %o
(Minagawa & Wada 1984, Vander Zanden & Ras-
mussen 2001, Goedkoop et al. 2006). If we exclude the
vegi-pro diet, our results were in reasonable agree-
ment with the consensus value. The diet treatments
allowed for a useful test of the relative placement of
groups with respect to trophic level enrichment. Con-
servative enrichment among diets should allow for fish
to be distinguished based upon the trophic level at
which they feed. Of the 5 diets, one had §'°N values
of ~2%o (vegi-pro), 3 were ~11%o. (bio-vita, Artemia,
clam), and one was ~14%. (squid). Therefore, diets
were classified according to the trophic level of pri-
mary producers, secondary consumers, and tertiary
consumers, respectively. Even with the extremely
large fractionation seen in the vegi-pro treatment, fish
from different dietary groups held their relative place-
ments, such that fish feeding at different trophic levels
were distinguishable from one another.
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Assumptions of 8'°N fractionation in food web stud-
ies appear relatively robust. However, the assumption
that 8'3C values do not fractionate between trophic lev-
els appears to be more problematic. The increase in
313C values between prey and consumer we detected
of between 1.24 and 2.85%. would cause an underesti-
mation of 13C-depleted dietary sources and, conversely,
an overestimation of '*C-enriched dietary sources.
Gaye-Siessegger et al. (2004) calculated this underes-
timation using a mixing model of 2 food sources that
differed by 3% in 83C. An error of 1% in 8'3C values
caused by one dietary component fractionating more
than the other would cause the isotopically lighter diet
to be underestimated by 17 to 83 %. More in-depth
studies are warranted to investigate the biochemical
and physiological underpinnings of these findings,
specifically examining isotopic routing under varying
diets and rearing times.

Effects of lipid extraction

Removing lipids from fish muscle before bulk SIA is
generally performed to reduce bias caused by diet
lipid content, growth, and metabolism (McConnaughey
& McRoy 1979, Sweeting et al. 2006, Post et al. 2007).
Lipids are typically 6 to 8 %o lower in *C relative to car-
bohydrates and proteins (DeNiro & Epstein 1977). We
extracted lipids from fish muscle to determine if lipid
content could affect '3C values of mummichog as rec-
ommended by Post et al. (2007). We found that lipid
extraction resulted in an increase in fish muscle §'°C
values by approximately 1 %o, consistent with previous
studies on lipid removal from fish muscle (Pinnegar &
Polunin 1999, Sotiropoulos et al. 2004, Logan & Lutcav-
age 2008). While lipid extraction impacted the §'°C
value of fish muscle, the effects were not significantly
different among treatments, and thus the general pat-
terns of an increase in bulk tissue 8*C values
remained consistent. Nonetheless, lipid extraction may
be more critical when analysing more lipid-rich tissues
(lipid content > 5% or C:N ratio > 3.5 for aquatic ani-
mals) or comparing consumers with significantly dif-
ferent lipid compositions (Post et al. 2007).

Lipid extraction caused an increase in §"°N values
that represented a change of approximately one-third
of a trophic level, assuming standard trophic increase
is ~3%o. Although other studies have found similar re-
sults (Sotiropoulos et al. 2004, Sweeting et al. 2006,
Logan & Lutcavage 2008), the cause of this fractiona-
tion remains unknown. Most lipids do not contain
nitrogen and therefore lipid extraction should have lit-
tle, if any, effect on 8°N values. Sotiropoulos et al.
(2004) noted that at least some of the solvents used to
extract lipids (i.e. methanol) are not lipid-specific. The

process may also remove structural proteins and AAs
that must presumably have lower §°N values than
bulk protein. Although some have suggested using
lipid normalization procedures to adjust data post hoc
(Kiljunen et al. 2006, Sweeting et al. 2006), our results
showing diet-specific fractionation suggest that using
a standard normalization may not be valid. We second
the recommendation of studies that have suggested
samples be split into 2 aliquots, one analysed for §'3C
values after lipid extraction and the other left un-
treated for measurement of 8'°N values (Sotiropoulos
et al. 2004, Murry et al. 2006).

Lipid extraction also increased variation in §'°N val-
ues, but not §'3C values. The increased variation asso-
ciated with lipid-extracted samples is perhaps not sur-
prising, because samples are being subjected to
additional processing. Two studies have concluded
that variance structure was not altered by lipid extrac-
tion (Sotiropoulos et al. 2004, Murry et al. 2006) based
on tests for homogeneity of variances. We examined if
lipid extraction increased sample variation by statisti-
cally comparing standard deviation between untreated
and lipid-extracted samples (described by Benedetti-
Cecchi 2003). Distortions in the relative position of
treatment groups and added variability attributed to
lipid removal did not, however, alter interpretations of
differences among diet treatments based on statistical
significance and components of variation.

Fractionation from diet and muscle to otoliths and
consistencies of trends

We found strong positive correlations between diet
and muscle 33C values and otolith 83C values. We
also detected relatively consistent fractionation from
diet to otolith and diet to muscle to otolith for all treat-
ments, ranging from 12.1 to 14.5%.. Perhaps the most
surprising result was the observation that differences
in otolith §'*C values among treatments captured the
entire range of diet 8'3C values. This would seem to be
only possible if carbon in otoliths is derived entirely
from metabolic carbon, with DIC contributing only
minimally. Unfortunately, we did not collect water
samples to estimate 8'3C values of DIC in our experi-
ment. Nonetheless, we used a flow-through water sys-
tem and therefore 8'3Cp values are likely to have
been approximately 0% as determined by Kroopnick
(1980) for nearshore Atlantic waters in Massachusetts.
A simple mixing model (Kalish 1991) using a value of
0% for 8"Cpc and muscle tissue 8'°C values to esti-
mate metabolic §'°C suggested that metabolic carbon
contributed ~32 % to total otolith carbon in our experi-
ment from diet to otolith (range = 29.7 to 36.9 % for dif-
ferent diets). This contribution is obviously not easily
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reconciled with our observation that otolith §'3C values
record the complete range of dietary 8°C values
among treatments. One possible explanation is that
diet treatments induced differences in metabolic activ-
ity that, in turn, generated differences in otolith §'3C
among treatments. However, there was no significant
differences in fish growth, and hence likely no differ-
ences in metabolic rate, among treatments. Several
studies have suggested that respiratory or metabolic
activity is positively correlated with intraspecific
(Dufour et al. 2007) and interspecific (Sherwood & Rose
2003) variability in otolith §'*C values. Our data may,
therefore, be a function of variation in metabolic activ-
ity, from relatively low values in the plant diet to high-
est values in fish fed squid diet. Whatever the explana-
tion, researchers should be careful when applying
general mixing models to estimate the contributions of
metabolic carbon and DIC to otoliths.

The ability to reconstruct diet information from oto-
lith 8'3C values would represent a significant advance
in food-web studies involving fish. Unlike analyses of
isotopes in soft tissues, otoliths are metabolically inert
and therefore may reveal prey preferences of individ-
ual fish from different life-history periods. Currently,
this level of information can only be obtained by sam-
pling fish at different life-history periods and tracing
cohorts of fish through time. Otolith analyses would,
therefore, have distinct advantages over analyses of
soft tissue, saving both time and money. However, we
believe that it is premature to suggest, based on our
results, that otolith 83C values reflects 83C values of
prey, despite the strong correlation we detected be-
tween otolith and diet §!°C values. We are equally cau-
tious in suggesting that otolith 8"3C values can be used
to calculate fish movements based on patterns of ambi-
ent DIC, irrespective of diet changes (Solomon et al.
2006). This conclusion was based on diet having negli-
gible effect on otolith §'*C, which is not supported by
our data or earlier research (Radtke et al. 1996). There
is little doubt that otolith §'3C values contain lifetime
information on carbon sources of individual fish. Fur-
ther studies will, however, be required to determine
the degree to which researchers can distinguish
among changes in diet, DIC, and metabolic rate based
solely on §'*C measurements in otoliths.
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