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ABSTRACT
Stable isotope analysis (SIA) is a powerful tool for assessing food webs and
diet. However, the underlying assumptions that stable isotope ratios in an
organism’s tissues reflect that of its present diet may be complicated by
isotopic turnover and retention time. Quantification of in situ isotopic
turnover of study organisms and different tissues via field studies is
essential to inform scientifically sound food web and diet studies utilizing
SIA. Rainbow Trout white muscle and liver tissue were collected monthly
from North Twin Lake, Washington during the 2013 growing season.
Using ANCOVAs, we estimated stable carbon retention time of 154 (95%
CI: 106–224) and 292 (95% CI: 257–763) days for Rainbow Trout liver and
white muscle, respectively. For nitrogen, we estimated a retention time of
186 (95% CI: 114–329) days for both white muscle and liver. Our analyses
suggest longer isotopic retention times (and therefore slower isotope
turnover rates) for adult fish in a natural system relative to those
commonly reported in the literature. These findings can improve
interpretation of SIA in future aquatic food web and diet studies involving
adult coldwater fish in freshwater systems.

KEYWORDS
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Introduction

Stable isotope ratios of carbon (C) and nitrogen (N) have been used extensively to quantify diet by
tracing pathways of organic matter among consumers (Schwarcz & Schoeninger 1991; McCutchan
et al. 2003) and assessing trophic level within a given food web (Macko et al. 1999). As a result of
biosynthesis and the incorporation of diet-derived N and C into consumer tissues, there is a strong
parallel between isotopic composition of an organism and that of its diet (Macko et al. 1999). Specif-
ically, the stable-C isotope ratio of tissue (13C/12C) reflects sources of organic C available to the con-
sumer over time with little tissue fractionation (DeNiro & Epstein 1978), while stable-N isotope
ratios (15N/14N) become enriched with successive trophic levels, allowing estimates of consumer tro-
phic position (Post 2002).

Although the statement ‘you are what you eat’ generally describes patterns of C and N isotope
ratios between predator and prey (DeNiro & Epstein 1976), there is a time-lag before dietary
changes are reflected in tissue (Hobson & Clark 1993; Maruyama et al. 2001). Isotopic turnover is
the time required for stable isotope ratios associated with past diet to be diluted or replaced with
ratios from more recent diets. Specifically, isotopic turnover is defined as the isotopic change due to
growth and metabolic tissue replacement associated with a change in diet (MacAvoy et al. 2001).
Studies of juvenile fish have attributed over 90% of observed isotopic turnover in muscle tissue to
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growth, while metabolic replacement was the dominant process governing isotopic turnover in older
fish with slower growth rates (Hesslein et al. 1993; Maruyama et al. 2001; Sakano et al. 2005). Organ-
isms with high growth rates tend to have high isotope turnover rates and short isotopic retention
times (Fry & Arnold 1982). Conversely, adult fish have relatively slow growth rates compared to
other organisms, contributing to slow isotopic turnover and longer isotopic retention times in mus-
cle tissue (Hesslein et al. 1993; MacAvoy et al. 2001).

Relative to muscle tissue, isotopic turnover occurs quickly in liver tissue (Hobson & Clark
1992; Philips & Eldridge 2006; Buchheister & Latour 2010) and is associated with metabolism
rather than growth (Hobson & Clark 1992; MacNeil et al. 2006). In fish species with slow
growth rates, the use of liver in SIA is becoming increasing popular to make frequent diet
assessments over relatively short intervals (Philips & Eldridge 2006; Buchheister & Latour
2010). However, quantification of liver and muscle isotopic turnover rates and retention times,
particularly those reflective of the age and environmental conditions pertinent to study organ-
isms, is essential to inform sound food web and diet studies. Relatively few studies have com-
pared muscle and liver turnover in coldwater fish and even fewer have examined in situ
multiple-tissue turnover in adult Rainbow Trout (Oncorhynchus mykiss; RBT). The purpose
of this study was to (1) estimate isotopic turnover in RBT white muscle and liver tissue and
(2) compare retention times between the two tissue types.

Methods

Study site

North Twin Lake is a mesotrophic lake located about 8.5 miles west of Inchelium, Washington
on the Reservation of the Colville Confederated Tribes (CCT). The lake is dimictic with strong
summer thermal stratification and winter ice cover. The CCT typically stocks North Twin
Lake annually with marked triploid RBT (Cross et al. 2015). Very few stocked fish survive the
winter and the 2013 year class had a unique mark (adipose and pectoral fin clips) relative to
previous year-classes (Cross et al. 2015). Trout used in this study were reared on 4 mm
EWOS® vita fish feed at the CCT Resident Fish Hatchery in Bridgeport, WA and released
into the lake in April 2013 at an average weight of 426 g. After release, RBT typically feed
on trichoptera and diptera larva, and Daphnia in the littoral zone of the lake until late June
(Skinner et al. 2014). High epilimnetic temperatures, exceeding 21 �C, tend to confine RBT in
deep hypolimnetic and pelagic waters from late June to early September (Moore et al. 2014).
To maintain a relatively constant external temperature, RBT adjust their depth distributions
throughout the sampling season (Moore et al. 2014). When confined to the pelagic zone of the
lake, RBT feed heavily on Golden Shiner (Notemigonus crysoleucas), Daphnia and larvae of the
Chironomidae and Chaoboridae families (Skinner et al. 2014).

Sample collection and processing

Prior to their release in late April 2013, white muscle and liver samples were collected from 10
hatchery-reared RBT. After RBT were planted in North Twin Lake, RBT from the April 2013 stock-
ing cohort were collected monthly from May–October 2013 using gillnets (Skinner et al. 2014).
Golden Shiner were collected with gillnets and via electro-fishing in May and August (Skinner et al.
2014). Tissue samples were dissected in the field, transported to the laboratory on ice, and frozen
upon arrival. Additionally, we collected zooplankton and profundal invertebrate samples from two
sites in each lake during monthly fish sampling events. Zooplankton were collected with vertical
hauls with a 73 mm mesh net from a depth of 13 m to the surface. Profundal invertebrates were col-
lected from sediments with a 550 cm3 surface area Eckman dredge. Bulk zooplankton and macroin-
vertebrate samples were kept separately in filtered lake water until sample processing. Taxa were
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identified to genus (for zooplankton) or family (for profundal macroinvertebrates) isolated manually
under a dissecting microscope and frozen. For zooplankton and profundal macroinvertebrates, indi-
viduals collected on the same date and at the same site were pooled for analysis such that we had a
composite sample for each taxon at each site during each sampling event. Frozen prey and fish liver
samples were freeze-dried for 24 hours and ground by mortar and pestle in liquid N. Rainbow Trout
liver samples were lipid-extracted (Skinner et al. 2016).

Finally, we also collected stomach samples from a subset of fish for gut content analysis (GCA)
to inform SIA model inputs. Stomach sample collection and prey enumeration followed methods
outlined in Skinner et al. (2014). While Skinner et al. (2014) assessed gut content in the same lakes
in 2012, we felt it was necessary to reanalyze a subset of fish sampled in 2013 for SIA (Skinner et al.
In review) to ensure proper model inputs and to reduce uncertainty related to potential inter-annual
variation in fish diet.

Stable isotope analysis

Prior to SIA, 0.3–0.5 mg of sample was weighed into tin capsules. Analysis was performed at the
Washington State University Stable Isotope Core Laboratory using an Elemental Combustion
System 4010 elemental analyzer (Costech Analytical, Valencia, CA, USA) to convert nitrogen and
carbon compounds to N2 and CO2. These gases were separated with a 3 m gas chromatography
column and analyzed with a Delta Plus XP continuous flow isotope ratio mass spectrometer
(Thermofinnigan, Bremen, Germany). Isotope values are calculated as

dXD ½ðRsample=RstandardÞ¡ 1�; (1)

where X is the heavy isotope (13C or 15N) and R D 13C/12C or 15N/14N (Coplen 2011). The primary
standard for carbon and nitrogen is Vienna Pee Dee belemnite limestone and N2 (air), respectively.
All primary standards are assigned d values of 0.0%. Internal precision for the continuous flow
interface coupled with the mass spectrometer, reported here as standard deviation, was 0.03% for
13C and 0.07% for 15N. In-lab standards (acetanilide, corn, and keratin) were used to develop a two-
point normalization regression for the C/N analysis; the curve was then utilized to determine sample
d values.

Statistical analysis

Given that the rate of isotopic turnover in fish tissues is often growth-dependent (Hesslein et al.
1993; MacAvoy et al. 2001; Sakano et al. 2005), we felt it was necessary to analyze RBT growth
(measured as weight; Hesslein et al. 1993; Bosley et al. 2002) through the sampling season. We used
a least squares linear regression in the R statistical software package (R Core Team 2014) to assess
trends in fish weight.

Commonly, isotopic turnover studies are laboratory-controlled due to inherent temporal vari-
ability in prey d13C and d15N and fish activity and metabolism in natural systems; this variability
often needs to be controlled to accurately determine isotopic change from one isotopically distinct
diet to another. Given the prey being consumed by RBT in North Twin Lake, ‘lake diet’ was
expressed as the weighted mean d13C and d15N values of Daphnia, Chaoboridae, Chironimidae, and
Golden Shiner with weighting based on prey item contribution to RBT diet, determined via gut con-
tent analysis (Skinner et al. In review). Before assuming the mean would accurately reflect the sea-
son-long ‘lake diet,’ prey d value means (Table 1) were assessed using two two-way ANOVAs (one
for each element), with species and month as factors (R Core Team 2014). All data met assumptions
of normal error distribution and equal variance using Shapiro tests and residual plots generated in R.
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Corrected Akaike information criterion was employed to determine if linear or nonlinear models
would assess turnover trends most accurately. Models with the lowest corrected Akaike information
criterion value indicate the best model (Burnham & Anderson 2002). If an exponential model better
explained the turnover trends, d13C and d15N would be ln-transformed with 43 added to all d13C values
(to account for negative numbers) to linearize the relationship (see Table 1 for all non-transformed
RBT d values by tissue type and sampling date). To analyze retention time of 13C and 15N in RBT
white muscle and liver tissue, one-way ANCOVAs were utilized with C or N isotope d value as the
dependent variable, tissue type as the independent variable, and days since stocking as the covariate (R
Core Team 2014). Linear models generated via ANCOVAs were then used to determine how many
days after release RBT tissues were fully reflective of ‘lake diet’ d13C and d15N (i.e. when the regression
lines cross the ln-transformed weighted mean d value of ‘lake diet’). All data met assumptions of nor-
mal error distribution and equal variance using Shapiro tests and residual plots generated in R.

Finally, to account for metabolic fractionation of stable isotopes during prey assimilation, isoto-
pic discrimination values of 3.3% and 4.6% for 13C and 15N, respectively, were used.
Discrimination was calculated as the difference between hatchery RBT muscle tissue d value (mean
¡19.4 § 0.3 and 9.9 § 0.6 for C and N, respectively) and hatchery feed d value (mean ¡22.9 § 0.1
and 5.3 § 0.2 for C and N, respectively). Discrimination values were within the ranges previously
reported for fish (Pinnegar and Polunin 1999; Vander Zanden and Rasmussen 2001).

Table 1. Summary (C/¡ 1 SD) statistics for prey, RBT, and hatchery feed d13C and d15N values by sampling date.

Days since stocking Species Tissue type d13C d15N Sample size

0 RBT Liver ¡19.7 § 0.2 8.9§ 0.5 10
0 RBT Muscle ¡19.4 § 0.3 9.9§ 0.3 10
0 Hatchery feed NA ¡22.9 § 0.1 5.3§ 0.3 3
30 RBT Liver ¡24.5 § 3.4 9.1§ 1.1 10
30 RBT Muscle ¡22.1 § 3.4 9.8§ 1.1 10
30 Daphnia Whole organism ¡32.1 § 1.4 7.0§ 0.4 2
30 Chironomidae Whole organism ¡33.6 § 3.6 7.1§ 0.0 2
30 Chaoboridae Whole organism ¡32.3 § 0.0 11.8§ 0.3 2
30 Golden Shiner Liver ¡28.8 § 1.4 9.6§ 0.7 20
61 RBT Liver ¡26.0 § 2.9 10.2§ 1.0 7
61 RBT Muscle ¡23.1 § 3.8 10.0§ 1.5 7
61 Daphnia Whole organism ¡31.6 § 0.7 6.3§ 0.3 2
61 Chironomidae Whole organism ¡40.9 § 7.6 3.4§ 4.5 2
61 Chaoboridae Whole organism ¡31.8 § 0.5 10.9§ 0.9 2
91 RBT Liver ¡26.2 § 2.7 10.5§ 0.6 3
91 RBT Muscle ¡23.0 § 3.4 10.2§ 0.8 3
91 Daphnia Whole organism ¡32.3 § 0.3 11.5§ 0.3 2
91 Chironomidae Whole organism ¡35.9 § 9.3 5.1§ 3.8 2
91 Chaoboridae Whole organism ¡32.1 § 1.0 12.3§ 0.2 2
122 RBT Liver ¡25.3 § 1.2 11.2§ 0.8 4
122 RBT Muscle ¡22.1 § 2.9 10.3§ 1.1 4
122 Daphnia Whole organism ¡33.1 § 0.8 9.9§ 0.3 2
122 Chironomidae Whole organism ¡41.2 § 8.6 3.9§ 4.1 2
122 Chaoboridae Whole organism ¡31.1 § 0.0 13.2§ 0.6 2
122 Golden Shiner Liver ¡25.8 § 1.6 8.9§ 1.7 15
153 RBT Liver ¡27.7 § 2.4 11.8§ 0.8 8
153 RBT Muscle ¡24.4 § 3.1 11.1§ 0.9 8
153 Daphnia Whole organism ¡33.2 § 0.7 10.3§ 0.2 2
153 Chironomidae Whole organism ¡42.7§ 10.1 2.5§ 6.2 2
153 Chaoboridae Whole organism ¡32.2 § 1.0 12.0§ 1.2 2
183 RBT Liver ¡29.4 § 2.6 11.1§ 0.8 7
183 RBT Muscle ¡24.9 § 2.9 10.9§ 0.6 7
183 Daphnia Whole organism ¡37.3 § 0.2 13.2§ 0.5 2
183 Chironomidae Whole organism ¡35.3§ 12.1 4.3§ 3.3 2
183 Chaoboridae Whole organism ¡32.6 13.3 2

Note: RBT d values have not been corrected to account for tissue discrimination here; discrimination values were applied prior
to statistical analysis. Additionally, sample size for prey items does not represent total individuals, but rather unique sam-
pling sites; all individuals sampled at a single site are pooled for stable isotope analysis.

212 M. M. SKINNER ET AL.



Results

Trends in fish weight and prey d values

There was no significant trend in RBT weight over the sampling period (linear regression: p D
0.689). Additionally, there was no significant interaction between prey species and month for d13C
(two-way ANOVA: F14,55 D 1.115, p D 0.366) or d15N values (two-way ANOVA: F14,55 D 1.606, p D
0.101), so only the main effects of species and sampling month will be discussed further. Between
species, there was a significant difference for both d13C (two-way ANOVA: F3,55 D 27.754,
p < 0.002) and d15N values (two-way ANOVA: F3,55 D 44.329, p < 0.002). Finally, there was
no significant difference in d13C (two-way ANOVA: F5,55 D 0.714, p D 0.366) and d15N values
(two-way ANOVA: F5,55 D 2.001, p D 0.065) when compared between sampling months. Based on
these findings, the weighted mean d values of prey captured throughout the sampling season were
used to signify ‘lake diet’ and predict turnover rate. We used weighting values of 23, 51, 13, and 13
for Chaoboridae, Daphnia, Chironomidae, and Golden Shiner, respectively (Skinner et al. In review)
(see Table 1 for non-transformed prey d values by sampling date).

Tissue turnover models

Corrected Akaike information criterion indicated that exponential models better explained trends in
d13C and d15N relative to linear or polynomial models. There is a significant effect of tissue type on
d13C after controlling for time (one-way ANCOVA: F1,90 D 8.741, p D 0.004) (Figure 1). The
ANCOVA model (ln (d13C C 43) D ¡0.004x C 2.917 for liver and ln (d13C C 43) D ¡0.002x C
2.917 for white muscle) indicates liver and muscle took approximately 154 (95% CI: 106–224) and
292 (95% CI: 257–762) days, respectively, to reflect a weighted-mean lake diet of¡32.7% (Figure 1).
Conversely, tissue type did not have a significant effect on d15N after controlling for time (one-way
ANCOVA: F1,90 D 2.200, p D 0.142) (Figure 1). The N ANCOVA model (ln (d15N) D 0.003x C
1.694 for both liver and white muscle) estimated a turnover to lake diet d15N of 9.5% in 186 days
(95% CI: 114–329 days) (Figure 1).

Discussion

There was a clear downward trend in RBT white muscle and liver d13C values and upward trend in
d15N values during the sampling season, indicating that fish were assimilating ‘lake diet’ after stock-
ing in April 2013. However, C retention time was shorter in liver relative to white muscle, in agree-
ment with previous studies (Tieszen et al. 1983; Hobson and Clark 1992). Conversely, N turnover in
liver and muscle was not significantly different. Other studies have found that d15N turnover varied
significantly between tissue types (MacNeil et al. 2006; Buchheister and Latour 2010), but these stud-
ies employed enriched food material in which d15N values of food before and after diet switch dif-
fered by as much as 200%. Indeed, Hesslein et al. (1993) found that N turnover did not vary
between liver and white muscle when fish were switched between diets differing by only 2.0%. As
such, it is possible that differences in isotopic retention times between tissues are only observed
when organisms switch between food sources with very different d values; in the present study, d15N
values of hatchery feed and lake diet only differed by 4.2%.

Our estimated RBT white muscle and liver isotopic retention times generally agree with those
found in past studies using a variety of fish species (Hesslein et al. 1993; MacAvoy et al. 2001), but
are much longer overall than estimates from laboratory-controlled studies of juvenile or warmwater
fish for both muscle (Vander Zanden et al. 1998; Bosley et al. 2002; Hoffman et al. 2011) and liver
tissues (Bosley et al. 2002; Perga & Gerdeaux 2005 ). Faster turnover in laboratory studies is the
result of using fish (often juveniles) fed high-quality diets in thermally controlled environments that
promote high growth rates (Bosley et al. 2002; Sakano et al. 2005,), which is in obvious contrast to
in situ conditions experienced by adult fish. Hence, our results indicate that laboratory turnover
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estimates may be much higher relative to those actually occurring in situ; it may be problematic to
rely on literature rates when applying SIA in natural systems. The contribution of growth and
metabolism in isotopic turnover must be considered (Hoffman et al. 2011). Growth will likely be
much slower in in situ situations relative to the laboratory. Metabolism may primarily determine
turnover rate in natural systems, especially in older fish (Sakano et al. 2005) and this appears to be
the case for RBT in North Twin Lake. North Twin RBT growth was not statistically significant over
the sampling period. Indeed, any substantial growth during the sampling period would likely have
led to shorter isotopic retention times in these fish.

Our study indicated that liver may be an appropriate choice for quantifying diet over the short-
term (i.e. around seven months) in systems with limited fish growth. White muscle is of interest in
studies seeking a time-integrated diet assessment over a year or more. Liver has constant protein
turnover (McMillian & Houlihan 1989) and turnover continues during basal metabolism phases
that do not include growth (Sakano et al. 2005). Indeed, rate of isotopic change is driven by growth
when growth efficiencies are high and is more closely related to metabolic rate when growth efficien-
cies are low (Sakano et al. 2005; Weidel et al. 2011 ), which is likely the case in North Twin Lake. In
studies of juvenile fish or in systems with high rates of fish growth, turnover would likely proceed
much more quickly than observed in our study lake. In contrast to previous studies (Perga and
Gerdeaux 2005; MacNeil et al. 2006; Buchheister & Latour 2010), our findings do not indicate that
liver can be used to quantify diet over a period of less than six months. This may be an issue when
prey d values exhibit a high level of temporal variability over the sample period or when attempting
to capture temporally fleeting changes in diet. It is also important to note that no matter the time
scale being considered, SIA delivers a time-integrated d value, meaning that isotope ratios reflect
fish diet assimilated over some time period that depends on the tissue used. SIA will not provide a
‘snap-shot’ of diet similar to other methods (e.g. gut content analysis). For short-term diet assess-
ments, SIA may not be the appropriate method.

One major consideration our study did not address was how sexual maturation and spawning
may affect isotopic turnover. Juvenile and sub-adult fish are likely funneling all consumed
resources to somatic growth when possible, and turnover rate in these fish does not account for
the influence of gonad production (Sakano et al. 2005). For example, in European Whitefish
(Coregonus lavaretus) muscle, energy derived from prey is not necessarily destined for somatic
growth year-round (i.e. during winter, energy is used for gonad growth) so white muscle turn-
over rates are likely altered (Perga & Gerdeaux 2005). Interestingly, liver turns over continu-
ously throughout the year and thus may not be affected by sexual maturation and spawning
(Perga & Gerdeaux 2005). Our study does not account for growth and maintenance of gonad
tissues since we used triploid RBT; researchers should consider how turnover is affected by sex-
ual maturation and spawning before applying rates from the literature that may not account for
these life history events.

One additional aspect of our study that must be discussed is the large estimated range in 95% CI
estimates for turnover in white muscle C. It is entirely possible that our study period was not long
enough to precisely estimate the long isotopic retention time for white muscle tissue. High angler har-
vest yields low annual survival rates of RBT in North Twin Lake (Cross et al. 2015), limiting the abil-
ity to prolong the experiment. Regardless, we believe our study indicates that SIA remains a suitable
method for quantifying coldwater fish diet over long timeframes. To precisely estimate isotopic turn-
over in fish tissues, future work in systems with slow fish growth would ideally measure turnover for
a year or more, especially when considering tissues with slow isotopic turnover such as white muscle.

In conclusion, our study indicates that liver tissue isotopes turn over more quickly relative to
white muscle tissue in RBT. However, the turnover in liver took several months, making weekly or
monthly SIA diet assessments problematic in systems with slow fish growth. White muscle tissue
appeared sufficient for SIA studies assessing diet over a year or more, but would not accurately
reflect diet over a shorter time period. Additionally, our models reflected in situ turnover that was
applicable to natural systems and should assist in the planning of future RBT SIA studies.
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