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Abstract Stable oxygen and carbon isotope (δ18O
and δ13C) analyses of otoliths are becoming increas-
ingly common in fisheries science and management.
However, little is known about the statistical proper-
ties of isotopic data and few attempts have been made
to explore appropriate statistical methods that could be
used for otolith data analysis. In this paper, we present
a pilot study on δ18O and δ13C data from otoliths of
two anadromous fish species, Atlantic salmon (Salmo
salar) and Pacific sockeye salmon (Oncorhynchus
nerka). The results indicated that the salmon otolith

data were not normally distributed, so that linear dis-
criminant function analysis and commonly-used sta-
tistical tests such as ANOVA and the t-test may not be
appropriate. Using non-parametric k-sample nearest
neighbor discriminant analysis, we were able to dis-
criminate with high accuracy among five hatcheries
for Atlantic salmon and the origins of wild and hatch-
ery sockeye salmon. Analyses also indicated that the
sample sizes required to estimate δ18O and δ13C
means based on the different sources of variability
(between group or within group) and precision levels
(≤ ±5.0 %) were not large. These results and conclu-
sions not only address the statistical considerations of
isotopic data from otoliths, but also have practical
importance for fisheries management as well.

Keywords Stable isotope analysis . δ18O and δ13C
data . Statistical tests . Atlantic salmon . Sockeye
salmon

Introduction

Stable oxygen and carbon isotope ratio (18O/16O or
δ18O, and 13C/12C or δ13C) analyses of otoliths have
become a powerful tool in fisheries science and man-
agement, particularly in stock identification (e.g.,
Edmonds and Fletcher 1997; Stephenson et al. 2001;
Gao et al. 2001, 2010), fish behavior and migration
(Nelson et al. 1989; Meyer-Richow et al. 1992; Gao
and Beamish 2003a), and decadal-scale climate
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regime shift investigations (Gao 2002; Gao and
Beamish 2003b). As more and more isotopic data
are accumulated, a series of questions have been
raised in recent years. For instance, what are the
proper methods of analysis for isotopic data and
how to extract the most valuable information for
management from coexist ing fish species?
Previously Gao and Beamish (1999) demonstrated
that δ18O and δ13C of otoliths from sockeye salm-
on (Oncorhynchus nerka) provided information on
freshwater and marine life history of the individual
fish and might be useful in discriminating stocks
of wild-origin salmon that had originated from
different geographic locations. However, there has
been no further examination of whether isotopic
analysis may be useful for differentiating sockeye
salmon from different hatcheries. Coghlan et al.
(2007) used otolith chemistry and linear discrimi-
nant function analysis (LDFA) to discriminate be-
tween hatchery-reared and naturally-spawned brook
trout (Salvelinus fontinalis) and rainbow trout
(Oncorhynchus mykiss). Gibson et al. (2010) used
LDFA to separate wild and hatchery red snapper
(Lutjanus campechanus) in the Gulf of Mexico,
and found that the most important feature for
discriminating between wild and hatchery red
snapper was δ13C. To our knowledge, there is a
lack of understanding on statistical properties of
otolith δ18O and δ13C data and few attempts have
been made to explore what kind of statistical
methods are appropriate.

Previous studies generally treated the isotopic
data of otoliths as traditional biological data and
used common parametric statistical analyses (e.g.,
ANOVA, t-test, LDFA) for data interpretation and
analysis. Compared with traditional biological data
in fisheries, the isotopic data of otoliths have the
following distinctions: (1) the δ18O and δ13C data
have much higher quality in terms of accuracy and
precision, because all stable isotope laboratories
over the world use the same international standard
VPDB (Vienna Peedee belemnite) to calibrate the
isotopic enrichment and the precision is generally
better than 0.1×10−3 for both δ18O and δ13C val-
ues; (2) using well-preserved samples and the
same otolith pair, investigators are able to re-run
samples and check questionable δ18O and δ13C
values; and (3) the errors of the 18O/16O and
13C/12C ratio measurements can be calculated and

monitored under laboratory conditions. In contrast,
the traditional biological data in fisheries are often
of poor quality due to highly dynamic nature of
the animals, and most often the samples are only
available for a single-time measurement. Therefore,
analysts should consider the differences between
biological data and isotopic data of otoliths, and
adopt statistical methods specific to their features.

From a statistical point of view, the essential prop-
erties of the δ18O and δ13C data from otoliths are
determined by distribution patterns (Sokal and Rohlf
1981). If the isotopic data are normally distributed,
for instance, traditional parametric statistical analyses
can be used to compare the mean (X ) and the stan-
dard deviation (SD) of different fish populations.
Previous research has not critically examined the
sample size needed for otolith studies. Instead, some
authors have reported their stable isotopic analysis
based on several fish otoliths; others have presented
their results with dozens to hundreds of otoliths.
These critical questions still remain in fisheries sci-
ence and need to be addressed: how many samples
should be collected for an otolith project and what
kind of information could be gathered by statistical
analysis of isotopic data?

In this paper, we analyze the δ18O and δ13C data of
otoliths from our previous investigations on Atlantic
salmon (Salmo salar) and Pacific sockeye salmon
(Oncorhynchus nerka). These anadromous species
were primarily from hatchery sources such that all
analytical results can be explained by hatchery obser-
vations and practices. The objectives of this manu-
script are three-fold. First, using analyses on Atlantic
salmon and sockeye salmon as examples, we exam-
ined whether the δ18O and δ13C data of otoliths were
normally distributed; as this would help to determine
the important statistical properties of anadromous fish
otoliths. Second, we also evaluated the minimum sam-
ple size requirements for otolith isotopic data. Last, we
investigated a practical management need for anadro-
mous fishes by using otolith isotopic data for identifi-
cation of wild and hatchery salmon from spawners or
carcass samples, and discrimination of salmon smolts
from different hatcheries in a watershed or broad re-
gion. Because the isotopic data of otoliths contain
useful information on fish population and growth, we
believe that the methods discussed in the manuscript
should be able to reflect the statistical power of the
chemical data and may extend to other fish species for
otolith studies.
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Materials and methods

Otolith sample collection and analyses

Otolith samples of Atlantic salmon smolts were collect-
ed from five hatcheries located in the State of Maine
(Fig. 1): three private hatcheries (Oquossoc, Bingham,
and Gardner Lake) that rear and transfer salmon smolts
to ocean pens for commercial growth; and two federal
hatcheries (the Craig Brook National Fish Hatchery
(CBFH) and the Green Lake National Fish Hatchery
(GLFH)) which provide smolts for salmon recovery

(i.e., out-planting in rivers and streams). During the
2005–2006 sampling season, 40–50 otolith pairs of
smolts were collected from each hatchery and preserved
for stable isotope analyses (Gao and Bean 2008). Otolith
samples of sockeye salmon were collected from Lake
Ozette near the western Washington coast (cf. Fig. 1),
from either salmon spawners or carcasses during field
surveys in 2000 and 2002, respectively (MFM 2000).
The 2000 otoliths (67 in total) were sampled with
known origin (either wild or hatchery, based primarily
on the sampling location and fin-clip markers), and were
used to establish an isotopic standard for the mixed

Fig. 1 Location map showing the otolith collections for Atlan-
tic salmon (Salmo salar) in the State of Maine and sockeye
salmon (Oncorhynchus nerka) in Lake Ozette at Washington
State, respectively. There are three or four watersheds for the
five hatcheries. The three private hatcheries (Oquossoc, Bing-
ham, and Gardner Lake) belong to Cooke Aquaculture, whereas

the Craig Brook and Green Lake National Fish Hatchery (CBFH
and GLFH) are operated by the United States Fish and Wildlife
Service (cf. Gao and Bean 2008). The Lake Ozette sockeye
salmon are in a closely-related water system, and the lake
beaches and tributary creeks are only about 6 km apart and
directly connected in water flow (cf. MFM 2000)
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origin samples. The 2002 otoliths (92 of mixed origin)
were used for a blind test to evaluate the statistical
method used for assignment.

Otolith samples were prepared in the Otolith
Laboratory of Makah Fisheries Management at Neah
Bay, Washington. The cleaned Atlantic salmon smolt
otoliths were put into a jade mortar and ground with a
pestle; and then we carefully collected the powder using
a thin flat blade. When a sample was finished, the
sampling tools (including mortar, pestle, and blade)
were cleaned with a 10 % hydrochloric acid solution
and rinsed with distilled water and wiped with
Kimberly-Clark tissue-paper. Microsampling for sock-
eye salmon otoliths was conducted by using the Dremel
method (Gao 1999), and one aragonite powder sample
was taken from the nucleus of each otolith section. At
least 50 μg of powder material was extracted from the
otolith surface. Once a sample was taken, the powder
was carefully tapped onto aluminum foil and placed into
a metal cup. The otolith section and the sampling bit
were subsequently cleaned using an Aero-Duster gas.

Analysis of otolith powder samples was performed in
the Stable Isotope Laboratory at the University of
Michigan Ann Arbor, using a Finnigan MAT Kiel prep-
aration device that is coupled directly to the inlet of a
Finnigan MAT 251 triple-collector gas-ratio mass spec-
trometer. All the isotope ratio measurements were
reported in the standard δ notation (‰): δ18O0

{[(18O/16O)A / (18O/16O)S] - 1} x 1000, for instance,
where A is otolith aragonite sample and S is an interna-
tional standard (VPDB, Vienna Peedee belemnite).
Calibration of isotopic enrichments to VPDB standard
is based on daily analysis of NBS-19 (National Bureau of
Standards) powdered carbonate and the analytical preci-
sion is better than 0.08‰ for both δ18O and δ13C values.

Statistical properties of the isotopic data

To explore the statistical properties of the isotopic data, a
naïve examination was first performed on a set of 244
Atlantic salmon smolt otoliths without prior knowledge
of the origin of the samples. Simple descriptive methods
were used to characterize these data with frequency

histograms and scatter plots. The sample mean (X ),
standard deviation (SD), range, and the coefficient of

variation (CV0[SD/X ] x 100 %) were used to describe
the data and its variability. The same analysis was also
used for the set of 159 sockeye salmon otoliths.

During the naïve otolith data analyses, we were
concerned about both the distribution of the Atlantic
salmon and sockeye salmon data, because a multi-
modal distribution would provide evidence of the pres-
ence of more than one stock (hatchery), and the normal-
ity of the distributions as many methods of statistical
analysis assume multivariate normality. The Shapiro-
Wilk W statistic (Zar 1974) and Kolmogorov-Smirnov
test (Conover 1980) were used to compare the distribu-
tions of the data to the normal distribution. Standard
measures of skewness and kurtosis (Zar 1974), and their
standard errors, were calculated for the distributions of
δ18O and δ13C for all data and for each hatchery. In
addition, methods described in Cochran (1977) were
used to estimate sample sizes for continuous data based

on the variability of the data relative to X and desired
levels of precision (≤ ±5.0 %) and accuracy.

Discriminant analyses

Based on the distribution patterns of the isotopic data,
we explored two methods to evaluate whether the
δ18O and δ13C data could be used to accurately iden-
tify the different hatcheries for Atlantic salmon or
separate origins (wild or hatchery) for sockeye salm-
on. Linear discriminant function analysis (LDFA,
Manly 1994) was evaluated as a method for estimating
a predictive model for group membership for both
Atlantic salmon and sockeye salmon. The LDFA mod-
el is composed of a set of discriminant functions based
on linear combinations of the predictor variables that
provide the best discrimination between the groups
(Dillon and Goldstein 1984). Cases are assumed to
be independent. Predictor variables are assumed to
have a multi-variate normal distribution, and group
membership is assumed to be mutually exclusive (no
case belongs to more than one group) and collectively
exhaustive (all cases are members of a group). LDFA
is a parametric method that assumes (among other
things) a multi-variate normality of the data and equal
variance-covariance matrices among groups. Box’s M
test (Box 1949) was used to test for the equality of
group covariance matrices.

If the otolith isotopic data were not normally dis-
tributed and variance-covariance matrices were not
equal among groups, LDFAwas not appropriate with-
out some transformation of the data to address hetero-
geneity of the group variance-covariance matrices.
However, we had concerns about the multi-variate
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normality of the isotopic data so we used k-sample
nearest neighbor discriminant analysis (kNNA). The
method was used by Bickford and Hannigan (2005) in
identifying two hatchery stocks and a possible wild
stock of walleye (Sander vitreus) with otolith chemis-
try data. The kNNA is a non-parametric method that
does not require multi-variate normality of the data or
the assumption of equal group variance-covariance
matrices. We assumed equal prior probabilities in the
group assignment during each analysis. The perfor-
mance of models based on the 3, 4, and 5 nearest
neighbors was evaluated. The Euclidean distance was
used to measure the similarity of cases. For the sock-
eye salmon data, approximately half the samples of
known origin were used to train the kNNA model and
the remaining observations were withheld and used to
evaluate the assignment accuracy of the model. A final
model was trained using all of the data of known
origin and used to estimate the samples of mixed
origin. All analyses were conducted using the PASW
statistical package (SPSS 2010).

Results

Atlantic salmon otoliths

The δ18O values for the Atlantic salmon smolt otoliths
ranged from −8.9 to −4.9‰, while the δ13C of the
same otoliths ranged from −12.1 to −9.0‰. Among

five hatcheries, CBFH had the highest X in both δ18O

and δ13C values (Table 1). Both Oquossoc and

Bingham hatcheries had the lowest X in δ18O and
δ13C. The hatchery-specific analysis provided very
precise estimates of the means and within-hatchery
variation was relatively small. All CVs were less than
5 % and most were less than 2 % for both δ18O and
δ13C. Frequency histograms for all hatchery data com-
bined indicated that the distributions appeared to be
multimodal: the δ18O distribution appeared tri-modal
and the δ13C distribution showed bi-modality (Fig. 2).
For individual hatcheries, frequency histograms of
δ18O showed a distinct separation from Bingham to
CBFH (Fig. 3a), whereas the δ13C values indicated
two overlapped groups relative to the normal distribu-
tion (Fig. 3b). Not surprisingly, the Kolmogorov-
Smirnov (K-S) and Shapiro-Wilk (S-K) tests for nor-
mality were both significant (P<0.001) for each iso-
tope, indicating that the isotopic data of Atlantic
salmon smolt otoliths were not normally distributed
(Table 2). Even though the data appear to be multi-
modal, the variability relative to the mean as measured
by the CV is not extreme. The relative precision (0

[half-width of confidence interval /X ] x 100 %) of the
95 % confidence interval for the isotope means is
±1.95‰ and ±0.97‰ for δ18O and δ13C, respectively.
Due to this relatively low variability, sample size
requirements to estimate means with ±5.0 % relative
precision or better were not large (Table 3). Because of
greater between-group variability, δ18O had larger
sample size requirements than δ13C for the combined
hatchery data. However, because of smaller within-

Table 1 Summary statistics for isotopes of Atlantic salmon (Salmo salar) otoliths by hatchery

Hatchery N X (‰) SD CV (%) Range (‰)

δ18O:

Oquossoc 52 −8.33 0.128 1.5 −8.58 to −8.10
Bingham 41 −8.63 0.147 1.7 −8.88 to −8.17
CBFH 53 −5.51 0.177 3.2 −5.84 to −4.93
GLFH 51 −7.98 0.144 1.8 −8.23 to −7.69
Gardner 47 −7.07 0.157 2.2 −7.31 to −6.70
δ13C:

Oquossoc 52 −11.06 0.214 1.9 −11.69 to −10.60
Bingham 41 −11.15 0.489 4.4 −12.12 to −10.26
CBFH 53 −9.33 0.146 1.6 −9.64 to −9.01
GLFH 51 −10.70 0.191 1.8 −11.11 to −10.14
Gardner 47 −9.65 0.239 2.5 −10.16 to −9.26
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group variability, δ18O generally had smaller sample
size requirements than δ13C when the data are consid-
ered separately by hatchery.

As reported previously (cf. Gao and Beamish
1999), values of δ18O and δ13C were highly correlated
and there was generally a good separation of four of
the five hatcheries (Fig. 4). The linear correlation
coefficient for the combined data was 0.877.
Although there is a significant (P<0.001) correlation
between δ18O and δ13C, it appears that it is not a
strictly linear relationship as the cluster of data points
associated with Gardner Lake Hatchery deviates from
the line.

Using δ18O and δ13C as the discriminating varia-
bles, Box’s M test for the equality of group covariance

matrices was significant (P<0.005). Thus the LDFA
was not appropriate and the method of kNNA was
chosen for analysis of Atlantic salmon otoliths. The
kNNA based on the four nearest neighbors provided
the highest mean classification accuracy. The classifi-
cation accuracies for the withheld samples for the
kNNA model were relatively high for a five-group

Fig. 2 Frequency histograms of δ18O and δ13C values for
Atlantic salmon (Salmo salar) smolt otoliths relative to the
normal distribution

Fig. 3 Frequency histograms of otolith data relative to the
normal distribution for the five Atlantic salmon (Salmo salar)
hatcheries. a δ18O values; and b δ13C values
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problem (Table 4). Mean unweighted classification
accuracy for the five hatcheries was 89 %. Not
surprisingly given Fig. 3, classification accuracies
for CBFH and Gardner were 100 %. Oquossoc
had the lowest classification accuracy (77 %) and
was misclassified as either Bingham (8 %) or
GLFH (15 %).

Sockeye salmon otoliths

The δ18O values for the 159 sockeye salmon otoliths
ranged from −6.6 to −3.1‰, whereas the related δ13C
values ranged from −14.1 to −9.5‰. The mean and
variability for δ18O were similar to those reported by
Gao and Beamish (1999) for the freshwater portion of

the sockeye salmon otoliths from the four stocks they
analyzed. The frequency histograms for the hatchery
and wild sockeye salmon showed that the distributions
of isotopic data appeared uni-modal for both δ18O and
δ13C (Fig. 5). Frequency histograms of δ13C showed a
larger overlap between the peaks of the two super-
imposed normal curves for the groups (hatchery and
wild, from −11.0‰ to −12.0‰) than that of δ18O
(from −4.25‰ to −4.75‰), indicating a possible bi-
modal distribution for δ13C (Fig. 6). However, the
correlation of δ18O and δ13C for sockeye salmon
otoliths showed two different relationships: the linear
correlation for the hatchery fish was 0.506 com-
pared to the linear correlation for the wild fish of
0.907 (Fig. 7). Overall, the distribution of the bi-
variate data from the 92 otoliths of mixed origin
was between the two groups. Because the Box’s M
test for the equality of group covariance matrices
was significant (P<0.005), the LDFA was also not
appropriate.

For analysis of sockeye salmon otolith nuclei,
the kNNA based on the three nearest neighbors
provided the highest mean classification accuracy.
Mean unweighted classification accuracy for the
wild and hatchery groups was 92 % (Table 5).
This model was then used to classify the 92 otolith
samples of mixed origin. The results of this classi-
fication estimated that 45 of the samples were of
wild origin and 47 of the samples were of hatchery
origin, which is very close to the determination of
origin based on location of sampling and fin-clip
identifications (MFM 2000).

Table 2 Significance (p) of the Kolmogorov-Smirnov (K-S) and Shapiro-Wilk (S-K) tests comparing the distribution of δ18O and δ13C
data to the normal distribution and measures of skewness and kurtosis for Atlantic salmon (Salmo salar)

Hatchery Group N K-S test
(p)

S-W test
(p)

Skewness Std. Error
of Skewness

Kurtosis Std. Error
of Kurtosis

δ18O:

All data 244 <0.001 <0.001 0.769 0.156 −0.846 0.310

Oquossoc & Bingham 93 0.169 0.024 −0.117 0.250 −0.983 0.495

CBFH & GLFH 104 <0.001 <0.001 −0.027 0.237 −1.966 0.469

Gardner 47 0.200 0.069 0.570 0.347 −0.334 0.681

δ13C:

All data 244 <0.001 <0.001 0.094 0.156 −1.339 0.310

Private 140 <0.001 <0.001 0.342 0.205 −1.196 0.407

Federal 104 <0.001 <0.001 −0.075 0.237 −1.819 0.469

Table 3 Sample sizes required to estimate δ18O and δ13C
means of Atlantic salmon (Salmo salar) otoliths based on two
kinds of variability for three levels of relative precision

95 % Confidence Interval
Half-width Size

δ18O δ13C

a) Between-hatcheries:

± 1.0 % 925 231

± 2.5 % 150 39

± 5.0 % 39 12

b) Within-hatchery:

± 1.0 % 42 76

± 2.5 % 9 14

± 5.0 % 4 8
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Discussion

The evaluation of the statistical properties of isotopic
data and the extraction of unlocked information from
otoliths are of paramount importance to fisheries man-
agement and otolith geochemistry. Otoliths are lami-
nated calcium carbonate structures (CaCO3) located in
the inner ears of teleost fish (Carlstrom 1963) and the
early fundamental work can be traced back to the late-
1960s (Devereux 1967; Degens et al. 1969). The the-
ory and practice of using otoliths as proxies are direct-
ed by Urey’s (1947) hypothesis and the later
experiments that calcium carbonates are precipitated
in oxygen isotopic equilibrium with the surrounding
waters in which the organism (including fish) lived,
and thus retain the isotopic records of life history of

the animal (e.g., Epstein et al. 1953; Friedman and
O’Neil 1977; Grossman and Ku 1986; Patterson et al.
1993). Stable oxygen isotope ratios (18O/16O) of
otoliths can provide unique information about water
temperature and habitat conditions; while carbon iso-
tope ratios (13C/12C) of otoliths reflect metabolic sour-
ces and dietary shifts (DeNiro and Epstein 1978;
Mulcahy et al. 1979; Schwarcz et al. 1998). Thus the
isotopic data of otoliths and correlation of δ18O and
δ13C can depict the integration of ambient water and
food conditions to which an individual fish was ex-
posed (Keith and Weber 1965; Gao and Beamish
1999; Gao et al. 2010).

Our analyses based on otoliths of Atlantic salmon
smolts and sockeye salmon showed that the statistical
properties of isotopic data did contain important infor-
mation on their populations. The δ18O of Atlantic
salmon showed tri-modality relative to the normal
distribution, whereas the δ13C of the same otolith
samples showed a bi-modal distribution (cf. Fig. 2).
These distribution patterns agree well with the princi-
ple of carbonate geochemistry and actual hatchery
practices. From the theory of otolith studies (e.g.,
Kalish 1991; Schwarcz et al. 1998; Gao 2002), we
know that the δ18O of otoliths represents water con-
ditions (e.g., temperature, salinity, and chemical com-
position) while the δ13C of otoliths represents a fish’s
food conditions (food sources, dietary shift, and
trophic-level shifts). The five Atlantic salmon hatch-
eries were located within three or four watersheds
(depending on scales) in the region (cf. Fig. 1), and
had two more different diets to feed the salmon juve-
niles or smolts. The three private hatcheries used the
same feed but combined different manufacturers for
early grow out diet and smolt diet, which have very

Fig. 4 Relationship between δ18O and δ13C for Atlantic salmon
(Salmo salar) smolt otoliths with hatchery sources indicated.
The linear relationship for the correlation of δ18O and δ13C is
also shown

Table 4 Classification accuracies of withheld observations for each hatchery group in the 4-nearest neighbor analyses (kNNA) of
Atlantic salmon (Salmo salar)

Hatchery Classified Hatchery of Origin

Bingham Oquossoc GLFH Gardner CBFH

Bingham 80.0 % 20.0 % 0.0 % 0.0 % 0.0 %

Oquossoc 7.7 % 76.9 % 15.4 % 0.0 % 0.0 %

GLFH 0.0 % 12.0 % 88.0 % 0.0 % 0.0 %

Gardner 0.0 % 0.0 % 0.0 % 100.0 % 0.0 %

CBFH 0.0 % 0.0 % 0.0 % 0.0 % 100.0 %
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similar protein, oil, and other ingredients (Mr. Greg
Lambert, Manager for Cooke Aquaculture, pers.
comm.). The two federal hatcheries purchased Nutra
Fry from the same manufacturer Corey Feed Mills of
Canada that have the same sources of ingredients and
have similar fishmeal and oil concentrations (Mr. Fred
Trasko, Assistant Manager at Green Lake Hatchery,

pers. comm.). Because of mixing for the watersheds in
the region and diet supply from the hatchery streams,
there were some overlaps for the δ18O and δ13C com-
positions. Nevertheless, the tri-modal distribution of
δ18O of Atlantic salmon otoliths is supported by three
discriminating watersheds in the Gulf of Maine, while

Fig. 5 Frequency histograms of δ18O and δ13C values for sockeye
salmon (Oncorhynchus nerka) otoliths (wild, hatchery, and mixed-
origin samples combined) relative to the normal distribution

Fig. 6 Frequency histograms of otolith data (from both 2000
and 2002 samples) relative to the normal distribution for the
wild and hatchery sockeye salmon (Oncorhynchus nerka). a
δ18O values; and b δ13C values

Environ Biol Fish (2013) 96:799–810 807



the bi-modal distribution of δ13C is supported by the
fact that the five hatcheries had two discriminating
foods (either two different feeds from commercial
sources or feeds and diet from water sources). Slight
differences may be explained by the hatchery practice
that some of the hatcheries used different feeds and
formulations during different growing stages (juvenile
or smolt). For the isotopic data of sockeye salmon
otoliths, the uni-modal distribution is supported by
the fact that no δ18O differences had been found
between tributary and lake-beach waters (Gao,
unpubli. data) because the water flow of tributary
and lake beaches is directly connected (cf. Fig. 1).

Nevertheless, there are distinct differences in food
sources between the hatchery and wild smolts, so
that the δ13C indicated a somewhat bi-modal dis-
tribution in the frequency histograms (cf. Fig. 6).
These examples may only represent anadromous
fishes, however, statistical analyses indicated that
the otolith data of both Atlantic salmon and sock-
eye salmon were not normally distributed. The
conclusion was also supported by Shapiro-Wilk
and Kolmogorov-Smirnov tests for normality
(P<0.001), with Box’s M test used for the equality
of group covariance matrices (P<0.005).

If the above results are applicable to other fish
species, previous otolith chemistry studies, especially
treating otolith isotopic data as traditional biological
data and using parametric methods (e.g., ANOVA,
t-test, and LDFA) for statistical analyses, should be
re-examined; as the parametric methods must meet the
requirement of the normal distribution. If one did not
test isotopic data for normality, non-parametric analy-
sis may be acceptable as an alternative as it has a
distribution free assumption. In our study, we used
kNNA to discriminate among five Atlantic salmon
hatcheries and between hatchery and wild sockeye
salmon. Another concern is sample size requirements
because it is always a question for managers when
making decisions for a project and developing budget
proposals. Kalish (1991) mentioned, albeit briefly, that
the appropriate sample size for oxygen isotope analy-
sis was based on the mass spectrometer measurement
error and the variation of the otolith δ18O means. How
many samples do we need for otolith analysis? We
have demonstrated that for Atlantic salmon raised in
the hatchery environment, relatively small samples are
required to estimate hatchery means with high relative
precision (≤ ±5.0 %). In particular, because of greater
variability between hatcheries, the δ18O had larger
sample size requirements than δ13C for the combined
hatchery data (cf. Table 3). However, because of
smaller variability within each hatchery, the δ18O
generally had smaller sample size requirements
than δ13C when the data were considered separate-
ly by hatchery. Therefore, previous isotopic studies
based on several otoliths may be adequate for investi-
gations in fish behavior, but not enough for stock or
population studies in management, even for hatchery-
reared fish.

Two critical issues have been a long-standing chal-
lenge to Pacific salmon hatchery practice and

Fig. 7 Relationship between δ18O and δ13C for sockeye salmon
(Oncorhynchus nerka) otoliths of wild, hatchery, and mixed
origin. The linear relationships between δ18O and δ13C are
presented for the hatchery and wild sockeye salmon group

Table 5 Classification accuracies of withheld observations for
each group in the 3-nearest neighbor analyses (kNNA) of sock-
eye salmon (Oncorhynchus nerka)

Group of Origin Classified Group of Origin

Natural Hatchery

Natural 94.7 % 5.3 %

Hatchery 10.3 % 89.7 %

Unknown 48.9 % 51.1 %
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management: (1) how to identify the origin of hatch-
ery and wild salmon without biological markers (e.g.,
fin-clips, cold-wire tags), and (2) how to evaluate the
different hatcheries within the same river-system or
watershed? We have demonstrated that stable isotopic
data from otoliths and appropriate statistical analyses
can provide answers to both these questions. Using the
kNNA method, we identified the origin of hatchery
and wild sockeye salmon with an accuracy of 92 %.
Using this analysis on a set of samples of mixed
origin, there was a good agreement with the origin of
fish determined from the location of field sampling
and fin-clip markers. The accuracy of identification
could be improved because the spawning areas of
sockeye salmon in Lake Ozette are limited to only 6
km between lake beaches and tributary creeks (MFM
2000). For the more geographically distant Atlantic
salmon hatcheries, statistical analyses of otolith data
separated the private and federal hatcheries using
kNNA with a mean classification accuracy of 89 %.
Therefore, as reported for other fish species (e.g., Gao
et al. 2001; Gao and Beamish 2003a; Bickford and
Hannigan 2005), otolith isotopic data and statistical
analyses appear to constitute a natural marker useful
for identifying the sources of anadromous fishes, ei-
ther from different origins (hatchery or wild) or from
different hatcheries within a watershed.

One by-product from statistical properties of isotopic
data in this study, fortunately, is the non-linear relation-
ship for the correlation of δ18O and δ13C in Atlantic
salmon smolt otoliths (cf. Fig. 4). A linear correlation
had been documented by McConnaughey (1989a, b) as
an indicator of kinetic isotopic fractionation or metabol-
ic effect, particularly in rapidly growing carbonate skel-
etons. Gao et al. (2010) argued that the differences
between mollusks and fishes may not be only due to
growth rate, and that the correlation of δ18O and δ13C is
not dominated by a “kinetic” effect like corals. For
sockeye salmon otoliths, in fact, the hatchery and wild
fish showed two significantly different linear relation-
ships (cf. Fig. 7).

In summary, we have demonstrated that using
kNNA methods we can discriminate among the differ-
ent Atlantic salmon hatcheries in the State of Maine
and between the hatchery and wild sockeye salmon in
Lake Ozette with high accuracy. None of the Atlantic
salmon smolt and sockeye salmon otolith data were
normally distributed, so that the LDFA and the
commonly-used parametric statistical tests may not

be appropriate. The statistical properties of isotopic
data appear consistent with the theory of carbonate
geochemistry and the inherent relationship of δ18O
and δ13C in otoliths, and are related to the sample size
required to estimate the δ18O and δ13C means. Thus
we conclude that the features of otoliths through the
statistical power of the δ18O and δ13C data can be used
to discriminate different hatcheries in a watershed and
the different origins of hatchery and wild anadromous
fishes.
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