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Abstract: The importance of marine prey sources for partially anadromous fishes has received little study and is compli-
cated by considerable plasticity in life history. We determined proportional contributions of marine, freshwater benthic, and
freshwater pelagic prey to anadromous and resident Arctic char (Salvelinus alpinus) and lake trout (Salvelinus namaycush)
from several partially anadromous populations in the Canadian Arctic. Bayesian mixing models (MixSIR) applied to d34S
and d13C ratios in lake-specific models indicated that marine prey accounted for 90%–91% of anadromous Arctic char diet
and 60%–66% of anadromous lake trout diet. When these estimates were combined with proportion of anadromous individu-
als in partially anadromous populations, marine food sources accounted for 31%–44% of Arctic char population productivity
and 16%–26% of lake trout population productivity. Although future research is needed to refine and quantify variability
around these estimates, our results will allow better predictions of the effects of anthropogenic stressors on partially anadro-
mous fishes.

Résumé : On a peu étudié l’importance des sources de proies marines pour les poissons partiellement anadromes et cette
étude est compliquée par la très grande plasticité des cycles biologiques. Nous avons mesuré les contributions proportionnel-
les des proies marines, benthiques d’eau douce et pélagiques d’eau douce chez des ombles chevaliers (Salvelinus alpinus) et
des touladis (Salvelinus namaycush) anadromes et sédentaires dans plusieurs populations partiellement anadromes dans
l’Arctique canadien. Des modèles de mélange bayésiens (MixSIR) utilisés sur des rapports d34S et d13C dans des modèles
spécifiques aux lacs indiquent que les proies marines représentent 90–91 % du régime alimentaire des ombles chevaliers
anadromes et 60–65 % du régime alimentaire des touladis anadromes. Une fois ces estimations combinées à la proportion
d’individus anadromes dans les populations partiellement anadromes, les sources alimentaires marines expliquent 31–44 %
de la productivité de la population d’ombles chevaliers et 16–26 % de la productivité de la population de touladis. Bien
qu’il faille des recherches supplémentaires pour préciser et mesurer la variabilité de ces estimations, nos résultats permettent
de meilleures prédictions des effets des facteurs anthropiques de stress sur les poissons partiellement anadromes.

[Traduit par la Rédaction]

Introduction

Arctic char (Salvelinus alpinus) and lake trout (Salvelinus
namaycush) are of economic, cultural, and subsistence impor-
tance in the Canadian Arctic, and their presence in Arctic
lakes affects food web structure, contaminant bioaccumula-
tion, and ecology of sympatric freshwater fishes (Van Oost-
dam et al. 2003; Swanson and Kidd 2010; Swanson et al.
2010a). Arctic char and lake trout have very plastic life his-
tories, and in the Canadian Arctic, there are partially anadro-
mous populations of both species (e.g., Johnson 1980;
Swanson et al. 2010b). In these populations, some individu-
als remain freshwater residents, whereas others become
anadromous after several years of rearing in freshwater. The
importance of freshwater and marine food sources to partially

anadromous fish populations has received little study and is
thus highly uncertain. This uncertainty complicates fisheries
and habitat management and makes it difficult to predict
how population viability and persistence will be affected by
anthropogenic stressors.
Marine migrations are not obligate in partially anadromous

fish populations, and individual fish may change their life
history tactic (i.e., anadromous or freshwater resident) to
maximize fitness if environmental conditions change (e.g.,
Nordeng 1983; Jonsson and Jonsson 1993). A preliminary
study by Swanson and Kidd (2009) found that marine food
sources accounted for ~95% of the diet of four anadromous
Arctic char captured from one partially anadromous popula-
tion, but further research is needed to refine this estimate
and verify that it is applicable beyond the one studied popu-
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lation. There are currently no estimates of marine vs. fresh-
water prey use for partially semi-anadromous lake trout that
were recently discovered in the Canadian Arctic (Swanson et
al. 2010b). Lake trout are likely not capable of long-term sur-
vival in full-strength seawater (Hiroi and McCormick 2007),
and evidence from otolith microchemistry suggests that they
either make shorter marine migrations or use lower salinity
habitats than Arctic char (Swanson et al. 2010b). This may
mean that lake trout utlilize marine prey sources to a lesser
extent than Arctic char.
Stable isotope mixing models can be used to determine

relative contributions of marine and freshwater prey (i.e.,
sources) to predator diets. Stable carbon (d13C), nitrogen
(d15N), and sulfur (d34S) isotope ratios can be used as tracers
because all of these isotope ratios are elevated in marine food
sources relative to freshwater food sources (Fry and Sherr
1984; Peterson and Fry 1987). d34S and d13C are often more
useful than d15N in mixing models because they do not frac-
tionate appreciably with trophic transfer (e.g., Connolly et al.
2004).
Once prey sources, predators of interest, and isotope trac-

ers have been defined, there are a number of stable isotope
mixing models that can be employed. One of the more recent
models is MixSIR (Moore and Semmens 2008). This Baye-
sian model can incorporate prior information and account for
uncertainty in isotope ratios and isotope fractionation.
The objective of this study was to determine the relative

importance of marine and freshwater prey sources to several
populations of partially anadromous Arctic char and lake
trout in the Canadian Arctic. MixSIR models were used to
determine proportional contributions of three prey sources
(marine, freshwater benthic, freshwater pelagic) to diets of
anadromous and resident fishes of both species. Using these
results and previously published data on proportion of anadr-
omous individuals in partially anadromous populations, ma-
rine contributions to population productivity were estimated.

Materials and methods

Field sampling
During the open-water seasons of 2006–2008, anadromous

and freshwater-resident (i.e., resident) Arctic char and lake
trout were captured in four lakes and outflows located near
Hope Bay, Nunavut, Canada (68.1°N, 106.6°W; Fig. 1).
Anadromous and resident lake trout were captured in Glenn,
Roberts, and Nauyuk lakes, whereas anadromous and resi-
dent Arctic char were captured in Hovaktok, Nauyuk, and
Roberts lakes. Sampling for anadromous fishes took place in
late summer and early fall when fishes were moving up-
stream, whereas sampling for resident fishes occurred
throughout the summer. The target sample size was 20 fish/
species/lake (anadromous and resident individuals could not
be externally identified in most cases). Fishes were captured
using a backpack electrofisher (Type 12, Smith-Root Inc.,
Vancouver, Washington), sinking gill nets (mesh sizes 1.9 to
8.9 cm stretched mesh), and angling. Because we found that
d34S ratios differed significantly among lakes (see Results),
fish caught in estuaries had to be excluded from further anal-
ysis unless their freshwater origin could be independently de-

termined from a tag (for information on tagging studies, see
Miramar Hope Bay Ltd. 2005).
Anadromous and resident fishes were differentiated in a

previous study using analyses of otolith microchemistry
(Swanson et al. 2010b). Because isotopic turnover is likely
at least one year in these fishes (e.g., Hesslein et al. 1993;
MacAvoy et al. 2001) and may be much longer, anadromous
fishes that had not completed at least two continuous marine
migrations before capture were excluded from further analy-
sis. Captured fishes were measured (to the nearest millimetre)
and weighed (to the nearest gram) in the field and dissected
for dorsal muscle tissue. Descriptive statistics on fish length,
age, and stomach contents are presented in the online supple-
mentary data (Supplemental Tables S1 and S2).1
Freshwater food sources (i.e., endmembers in the stable

isotope mixing models) were represented by invertebrates.
Isopods (Saduria entomon) represented a freshwater benthic
food source (endmember), whereas zooplankton represented
a freshwater pelagic food source (endmember). Isopods and
zooplankton were collected from all lakes and from two sites
in the marine environment of Melville Sound (Fig. 1). Iso-
pods were collected with kick nets and an Ekman grab in at
least two open-water seasons between 2006 and 2008. Be-
tween two and 12 replicates were collected from each sam-
pling site. Bulk zooplankton samples were collected in 2008
using horizontal tows with a 153 µm net (0.25 m diameter
opening). Three replicates were collected from each lake and
from each site in Melville Sound.
Marine food sources were represented by the marine for-

age fishes capelin (Mallotus villosus) and Pacific herring
(Clupea pallasii). These fishes were noted in several stom-
achs of anadromous fishes (H. Swanson, unpublished data)
and were collected with fyke nets in 2008 from two sites in
Melville Sound (Fig. 1). Fishes were measured, weighed, and
dissected for dorsal muscle tissue. All samples were frozen
within 12 h of collection and processing.

Laboratory analyses
Fish tissue, whole isopods, and bulk zooplankton samples

were freeze-dried and ground to a fine powder with a mortar
and pestle. When single benthic invertebrates did not provide
enough mass for stable isotope analysis, multiple individuals
were pooled to form a composite sample. From each lake,
two to 12 isopod and zooplankton samples and a minimum
of five fish per species – life history type were analyzed for
stable C and S isotope ratios. Eight marine forage fishes (four
each of Pacific herring and capelin) from Melville Sound
were analyzed for stable C and S isotope ratios.
Stable C and S isotope ratios were determined at the Uni-

versity of New Brunswick and Northern Arizona University,
respectively, using methods described in Swanson et al.
(2010b). Isotope ratios are expressed as parts per mil (‰)
delta values (d13C, d34S) from international standards.

Data analysis
Statistical analyses were performed in SAS (version 9.1.3,

SAS Institute Inc. 2002). Alpha (a) was set at 0.05. Before
mixing models were run, d34S and d13C ratios were compared
among endmembers and lakes with analyses of variance

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/f2011-111.
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(ANOVAs) and t tests. Within anadromous fishes, d34S and
d13C ratios were compared between species with a mixed
model. Fork length and age were tested as covariates, and
lake was a random effect. d34S and d13C ratios were then
compared between anadromous and resident fishes for each
lake and species with analyses of covariance (ANCOVA);
fork length was the covariate. Relationships between isotope
ratios and fish fork length are presented for each species –
life history type in the supplementary data.1
MixSIR models (Moore and Semmens 2008) were run for

anadromous and resident Arctic char and lake trout in each
lake, except for Arctic char in Nauyuk Lake (see d34S com-
parisons in Results). Models were run using three endmem-
bers (marine, freshwater benthic, freshwater pelagic) and two
isotope tracers (d34S and d13C). Marine food sources were
represented by pooled isotope data for capelin and Pacific
herring, freshwater benthic food sources were represented by
isopods, and freshwater pelagic food sources were repre-
sented by zooplankton. Fractionation for both d34S and d13C
was assumed to be +0.4 ‰ per trophic level (McCutchan et
al. 2003). Neither stomach contents nor stable isotope ratios
indicated that any of the captured Arctic char were cannibal-
istic. Arctic char and lake trout were assumed to be 1.5 tro-
phic levels above isopods, two trophic levels above
zooplankton, and one trophic level above marine forage
fishes. Standard deviation for d34S and d13C fractionation
was calculated to be 1.87‰ and 1.26‰ per trophic level, re-
spectively (calculated from McCutchan et al. 2003). Priors

were set to be uninformative and 1 000 000 iterations were
used for each run. Model diagnostics for MixSIR were ac-
ceptable for all runs; more than 1000 posterior draws were
used, there were no duplicate draws, the number of unique
parameter vectors in the resample was always equal to the
number of iterations, and the maximum importance ratio was
always less than 0.001 (Semmens and Moore 2008).
Proportional contributions of marine prey were qualita-

tively compared between fish species and life history types.
To estimate marine contributions to population productiv-
ity, 95% confidence intervals for proportional contributions
of marine prey to anadromous fish diet were multiplied by
species-specific proportions of anadromous fishes in each
partially anadromous population (calculated from Swanson
et al. 2010b).

Results

d34S and d13C ratios
As expected, d34S ratios effectively separated freshwater

and marine endmembers, whereas d13C ratios effectively
separated freshwater benthic and pelagic endmembers.
There was a minimum separation of 14‰ between marine
and freshwater endmember d34S, and a minimum separation
of 7‰ between freshwater benthic and pelagic d13C (Ta-
ble 1). Both of these differences were significant (ANOVA,
F[≥2,50] ≥ 9.93, P ≤ 0.0002). We observed unexpectedly
high among-lake variation in freshwater endmember d34S;

Kent Peninsula

Melville Sound

Nauyuk Lake

Hovaktok Lake

Glenn Lake
Roberts

Lake

10 km
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Roberts

Bay

Hope Bay

Parry Bay

68°2’ N

1
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Fig. 1. Map of the study area in the West Kitikmeot region of Nunavut, Canada. Lake trout (Salvelinus namaycush) were collected from
Glenn, Roberts, and Nauyuk lakes, and Arctic char (Salvelinus alpinus) were collected from Roberts, Hovaktok, and Nauyuk lakes. Stars
represent sampling locations in Melville Sound.
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the range was approximately 15‰ (Table 1), and although
d34S did not differ between freshwater benthic and pelagic
endmembers (t test, t[32] = 0.73, P = 0.47), among-lake dif-
ferences were significant (ANOVA, F[3,26] = 897, P <
0.0001). d13C ratios in freshwater endmembers did not differ
among lakes (ANOVA, F[3,34] = 2.71, P = 0.06).
Qualitative comparisons of d34S between fishes and end-

members revealed that mixing models would likely be suc-
cessful for all lake–species combinations, with the exception
of Arctic char from Nauyuk Lake. In general, d34S ratios for
anadromous Arctic char were very close to those of marine
endmembers, whereas d34S ratios for resident Arctic char
were very close to those of freshwater endmembers (Fig. 2a).
In Nauyuk Lake, however, resident Arctic char had d34S ra-
tios that were inconsistent with freshwater feeding (Fig. 2a).
Arctic char from Nauyuk Lake were thus not included in
mixing models, and possible reasons for high d34S ratios in
these resident char are discussed below. Qualitative compari-
sons also indicated that anadromous lake trout utilized ma-
rine prey sources to a lesser extent than anadromous Arctic
char (Fig. 2b). Results of a mixed model indicated that anadr-
omous Arctic char had significantly higher d34S ratios than
anadromous lake trout (F[1,46] = 92.3, P < 0.0001). Neither
fork length nor age were significant in this model (F[≥1,41] ≤
0.93, P ≥ 0.28). In each lake and for both species, d34S ratios
were significantly higher in anadromous fishes than in resi-
dent fishes (ANCOVAs, F[≥ 1,8] ≥ 52.03, P ≤ 0.0001).
As mentioned above, d13C ratios did not separate marine

and freshwater endmembers as well as d34S ratios. Marine
endmembers, freshwater benthic endmembers, anadromous
Arctic char, and anadromous lake trout had similar and rel-
atively enriched d13C (Figs. 2c, 2d). The freshwater pelagic
endmember (zooplankton) had more negative d13C ratios,
and d13C ratios for resident fishes indicated use of both
freshwater benthic and pelagic food sources (Figs. 2c, 2d).
Anadromous Arctic char had significantly less negative
d13C ratios than resident Arctic char in Nauyuk and Roberts
lakes (ANCOVAs, F[≥1,16] ≥ 4.66, P < 0.05). There was no
significant difference in d13C between anadromous and res-
ident Arctic char in Hovaktok Lake (ANCOVA, F[1,18] =
0.06, P = 0.81). In all lakes, anadromous lake trout had
significantly less negative d13C ratios than resident lake
trout (ANCOVAs, F[≥1,21] ≥ 9.34, P < 0.006) (Fig. 2d). A
mixed model indicated that anadromous lake trout had sig-
nificantly more enriched d13C than anadromous Arctic char
(F[1,55] = 41.99, P < 0.0001). Similar to the d34S analysis,
neither fork length nor age were significant covariates in
this model (F[≥1,47] ≤ 1.67, P ≥ 0.2).

Mixing models
Results from MixSIR models indicated that marine food

sources accounted for 90%–91% (median) of anadromous

Arctic char diet and 60%–66% of anadromous lake trout diet
(Table 2; Fig. 3). The remainder of anadromous lake trout
diet was primarily accounted for by freshwater benthic sour-
ces; only 1% of anadromous lake trout diet was estimated to
originate from freshwater pelagic sources (Table 2; Fig. 3).
Of the small proportion of freshwater food sources contribu-
ting to anadromous Arctic char diet, benthic sources were
more important than pelagic sources (5%–8% vs. 2%–3%, re-
spectively) (Table 2). In three of four lakes, freshwater
benthic prey accounted for a larger proportion (66%–73%) of
resident fish diet than freshwater pelagic prey (17%–34%),
but in Roberts Lake, freshwater pelagic prey were more im-
portant (Table 2; Fig. 3).
At the population level, anadromous Arctic char used more

marine food sources than anadromous lake trout. We esti-
mated that marine food sources accounted for 31%–44% of
the productivity of sampled Arctic char populations and
16%–26% of the productivity of sampled lake trout popula-
tions (Table 3).

Discussion

Isotope ratios in endmember taxa
Consistent with the review of Connolly et al. (2004), ma-

rine and freshwater food sources were better separated by
d34S than by d13C. Using d34S as an isotope tracer was more
complex than expected, however, because of high among-
lake variability in d34S ratios. This meant that mixing models
had to be run separately for each lake.
d34S ratios in freshwater endmembers ranged more than

15‰ among the study lakes, and this was not likely a result
of differences in endmember feeding ecology or habitat use.
Sulfur does not fractionate appreciably with trophic transfer
(e.g., Peterson and Fry 1987), so it is unlikely that observed
among-lake variation in d34S resulted from differences in
endmember trophic level. It is also unlikely that these differ-
ences reflected variation in habitat use. Zooplankton (fresh-
water pelagic endmember) and isopods (freshwater benthic
endmember) did not have significantly different d34S. If d34S
did not differ significantly between two taxa known to oc-
cupy different habitats, it is unlikely that habitat use would
differ enough within taxa to explain among-lake variability
in d34S ratios. High among-lake variation in freshwater end-
member d34S ratios likely reflects variation in sulfate source.
Sources of sulfate to lakes include the surrounding catch-

ment, atmospheric deposition, and anthropogenic inputs
(Wetzel 2001). Atmospheric deposition of sulfate is likely
similar among lakes (due to the relatively small spatial scale),
and none of the lakes has any significant anthropogenic in-
puts of sulfate. Underlying geology does differ among lakes,
but although Hovaktok and Nauyuk lakes have the most sim-
ilar underlying geology, they also show the greatest differen-

Table 1. Mean ± standard deviation and sample size (N) for d34S and d13C ratios determined for marine and freshwater endmembers.

d34S (‰) d13C (‰)

Freshwater benthic Freshwater pelagic Marine Freshwater benthic Freshwater pelagic Marine
Glenn –8.69±0.72 (6) –7.62±0.14 (3) 18.02±0.58 (8) –24.30±2.25 (6) –32.05±0.04 (3) –23.62±1.14 (8)
Hovaktok 4.17±0.81 (2) 3.26±0.07 (3) 18.02±0.58 (8) –24.32±1.63 (5) –32.03±0.03 (3) –23.62±1.14 (8)
Nauyuk –11.11±1.13 (2) –8.88±0.12 (3) 18.02±0.58 (8) –22.07±1.35 (6) –30.10±0.04 (3) –23.62±1.14 (8)
Roberts 3.21±0.78 (12) 1.85±0.13 (3) 18.02±0.58 (8) –24.00±1.81 (9) –32.51±0.12 (3) –23.62±1.14 (8)
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ces in endmember d34S ratios (Fraser 1964; Kerr and Knight
1998).
Variation in d34S ratios among lakes may reflect variations

in Holocene geomorphology. Approximately 9000 years B.P.,
the study area was deglaciated and inundated by a marine in-

cursion (Kerr 1994; Kerr and Knight 1998). Water and sedi-
ments of the study lakes were of marine origin at the time of
isolation and by inference had marine d34S ratios. Variation
in d34S ratios among lakes may reflect differences in timing
of isolation from marine incursion, relative rates of flushing

Fig. 2. (a, b) d34S and (c, d) d13C ratios in endmembers and (a, c) anadromous and resident Arctic char (Salvelinus alpinus) and (b, d) lake
trout (Salvelinus namaycush). Plots include ratios for freshwater benthic prey (isopods; shaded squares), freshwater pelagic prey (zooplankton;
shaded triangles), marine prey (forage fish; open diamonds), and anadromous (solid circles) and resident fishes (open circles). Points for mar-
ine prey and anadromous Arctic char are coincident in (a), and points for freshwater endmembers and resident lake trout are coincident in (b).
Marine and freshwater prey items were better separated by d34S than by d13C.

Table 2. Estimates of proportional contributions of food sources to anadromous and resident Arctic char (Salvelinus alpinus) and lake trout
(Salvelinus namaycush).

Marine Freshwater benthic Freshwater pelagic

N
Lower
95% CI Median

Upper
95% CI

Lower
95% CI Median

Upper
95% CI

Lower
95% CI Median

Upper
95% CI

Hovaktok Anadromous Arctic char 15 0.85 0.90 0.95 0.02 0.08 0.13 0 0.02 0.07
Resident Arctic char 3 0.03 0.1 0.16 0.63 0.73 0.85 0.09 0.17 0.25

Roberts Anadromous Arctic char 9 0.85 0.91 0.96 0 0.05 0.12 0 0.03 0.09
Resident Arctic char 24 0 0.01 0.02 0.28 0.36 0.43 0.56 0.63 0.71

Glenn Anadromous lake trout 9 0.60 0.64 0.67 0.31 0.35 0.39 0 0.01 0.04
Resident lake trout 34 0 0.004 0.02 0.59 0.66 0.73 0.27 0.34 0.41

Nauyuk Anadromous lake trout 8 0.57 0.60 0.64 0.33 0.38 0.42 0.01 0.01 0.06
Resident lake trout 15 0.01 0.05 0.08 0.59 0.67 0.76 0.20 0.29 0.37

Roberts Anadromous lake trout 6 0.58 0.66 0.73 0.24 0.33 0.41 0 0.01 0.05
Resident lake trout 23 0 0.02 0.05 0.36 0.43 0.50 0.49 0.55 0.62

Note: Arctic char, Salvelinus alpinus; lake trout, Salvelinus namaycush. CI, confidence interval.
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with meteoric waters, differences in depth of marine-origin
lake sediments, and differences in concentrations of marine-
origin sulfur compounds. Further research is necessary to
confirm this. This analysis highlights the importance of deter-
mining variation in d34S ratios among freshwater systems be-
fore applying mixing models. We also suggest that, similar to
d15N, d34S ratios may sometimes require baseline correction
before statistical analysis.

Differences in isotope ratios between anadromous and
resident fishes
Similar to previous studies (Doucett et al.1999; Swanson

et al. 2010b) and with the exception of Arctic char in Hovak-
tok Lake, anadromous Arctic char and lake trout had en-
riched d13C and d34S ratios compared with resident Arctic

char and lake trout. An interspecies comparison revealed that
anadromous Arctic char had significantly higher d34S ratios
than anadromous lake trout. This is consistent with previous,
preliminary results presented for Roberts Lake (Swanson et
al. 2010b).
d34S ratios in Arctic char from Nauyuk Lake were unex-

pectedly high and indicated that resident individuals of this
species used a freshwater habitat that was not sampled (i.e.,
a prey source is missing). Because resident lake trout had
similar d34S to freshwater endmembers in Nauyuk Lake, the
results for resident Arctic char were not due to sampling or
laboratory error. They likely reflect a unique migration strat-
egy used by Arctic char in Nauyuk Lake.
Upstream and downstream migrations of anadromous Arc-

tic char were monitored at Nauyuk Lake during the 1970s

Fig. 3. Proportional contributions of marine, freshwater benthic, and freshwater pelagic prey to (a, b, c) anadromous lake trout (Salvelinus
namaycush) and (d, e) Arctic char (Salvelinus alpinus) in (a) Glenn, (b, e) Roberts, (c) Nauyuk, and (d) Hovaktok lakes. Anadromous fishes
are represented by solid distributions, whereas resident fishes are represented by shaded distributions. Proportional contributions of marine
prey were larger for anadromous Arctic char than for anadromous lake trout. (b, e) Resident fishes in Roberts Lake fed more on freshwater
pelagic prey than on freshwater benthic prey. (a, c, d) In other lakes, resident fishes fed more on freshwater benthic prey.
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and 1980s by Fisheries and Oceans Canada (Johnson 1989).
During the course of this research, no spawning areas for
Arctic char were discovered in Nauyuk Lake, and extensive
tagging studies revealed that anadromous Arctic char in
Nauyuk Lake employ a two-year migration strategy that uti-
lizes Willow Lake, a small, shallow system upstream of
Nauyuk Lake, for spawning and rearing. Anadromous Arctic
char return from the sea each fall to overwinter in Nauyuk
Lake. During the following spring, prespawning adults move
upstream to Willow Lake, and spawning occurs that fall. Ju-
veniles hatch and rear in Willow Lake. As smolts, they move
through Nauyuk Lake before beginning annual marine migra-
tions (Johnson 1989). High d34S ratios observed in resident
Arctic char were therefore likely a reflection of prey d34S ra-
tios in Willow Lake rather than Nauyuk Lake.

Mixing-model results
It appears that resident Arctic char and lake trout use both

benthic and pelagic food sources in the study lakes and that
there is among-lake variation in habitat and (or) prey use.
Previous research has shown that food webs in unproductive
Arctic lakes are often supported more by benthic–littoral pro-
duction than by pelagic production (e.g., Hecky and Hesslein
1995; Karlsson and Byström 2005). As such, we expected
freshwater benthic food sources to contribute more to resi-
dent fish diet than freshwater pelagic food sources. This was
true for Glenn, Hovaktok, and Nauyuk lakes but not for Rob-
erts Lake. In Roberts Lake, pelagic food sources accounted
for approximately 60% of resident Arctic char and lake trout
diet. Determining and predicting dominant sources of pro-
duction in Arctic lakes should be a future research priority
in the face of increasing fish habitat alteration and northern
industrial development.
Although anadromous Arctic char and lake trout may only

use marine habitats for 3–6 weeks each year in the Canadian
Arctic (e.g., Johnson 1980), the majority of prey consumed
by these fishes is of marine origin. Marine food sources ac-
counted for a larger portion of anadromous Arctic char diet
than anadromous lake trout diet. Lake trout have less osmo-
regulatory capacity than many other salmonids, and until
very recently, lake trout were thought to be an obligately
freshwater species (see Swanson et al. 2010b). It is thus
likely that lake trout have lower salinity tolerance than Arctic
char and either make shorter marine migrations than Arctic
char or migrate to lower salinity habitats than Arctic char.
This is consistent with inferences made from otolith micro-
chemistry analyses (Swanson et al. 2010b).
Although it is likely that anadromous lake trout utilize ma-

rine prey sources to a lesser extent than Arctic char, it is also
possible that slower turnover rates in anadromous lake trout
resulted in lower d34S ratios and lower estimates of marine
food source contributions. When organisms switch food sour-
ces, the rate of change in isotope ratios depends on tissue
turnover rates. Isotopic turnover occurs through both growth
and metabolic replacement (e.g., MacAvoy et al. 2001), and
tissue turnover rates are faster in fast-growing organisms
with high metabolic rates. Anadromous lake trout grow more
slowly than anadromous Arctic char (Swanson et al. 2010b).
Also, anadromous lake trout have more freshwater-derived
tissue to replace than Arctic char because they are larger
when they begin marine migrations (Swanson et al. 2010b).
Stomach content analyses may help to confirm whether

anadromous lake trout utilize more freshwater food sources
than anadromous Arctic char after onset of marine migra-
tions. Unlike anadromous Arctic char (Rikardsen et al.
2003), sexually mature anadromous lake trout appear to feed
in freshwater after returning from marine migrations in fall
(H. Swanson, unpublished data). If confirmed in the future,
this may be explained by the fact that anadromous lake trout
have significantly lower lipid stores than anadromous Arctic
char (Swanson et al. 2010b). Feeding in freshwater overwin-
ter may thus be an energetic necessity for anadromous lake
trout.
Marine prey sources supported between 31% and 44% of

partially anadromous Arctic char populations and between
16% and 26% of partially anadromous lake trout populations.
These estimates are a starting point and require substantial
further investigation. It is likely that importance of marine
prey sources varies with lake productivity, marine productiv-
ity, ease of marine access for anadromous fishes, and struc-
ture of the freshwater fish community. If it had been
possible to run mixing models for Arctic char in Nauyuk
Lake, marine food sources would likely have accounted for
as much as 85% of population productivity. This is because
90% of individuals captured in Nauyuk Lake were anadro-
mous (compared with 46% and 36% in Hovaktok and Rob-
erts lakes, respectively) (Swanson et al. 2010b). Uncertainty
and among-lake variation in proportion of anadromous fishes
is likely high and is virtually unstudied. Estimating these pro-
portions may be further complicated by the fact that fidelity
to natal lakes can be low for anadromous Arctic char (this is
unstudied in lake trout) (Gyselman 1994). Also, although the
presence of true residents has been confirmed in all of the
study lakes (see Swanson et al. 2010b), it is impossible to
distinguish presmolts from residents when fishes are young
and small. This likely leads to underestimations of the pro-

Table 3. Estimates of marine source contributions to population productivity.

Lower
95% CI

Upper
95% CI

Proportion of
anadromous individualsa

Marine contributions to
population productivity (5%–95%)

Hovaktok Anadromous Arctic char 0.85 0.95 0.46 0.39–0.44
Roberts Anadromous Arctic char 0.85 0.96 0.36 0.31–0.35
Glenn Anadromous lake trout 0.60 0.67 0.26 0.16–0.17
Nauyuk Anadromous lake trout 0.57 0.64 0.40 0.23–0.26
Roberts Anadromous lake trout 0.58 0.73 0.30 0.17–0.22
Note: Arctic char, Salvelinus alpinus; lake trout, Salvelinus namaycush. CI, confidence interval of marine food source contribution.
aProportion of individuals that are anadromous in partially anadromous populations of Arctic char and lake trout. These estimates were calcu-

lated from data presented in Swanson et al. (2010b).
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portion of anadromous individuals in partially anadromous
populations. Although it is not currently possible to deter-
mine which juvenile Arctic char and lake trout will become
anadromous, it might be possible to determine the proportion
of juvenile Arctic char and lake trout that had anadromous
mothers; a recent study has shown that d34S ratios in otolith
cores of Oncorhynchus nerka reflect maternal diet and can be
used to determine whether fish were born to anadromous
sockeye mothers or freshwater kokanee mothers (Godbout et
al. 2010).
Arctic char and lake trout are an important subsistence,

commercial, and cultural resource in the Canadian Arctic
(Van Oostdam et al. 2003), and predicting effects of indus-
trial development and habitat disturbance on these species is
of considerable concern to regulators, industry, and northern
communities. Partially anadromous fishes such as Arctic char
and lake trout show considerable plasticity in life history.
This plasticity complicates efforts to quantify use of marine
and freshwater habitats and makes it difficult to predict ef-
fects of anthropogenic stressors on fish population productiv-
ity and persistence. Acquiring better estimates of the
proportion (and uncertainty) of anadromous individuals in
partially anadromous fish populations should be a priority
for future research, along with expanding the spatial scale of
the research. Intensive sampling of migrations using two-way
fish fences and stable isotope analysis of fish tissues with
variable turnover rates could lend insight into timing and du-
ration of marine migrations. Lastly, bioenergetics modeling
could complement further mixing-model analysis by provid-
ing an alternative method for determining importance of ma-
rine food sources to individual fitness and population
productivity.
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