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SUMMARY

1. Declining abundances of forage fish and the introduction and establishment of non-indigenous

species have the potential to substantially alter resource and habitat exploitation by top predators

in large lakes.

2. We measured stable isotopes of carbon (d13C) and nitrogen (d15N) in field-collected and archived

samples of Lake Ontario lake trout (Salvelinus namaycush) and five species of prey fish and

compared current trophic relationships of this top predator with historical samples.

3. Relationships between d15N and lake trout age were temporally consistent throughout Lake

Ontario and confirmed the role of lake trout as a top predator in this food web. However, d13C

values for age classes of lake trout collected in 2008 ranged from 1.0 to 3.9& higher than those

reported for the population sampled in 1992.

4. Isotope mixing models predicted that these changes in resource assimilation were owing to the

replacement of rainbow smelt (Osmerus mordax) by round goby (Neogobius melanostomus) in lake

trout diet and increased reliance on carbon resources derived from nearshore production. This

contrasts with the historical situation in Lake Ontario where d13C values of the lake trout

population were dominated by a reliance on offshore carbon production.

5. These results indicate a reduced capacity of the Lake Ontario offshore food web to support the

energetic requirements of lake trout and that this top predator has become increasingly reliant on

prey resources that are derived from nearshore carbon pathways.
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Introduction

The lake trout (Salvelinus namaycush, L.) is one of the most

common native top predators in oligotrophic north

temperate lakes and is an effective indicator of ecosystem

health (Ryder & Kerr, 1990; Scott & Crossman, 1973;

Kiriluk et al., 1995). In the Laurentian Great Lakes, factors

including predation by sea lamprey (Petromyzon marinus, L.)

and overfishing have contributed to the extirpation of

lake trout, with the exception of Lake Superior (Bronte

et al., 2003; Mills et al., 2003; Dobiesz et al., 2005). Reha-

bilitation efforts began in the Great Lakes in the late 1960s

with stocking programs to sustain lake trout populations

continuing to the present day in Lakes Erie, Huron,

Ontario and Michigan. Since these programmes began,

the primary prey base for lake trout has consisted of non-

indigenous pelagic forage fish including alewife (Alosa

pseudoharengus, Wilson) and rainbow smelt (Osmerus
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mordax, Mitchill). Over the past three decades, however,

factors including top-down predation pressure, nutrient

remediation programmes and invasive species introduc-

tions have reduced pelagic prey fish abundances through-

out the Great Lakes (Bronte et al., 2003; Mills et al., 2003;

Dobiesz et al., 2005). Further, the establishment of addi-

tional invasive species, including dreissenid mussels

(Dreissena spp.) and round goby (Neogobius melanostomus,

Pallus), has the potential to alter nutrient availability and

production pathways in Great Lakes food webs (Johanns-

son et al., 2000; Hecky et al., 2004). For other predators,

such as the herring gull (Larus argentatus, Pontoppidan),

declining food abundance in the Great Lakes has resulted

in substantially altered foraging activities, including

increased proportions of terrestrial food items in their

diet (Hebert et al., 2008). Less is known of the response of

lake trout to such changes in the composition of the prey

community. Lake Ontario lake trout now incorporate

round goby in their diet (Dietrich, Morrison & Hoyle,

2006) but the extent to which this novel prey item has

changed lake trout foraging ecology and ecosystem

structure is uncertain.

For predatory salmonids such as lake trout, the impli-

cations of changes to the prey base, prey spatial distribu-

tions and ⁄or energy densities include higher specific

foraging costs and a decreased ability to maintain ade-

quate food consumption rates relative to daily bioener-

getic budgets (Rand et al., 1994; Pazzia et al., 2002). Pazzia

et al. (2002) tested the hypothesis that planktivorous lake

trout expend more energy searching for and capturing

small-bodied invertebrate prey than do piscivorous lake

trout and thus must perform more work to acquire their

daily ration. Temporal declines in size at age and energy

densities have been documented for Lake Ontario lake

trout concomitant with declining prey abundances and

the introduction and establishment of round goby (Pater-

son et al., 2009). However, delineating the specific mech-

anisms responsible for such temporal changes in lake

trout ontogeny requires the capacity to quantify a time-

integrated response of this top predator to ecosystem

change.

Unlike stomach content analysis, biochemical tracers

assimilated from the diet, such as the stable isotopes of

carbon (d13C) and nitrogen (d15N), can provide an integra-

tive evaluation of diet of a top predator over extended time

periods (Hebert, Arts & Weseloh, 2006; Hebert et al., 2008).

As dietary tracers, d13C and d15N provide valuable infor-

mation regarding the resource pathways exploited by

individuals and their trophic position within the food web.

Combined, these dietary tracers are increasingly used to

understandchangesinfood-webstructure(VanderZanden,

Casselman & Rasmussen, 1999a; Vander Zanden et al.,

1999b; Hebert et al., 2006). Further, in freshwater lakes, d13C

values are negatively correlated with depth, with nearshore

benthic carbon production and consumers being character-

ised by elevatedd13C values relative to more negative values

associated with offshore production and biota (Vander

Zanden & Rasmussen, 1999; Rennie, Sprules & Johnson,

2009). Ecologically, consumer d13C values therefore repre-

sent the production pathways (photosynthetic and detrital)

and habitats exploited by an individual in addition to

representing the assimilated fraction of the diet.

In this study, multiple age classes of lake trout and

representative prey items were collected from Lake

Ontario to investigate the stable isotope ecology of this

top predator in a food web that has experienced

substantial recent ecological change. Through a compar-

ison with historical data and the use of archived speci-

mens and present day collections, this research provides a

novel evaluation of the long-term temporal changes in

resource and habitat exploitation by lake trout in Lake

Ontario that have occurred as the invasion of round goby.

We predicted that our study would demonstrate the

increasing importance of nearshore benthic resources to

lake trout as a result of ecosystem-wide changes that have

occurred in parallel with Ponto-Caspian species invasions

(Vanderploeg et al., 2002).

Methods

Sample collection

Four hundred and nineteen lake trout were collected from

18 sites throughout Lake Ontario in September 2008 using

bottom-set graded mesh gill nets (ranging in mesh size

from 38 to 151 mm, at 12.7 mm increments; Lantry &

Lantry, 2010). At each sampling location, three or four

nets were set parallel to depth contours beginning at the

10 �C isotherm, rarely shallower than 25 m, and proceed-

ing in 10 m depth increments to a maximum of 50 m

(M. Keir, pers. comm.). Forage fish and invertebrate prey

items were collected from offshore sites by bottom trawl

in Lake Ontario near Niagara on the Lake, Oswego, Port

Credit and from within the eastern basin during sum-

mer ⁄autumn 2007 and 2008. Prey species included ale-

wife, rainbow smelt, slimy sculpin (Cottus cognatus,

Richardson), mysid shrimp (Mysis diluviana, Lovén) and

round goby. Immediately after collection, total length

(mm), weight (g), sex and presence of fin clips and ⁄or

coded wire tags (indicating wild versus stocked origin)

were recorded for each lake trout. A skinless, boneless

dorsal muscle sample taken from the anterior portion of
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the dorsal fin on the left side of the fish was removed from

each lake trout and muscle samples and whole prey items

were immediately placed on dry ice before storing at

)80 �C.

Archived samples

Lake trout and prey fish species have been collected from

Lake Ontario since 1977 as sentinels of environmental

remediation and food-web biomagnification (Kiriluk et al.,

1997; McGoldrick et al., 2010). Following collection of

biological data and subsequent whole body homogeniza-

tion of specimens for pollutant analysis, subsamples of the

homogenates were archived and stored in a )80 �C

specimen repository (National Aquatic Biological Speci-

men Bank – NABSB; McGoldrick et al., 2010). For the

current study, c. 5 g aliquots of lake trout, alewife, rainbow

smelt, slimy sculpin and round goby collected from

throughout Lake Ontario from 1995 to 2003 were provided

by NABSB archives (Table 1). Net plankton samples

collected from Lake Ontario in 1995 were also provided

by the NABSB. For all lake trout, fish were aged using

Table 1 Summary biological and isotope data for Lake Ontario lake trout and prey items collected from 1995 to 2008

Species

Age

(years) n Mass (g) Length (mm)

d13C (&)

d15N (&)NLE* LE†

1995–98

Lake trout 4 4 2205 (1207) 583 (110) – )22.3 (0.23) 17.8 (0.33)

5 4 2438 (624) 590 (44) – )22.7 (0.47) 18.1 (0.71)

6 4 2908 (832) 650 (75) – )24.0 (0.44) 18.3 (0.29)

7 4 3643 (581) 706 (47) – )22.9 (0.76) 17.7 (0.17)

Alewife – 4 – – – )22.5 (0.25) 12.5 (0.42)

Rainbow smelt – 5 – – – )25.5 (0.99) 14.9 (0.91)

Slimy sculpin – 8 – – – )27.5 (0.66) 14.5 (0.47)

Net plankton – 5 – – – )24.1 (0.71) 10.6 (1.15)

1999–2003

Lake trout 4 4 2120 (1135) 570 (103) – )22.0 (0.52) 17.7 (0.77)

5 5 1955 (748) 554 (59) – )22.2 (0.53) 18.1 (0.74)

6 5 3389 (566) 650 (34) – )22.2 (0.69) 18.0 (0.63)

7 5 3338 (2186) 665 (179) – )22.4 (0.99) 17.7 (0.48)

Alewife – 4 – – – )22.4 (0.27) 12.8 (0.69)

Rainbow smelt – 4 – – – )24.1 (0.19) 15.3 (0.26)

Slimy sculpin – 4 – – – )25.3 (0.31) 15.8 (0.52)

Round goby – 5 – – – )20.9 (0.94) 13.5 (0.39)

2008

Lake trout 2 37* ⁄ 18† 406 (150) 350 (37) )23.0 (0.94) )21.8 (0.46) 17.3 (0.72)

3 9 ⁄ 2 1240 (673) 485 (76) )23.2 (0.92) )21.2 (0.12) 17.0 (0.80)

4 11 ⁄ 10 2290 (507) 607 (39) )24.7 (1.27) )21.7 (0.30) 16.9 (0.38)

5 58 ⁄ 26 3074 (633) 659 (39) )24.6 (1.24) )21.8 (0.36) 17.2 (0.69)

6 8 ⁄ 3 3856 (827) 710 (45) )25.3 (1.54) )21.7 (0.60) 17.4 (1.26)

7 32 ⁄ 13 4498 (1117) 736 (45) )24.6 (0.91) )21.6 (0.34) 17.0 (0.70)

8 16 ⁄ 8 4463 (1171) 732 (59) )25.0 (1.10) )21.7 (0.44) 16.9 (0.83)

9 7 ⁄ 2 4904 (890) 750 (43) )24.6 (1.34) )21.7 (0.34) 16.7 (0.78)

2008 pooled

Lake trout 419 3352 (2001) 638 (160) )24.3 (1.40) )21.7 (0.61) 17.0 (0.88)

Alewife – 23 – – )25.8 (0.40) )22.3 (0.81)‡ 12.9 (0.75)

Rainbow smelt – 10 – – )25.7 (0.46) )23.9 (0.37) 14.4 (0.40)

Slimy sculpin – 13 – – )26.5 (0.56) )24.1 (0.24) 16.1 (0.51)

Round goby – 25 – – )22.4 (1.41) )21.4 (1.66) 12.8 (1.30)

Mysis diluviana – 5 – – )29.0 (1.18) )26.0 (0.34) 9.8 (0.27)

Values indicate mean with standard error in parentheses.

*Non-lipid-extracted (NLE) samples.
†Lipid-extracted (LE) – sample size (n) for LE reflects 216 fish including those of known age.
‡Prey species d13C isotope values corrected using sample carbon ⁄ nitrogen ratios as outlined by Post et al. (2007).
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combinations of fin clip and ⁄or coded wire tag information

in addition to calcified structures and existing age length

relationships. Archived lake trout ranged from 4 to 7 years

of age and lake trout and prey fish samples were separated

into 1995–98 and 1999–2003 groups to reflect pre- and post-

round goby introduction periods, with the 2008 sample

collection representing the current state of Lake Ontario

with round goby now well established in the food web.

With the exceptions of two lake trout specimens collected

during July 1996, all archived samples represent fish

initially netted from Lake Ontario from late August to

early October during the respective collection years,

including lake trout collected by Kiriluk et al. (1995).

Historical data acquisition

Historical stable isotope data for Lake Ontario lake trout

and prey species (alewife, rainbow smelt, slimy sculpin

and net plankton) were acquired from figures 7 and 10,

respectively, of Kiriluk et al. (1995), using the GetData

Graph Digitizer version 2.24 software package (Fedorov,

2008). Accuracy of data acquisition was determined using

analyses of covariance to compare the regression models

reported by Kiriluk et al. (1995) between lake trout age and

d13C or d15N with those relationships determined from the

acquired data. Data acquisition was repeated until the

relationships between the stable isotope values and lake

trout age generated regression coefficients and intercepts

within 95% of the respective values reported by Kiriluk

et al. (1995). For prey fish, data acquisition was repeated

until the average prey stable isotope values and standard

errors for the acquired data were within 5% of the original

values reported in Table 1 of Kiriluk et al. (1995).

Stable isotope analysis

Stable isotope analyses were completed on the 2008 lake

trout samples using lipid-extracted (LE) and ⁄or non-

lipid-extracted (NLE) sample preparations. NLE samples

were completed to facilitate comparison with the histo-

rical data generated for Lake Ontario lake trout by Kiriluk

et al. (1995). For Lake Ontario lake trout samples collected

between 1995 and 2003 and provided from the specimen

archive, stable isotope analyses were completed on LE

samples only. Prey samples collected in 2008 did not

undergo lipid extraction but were normalised using

sample carbon ⁄nitrogen ratios as outlined by Post et al.

(2007). Stable isotope analyses were completed on whole

body homogenates for all prey fish samples.

Prior to stable isotope analysis, lake trout muscle tissues

and prey items were freeze-dried for 48 h and subsamples

of lake trout and prey items were cryogenically homogen-

ised using a mortar and pestle and liquid nitrogen. Lipids

were extracted using a 2 : 1 chloroform ⁄methanol solution

(Folch, Lees & Sloane Stanley, 1957). Stable isotope

analyses were completed using a Delta Plus isotope-ratio

mass spectrometer (ThermoFinnigan, San Jose, CA, U.S.A.)

coupled with an elemental analyser (Costech, Valencia,

CA, U.S.A.). Values of d13C and d15N were quantified in

relation to three internal laboratory standards and an NIST

standard (#8414 bovine muscle) which was run every 12

samples. Atmospheric nitrogen and Vienna Pee Dee

Belemnite carbonate were the standard reference materials

for 15N and 13C, respectively. The analytical precision

based on the standard deviation of NIST standard 8414 (72

standards analysed) for d15N was 0.19& and for d13C was

0.04&. The analysis of other NIST standards (sucrose NIST

8542 and ammonium sulphate NIST 8547, n = 3 for each)

generated values that were within 0.01 and 0.07& of

certified values for d15N and d13C, respectively. All stable

isotope analyses were completed by the Trophic Ecology

Laboratory at the University of Windsor’s Great Lakes

Institute for Environmental Research.

Stable isotope analyses were completed on a total of 419

Lake Ontario lake trout collected in 2008 ranging from 2 to

9 years of age (Table 1). NLE d13C stable isotope values

were generated for all of these samples with LE d13C

stable isotope analysis completed on a subset of 216

individuals. Although tissue analysed from lake trout

collected in 2008 are dorsal muscle and thus differ from

the whole body homogenates of fish collected prior to

2008, analysis of d13C values from LE samples showed no

statistical pattern (Table S1). Thus, the similarity in d13C

values between tissue sample types supports Post et al.

(2007) in suggesting that muscle tissues tend to dominate

whole body homogenates and can provide representative

isotope information for aquatic species, provided that the

potential influence of lipids is considered.

A total of 35 archived lake trout subsamples, 34 prey

fish composite subsamples, and five net plankton samples

collected from Lake Ontario between 1995 and 2003, were

provided from the NABSB (McGoldrick et al., 2010),

(Table 1). For all archived specimens, d13C stable isotope

analyses were completed using LE tissues only. A min-

imum of 10 individuals of each prey fish species were

analysed for stable isotopes in addition to five pooled

samples of M. diluviana.

Statistics and isotope modelling

Prior to statistical analysis, the normality of all data was

assessed using visual inspections of normal probability
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plots and with Shapiro–Wilk tests. Analyses of variance

(ANOVAANOVAs) were corrected for the covariates of lake trout

total length or age where necessary. Relationships

between d13C and d15N values and fish age were evalu-

ated using analysis of covariance (ANCOVAANCOVA). All statistical

models were generated using the R statistical package (R

Development Core Team, 2010) with the criterion of

significance for all statistical tests being P < 0.05.

The proportional contribution of each prey item to the

diet of lake trout collected in 2008 was evaluated using

mixing models run in the program MixSIR, a computational

program that can provide estimates of the relative contri-

butions of diet sources to an organism (Moore & Semmens,

2008). All mixing models have underlying assumptions

such as which food resources to include and which trophic

fractionation factors to apply. The decision to include

particular prey items in the mixing models was based on

literature searches focussed on identifying the most impor-

tant lake trout diet items pre- and post-round goby

introduction (Brandt, 1985; Borgmann & Whittle, 1992;

Rand & Stewart, 1998; Dietrich et al., 2006). These studies

indicate that the combinations of alewife, rainbow smelt,

slimy sculpin and round goby represent more than 90% of

the prey items consistently observed in Lake Ontario lake

trout stomachs by both number and mass pre- and post-

round goby introduction. Additional species in the Lake

Ontario prey fish community, including yellow perch

(Perca flavescens, Mitchill), gizzard shad (Dorosoma cepedia-

num, Rafinesque), logperch (Percina caprodes, Rafinesque),

shiners (Notropis spp.) and stickleback (Gaserosteus aculea-

tus, L.) have been demonstrated to contribute negligibly to

lake trout diet over an annual period (Brandt, 1985; Dietrich

et al., 2006). For all MixSIR simulations, LE lake trout and

mathematically lipid-normalised prey fish isotope values

(Post et al., 2007) were used in combination with the

isotopic fractionation factors for lake trout reported by

Vander Zanden & Rasmussen (2001) (d13C: 0.05 ± 0.23&;

and d15N: 3.49 ± 1.08&).

MixSIR uses a Bayesian framework, designed to estimate

the probability distributions of source contributions to a

mixture, while explicitly accounting for uncertainty with

multiple sources, fractionation and isotope values. Using

uninformative priors and estimates of uncertainty associ-

ated with mixing model inputs, each MixSIR model ran for

1 · 107 iterations, resulting in convergence on the posterior

source contributions of the different prey items contribut-

ing to lake trout diet. The maximum importance ratio was

below 0.001, suggesting that our models were effective in

estimating the true posterior density (Moore & Semmens,

2008). Results of the MixSIR models are presented as

medians and the 5th and 95th credibility intervals.

The two-source isotope mixing model developed by

Vander Zanden & Vadenboncoeur (2002) was used to

estimate the extent of lake trout reliance on nearshore

and ⁄or offshore carbon resources for the historical data

presented by Kiriluk et al. (1995) and the timeframe of

samples included in this study (eqn 1).

ðd13Cc � d13CpÞ=ðd13Cl � d13CpÞ ð1Þ

Where d13Cc is the consumer (lake trout) isotope value,

d13Cp is the pelagic (offshore) prey average value and

d13Cl is the littoral (nearshore) prey value. For the 1992

data of Kiriluk et al. (1995), we estimated d13C endpoints

(baselines) for offshore and inshore habitats for use in the

two-source mixing model using the isotope data provided

by Kiriluk et al. (1995) and assuming trends consistent

with those demonstrated for d13C values in primary

consumers collected from nearshore, offshore and deep

profundal habitats (France, 1995; Hecky & Hesslein, 1995;

Vander Zanden & Rasmussen, 1999). Herein, to estimate a

nearshore d13C baseline for the 1992 collections, we used

an average d13C of )27.5& determined from the net

plankton d13C values reported by Kiriluk et al. (1995) and

considered this value to represent the offshore primary

consumer d13C model end member. Assuming an average

difference of )4.6& between offshore and nearshore

habitats (Vander Zanden & Rasmussen, 1999), we gener-

ated an estimate of )22.9& for the nearshore d13C baseline

for Lake Ontario in 1992. From this nearshore d13C

baseline, a mean nearshore prey (d13Cl) value of )22.1&

was calculated based on an average trophic fractionation

value of 0.8& for d13C determined for secondary con-

sumer prey fish species (Vander Zanden & Rasmussen,

2001).

For the 1995–98, 1999–2003 and 2008 collections, d13C

endpoints for offshore and nearshore habitats were also

estimated using stable isotope data generated from the

current collections and literature-based fractionation val-

ues available for the prey species. For the 1995–98

collection period, an offshore d13C baseline of )24.1&

was determined from net plankton samples collected in

1995 and provided by the NABSB. For alewife collected

between 1995 and 1998, an enrichment factor of 2.6& was

estimated for d13C between this consumer and their

zooplankton primary consumer prey. This enrichment

factor was used to generate d13C offshore baselines for the

1999–2003 and 2008 collection periods.

In Lake Ontario, round goby diets are dominated by

primary consumers including dreissenid mussel, chiron-

omid and amphipod species (Taraborelli et al., 2010).

Using d13C data for these prey species and round goby

collected from Lake Erie by Campbell et al. (2009), a
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trophic fractionation value of 0.25& was estimated for

d13C between round goby and these prey items. This

fractionation value was used to generate d13C nearshore

baselines of )21.1 and )21.6& for the 1999–2004 and 2008

monitoring periods, respectively.

For both the Kiriluk et al. (1995) and current data, the

d13Cp value in the two-source mixing model was the

average d13C signature for alewife, rainbow smelt and

slimy sculpin from the respective sampling years. In the

absence of prey fish species from nearshore locations for

the 1995–98 collections, a mean nearshore prey (d13Cl)

value of )20.7& was estimated using the average trophic

fractionation value of 0.8& for d13C reported for second-

ary consumer prey fish species (Vander Zanden &

Rasmussen, 2001). For the 1999–2003 and 2008 collection

data, the average round goby d13C was used as the

nearshore signature (d13Cl) in the model. The model was

run on an individual consumer basis and under the

condition of negligible trophic fractionation (0.05&) of

d13C for lake trout (Vander Zanden & Rasmussen, 2001)

with end member contributions calculated as outlined by

Vander Zanden & Vadenboncoeur (2002). LE lake trout

and prey d13C values were used for the two-source mixing

model simulations for the 1995–98, 1999–2003 and 2008

collection periods. A summary of the data used in the

two-source mixing model are provided in Table S2.

Results

Lipid-extracted d13C data

Fin clip and coded wire tag information indicated that all

of the lake trout captured during the 2008 collections were

stocked fish. Great Lakes lake trout are primarily repre-

sented by two morphotypes, specifically the siscowet and

lean forms. Siscowet lake trout typically inhabit deep

(>100 m) waters, are exceedingly high in lipids (‡40%)

and currently only exist in Lake Superior (Krueger &

Ihssen, 1995). Lean lake trout have much lower lipid

content (£20%), typically inhabit depths up to 100 m but

usually <80 m and are the only morphotype stocked in

the lower Great Lakes, including Lake Ontario (Elrod

et al., 1995; Lantry & Lantry, 2010). All lake trout analysed

in the current and previous Lake Ontario isotopic studies

were of the lean morphotype (Krueger & Ihssen, 1995); the

native population was extirpated in the 1950s and all fish

stocked during 1971–2008 were leans (Elrod et al., 1995;

Lantry & Lantry, 2010). Lake Ontario lake trout d13C

values increased significantly relative to pre-goby intro-

duction (1999) in Lake Ontario (Fig. 1). Specifically,

temporal increases (enrichment) of LE d13C were deter-

mined for 4-, 5-, 6- and 7-year-old lake trout collected

from Lake Ontario from 1995 to 2008. The enrichment of

d13C was greatest for 6- and 7-year-old lake trout for

which d13C values were higher by 2.2 and 1.9&, respec-

tively, from 1995 to 2008.

Carbon stable isotope values for alewife, rainbow smelt

and slimy sculpin demonstrated similar temporal increases

with individuals collected in 2008 having the highest

average d13C values across the collection periods (Table 1).

Round goby had the highest d13C values of the prey fish

species, averaging )20.9 ± 0.9& for fish collected between

1999 and 2003 and )21.4 ± 1.7& for the 2008 collected fish.

Of the prey species collected, the M. diluviana samples from

2008 had the most negative d13C values. For round goby

and Mysis, these trends were consistent for both the LE and

C ⁄N ratio-corrected prey d13C results. Slimy sculpin had

the highest d15N values of the prey species with the

exception of the 1995–98 collection period when rainbow

smelt had a marginally higher d15N value (14.9 ± 0.9&)

relative to slimy sculpin (14.5 ± 0.5&). Nitrogen stable

isotope values for alewife changed negligibly over the

collection periods, ranging from an average of 12.8 ± 0.7&

for individuals collected in 1995–98 to a mean of 12.9 ±

0.7& for the 2008 collection.

MixSIR stable isotope modelling estimated that alewife

and round goby dominated the diet of 2008 lake trout

constituting 78% or more of the total prey items for the

sizes of lake trout collected in this study (Table 2). Alewife

were estimated to contribute an average of 50.2% (95%

credible interval 42.9–57.1%) of the lake trout diet with

round goby estimated to constitute 41.5% (95% credible

interval 37–46%) of the diet for lake trout, ranging in size

from 290 to 849 mm (Table 2). Rainbow smelt and slimy

sculpin were each estimated to constitute <10% of the

2008 lake trout diet with Mysis estimated to provide a

limited contribution (£2%) to the diet of the size range of

lake trout collected for this study.

For 4–7-year-old lake trout collected from 1995 to 1998,

d13C values ranged from )21.9 to )24.5& and averaged

)23.0 ± 0.2& (mean ± SE). Nitrogen stable isotope values

averaged 18.0& for fish from this early collection period.

Carbon stable isotope values for the same ages of archived

specimens collected from 1999 to 2003 ranged from )21.2

to )23.9& and averaged )22.2 ± 0.2&. For these fish,

d15N averaged 17.9 ± 0.1&. For lake trout collected in

2008, d13C values for 2–9-year-old fish ranged from )21.1

to )22.5&. Average d13C ()21.7&) and d15N (16.7&) were

determined to be the same for lake trout collected in 2008

and ranging from 2 to 9-year-olds and 4 to 7-year-olds.

Analyses of variance (ANOVAANOVA) demonstrated significant

differences in average d13C between the time periods
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1995–98 and 2008 for all age classes (Tukey HSD all

P < 0.05), with higher values in the 2008 period (Fig. 1).

Non-lipid-extracted d13C data

In contrast to the positive relationship demonstrated by

Kiriluk et al. (1995) between d13C and Lake Ontario lake

trout aged 3–9 years (Fig. 2), a negative relationship was

observed between these variables for the 2008 NLE lake

trout samples from the current study (ANCOVAANCOVA;

F1,180 = 23.170; P < 0.001). NLE d13C results for the 2008

collected lake trout averaged )24.6 ± 0.1& for 3–9-year-

old fish in comparison with an average d13C of )26.3&

reported by Kiriluk et al. (1995) for these age classes.

Nitrogen stable isotope values for the 2008 lake trout were

elevated relative to the d15N results reported by Kiriluk

et al. (1995) averaging 17.1 ± 0.1& in 2008 relative to

16.1& for the historical collection. No significant differ-

ence was found between the regressions describing the

relationships between d15N and age for the 2008 and the

Kiriluk et al. (1995) data (ANCOVAANCOVA; F1,193 = 1.303;

P = 0.303).

Table 2 Stable isotope mixing model (MixSIR) diet predictions for 2008 collected Lake Ontario lake trout length classes. Estimates represent per

cent diet contribution obtained using MixSIR

Lake trout length class (mm) Alewife Round goby Rainbow smelt Slimy sculpin Mysid shrimp

290–349 40.6 (16.3–63.8) 37.8 (21.4–54.1) 8.9 (0.08–25.2) 9.5 (0.11–21.5) 0.09 (0.01–3.7)

350–449 38.7 (16.9–59.3) 45.8 (31.5–60.2) 6.4 (0.05–19.8) 6.0 (0.06–16.1) 0.8 (0.01–3.3)

450–549 28.4 (4.1–61.1) 51.7 (28.1–71.5) 7.3 (0.6–23.6) 5.8 (0.5–18.5) 2.2 (0.2–8.2)

550–649 46.5 (34.9–58.4) 37 (28.7–44.7) 7.8 (0.08–18.6) 7.7 (0.1–14.7) 0.4 (0–1.6)

650–749 53.6 (44.4–62.6) 36.2 (30.5–42.1) 5.7 (0.8–12.5) 3.0 (0.3–7.9) 0.2 (0–0.9)

750–849 55.5 (44.6–67.5) 38.4 (28.7–47.0) 2.9 (0.02–8.9) 1.7 (0.01–5.0) 0.06 (0–2.0)

Contribution to all size classes 50.2 (42.9–57.1) 41.5 (37.0–46.0) 3.8 (0.4–9.7) 4.2 (0.6–6.8) 0.4 (0–1.3)

Median values are presented with the 5th and 95th per cent credibility intervals included in the parentheses.
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Fig. 1 Boxplots indicating isotopic comparisons for (a) 4-, (b) 5-, (c) 6- and (d) 7-year-old lake trout collected from Lake Ontario between 1995
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reflect significant differences evaluated using Tukey Honest Significant Differences.
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The two-source isotope mixing model of Vander Zanden

& Vadenboncoeur (2002) estimated substantial temporal

changes in lake trout carbon resource exploitation (Fig. 3).

For the 1992 population sampled by Kiriluk et al. (1995),

model estimates indicated that the d13C values for these

individuals averaged an 80% reliance on offshore produc-

tion resources with only 10% of these individuals being

classified as primarily reliant on nearshore production. For

the 1995–98 and 1999–2003 collected lake trout, mean

reliance on nearshore carbon increased from 41 to 56% in

this time frame with 61% of lake trout collected in the latter

time period being classified as primarily reliant on nearshore

production. By 2008, model results indicated that lake trout

d13C values were representative of an 81% reliance on

nearshore carbon resources with 93% of the individuals

collected in this year having d13C values that support

primary dependence on nearshore production resources.

Discussion

The present study demonstrates that significant temporal

change in Lake Ontario lake trout resource exploitation

has occurred following the introduction and establishment

of the round goby. This change occurred during a period

when the abundances of alewife and rainbow smelt prey

have also decreased in Lake Ontario (Connerton &

Schaner, 2007). Hebert et al. (2008) demonstrated a similar

long-term temporal enrichment of d13C values in Great

Lakes herring gull colonies that was attributed to a diet

shift to inclusion of terrestrial food as a consequence of

reduced pelagic forage fish abundances throughout the

basin. Lipid contents and average size of Great Lakes lake

trout populations, including Lake Ontario, have demon-

strated temporal declines concomitant with such decreases

in prey fish abundances across the basin (Paterson et al.,

2009). The current results indicate a similar response of a

Great lakes lake trout population in that their foraging

activities have changed substantially under conditions of

altered prey species availability. From this perspective, this

study reinforces the significance of mechanisms such as

benthic pelagic coupling, whereby resource subsidies from

non-traditional habitats provide important contributions

to food-web trophic interactions and energy flow (Vander

Zanden et al., 1999a; Higgins & Vander Zanden, 2010).

(a) (b)

(c) (d)

Fig. 2 Relationships between carbon and nitrogen isotopes and lake trout age. Lake Ontario lake trout age shown in years for samples collected

in 1992 (panels a, c) and 2008 (panels b, d). Data presented in panels (a) and (c) are reproduced from Kiriluk et al. (1995).
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For the older ages of lake trout (6–9 years) included in

the current study, growth rates declined by c. 2–10% per

year. For such slow growing individuals, metabolic

turnover rather than dietary assimilation and growth is

expected to dominate long-term changes in isotope values

(Hesslein, Hallard & Ramlal, 1993). Specifically, d13C

metabolic turnover rates in a cold-water slowly growing

species are estimated at 0.18% per day for 3–4-year-old

fish (Hesslein et al., 1993), equating to a time of 4.6 years

for 95% turnover of an individual’s d13C value. Under

these considerations, lake trout d13C values represent a

long-term resource assimilation signal, especially for older

individuals that are approaching zero growth. In contrast,

for younger, more rapidly growing fish, changes in

isotopic composition are dominated by the rapid assim-

ilation of the dietary isotope values (Hesslein et al., 1993).

The 2-year-old lake trout collected in 2008 for the current

study averaged 380 g at the time of collection. This cohort

was stocked into the lake in 2007 at an average mass of

48.7 g (http://www.glfc.org/fishstocking/) demonstrat-

ing that these individuals experienced full somatic tissue

replacement during their first full year of growth in the

lake. Such rapid growth kinetics dictates that any residual

isotope signal from hatchery food would have been

rapidly replaced by the wild diet following stocking into

the lake (Hesslein et al., 1993).

Morbey et al. (2006) demonstrated that substantial var-

iability can exist regarding nearshore and offshore habitat

exploitation for a lake trout population. The two-source

mixing model predictions from the current study suggest

that the Lake Ontario lake trout population sampled in 2008

represents individuals that have primarily exploited near-

shore-based production pathways throughout their lives.

This contrasts with the 1992 Lake Ontario lake trout

population sampled by Kiriluk et al. (1995), which was

characterised by individuals mainly dependent on offshore

carbon production during their lifespan. These results pose

a novel problem for salmonid management programmes in

Lake Ontario and throughout the Great Lakes, where

declining forage fish abundances and invasive species

represent potential limitations to programme success

(Bronte et al., 2003; Mills et al., 2003; Dobiesz et al., 2005).

Since 1997, Lake Ontario lake trout stocking efforts have

relied heavily on fingerlings derived from Seneca Lake,

New York, U.S.A., a population that is relatively resilient to

mortality from lamprey predation (Schneider et al., 1996;

Brenden et al., 2011). However, research indicates that

recent increased mortality of stocked individuals in Lake
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Fig. 3 Nearshore and offshore contributions to the diet of lake trout collected in (a) 1992, (b) 1994–98, (c) 1999–2003 and (d) 2008. Predicted

contributions reflect nearshore (values above dashed line) and offshore (values below dashed line) carbon resources for Lake Ontario. Values in

panel (a) reflect non-lipid-extracted lake trout samples (Kiriluk et al., 1995), while those in panels (b–d) denote lipid-extracted samples.
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Ontario may also be attributable to the ecosystem level

changes in zooplankton and macroinvertebrate communi-

ties following the establishment of dreissenids in the lake

(Brenden et al., 2011). Thus, although pelagic prey fish

abundances are a contributing factor for establishing

salmonid stocking quotas, these programmes will now

also need to consider the increasing importance of round

goby and benthic production pathways for the manage-

ment of these recreational fisheries.

The introductions of dreissenid mussels (Dreissena

bugensis, Andrusov and Dreissena polymorpha, Pallas) into

the Great Lakes have been associated with a redirection of

offshore production into the benthic zones of lakes where

large colonies of these invasive species have become

established (Johannsson et al., 2000; Hecky et al., 2004).

The first records of appearance in Lake Ontario are 1989

(D. polymorpha) and 1991 (D. bugensis; Mills et al., 2003).

The two-source mixing model predicted that lake trout

collected between 1995 and 1998 were beginning to exhibit

increased reliance on nearshore production relative to

individuals collected by Kiriluk et al. (1995) in 1992. These

predictions indicate that even prior to the introduction of

the round goby in Lake Ontario changes were occurring to

production pathways in this lake. The loss of populations

of the deepwater amphipod Diporeia sp. in the Great Lakes

has been attributed to the establishment of dreissenid

mussels (Bronte et al., 2003; Mills et al., 2003; Dobiesz et al.,

2005). In Lake Ontario, the decline of this important prey

resource for forage species including rainbow smelt and

slimy sculpin was reported to have been initiated in 1992.

Rainbow smelt, slimy sculpin and alewife d13C values were

higher for specimens collected between 1995 and 1998

relative to those reported for these species by Kiriluk et al.

(1995). Although Kiriluk et al. (1995) did not account for

lipids in their d13C analyses, such increases in d13C values

suggest a change in resource utilization by these Lake

Ontario pelagic forage fish species. Such temporal trends of

increasing d13C values for Lake Ontario forage fish also

provide evidence for the redirection of offshore resources

in Great Lakes food webs that is associated with the

establishment of dreissenids in these lakes (Johannsson

et al., 2000; Hecky et al., 2004).

Such redirection of offshore production has also been

hypothesised to have contributed to the reduced capacity

of Great Lakes offshore habitats to support high densities

of forage fish species (Hebert et al., 2008). Lake trout

display remarkable diet plasticity (Scott & Crossman,

1973) and will exploit more readily available prey during

periods of reduced abundances of preferred prey (Martin,

1954, 1966). For example, planktivorous lake trout trans-

planted into a lake containing coregonid prey rapidly

switched to piscivory following introduction into the new

food web (Martin, 1966). For Great Lakes herring gulls,

the diet shift to include terrestrial food resources resulted

in a change in gull trophic position in addition to potential

loss of reproductive fitness (Hebert, Shutt & Ball, 2002;

Hebert et al., 2008). If the nearshore d13C production

signal is being extended into the offshore waters of Lake

Ontario, such as via round goby expansion into deeper

offshore habitats (Walsh, Dittman & O’Gorman, 2007),

there may also be additional considerations for lake trout

consuming round goby.

The MixSIR stable isotope modelling results from the

current study predicted that round goby now represent a

significant component of the diet for all sizes of Lake

Ontario lake trout. These modelling results corroborate

stomach content analysis (Dietrich et al., 2006), indicating

that round goby have replaced rainbow smelt as the

second most important prey item in the Lake Ontario lake

trout diet. Energy densities measured for Lake Erie round

goby were lower than those of rainbow smelt (Johnson,

Bunnell & Knight, 2005). Should this condition also be true

for the energy densities of these species in Lake Ontario,

this implies higher net foraging costs for lake trout in this

system (Kerr, 1971a,b; Rand et al., 1994; Pazzia et al., 2002).

The round goby is also a cryptobenthic, non-schooling

species that lacks a swim bladder and inhabits cobble,

sandy and vegetated substrates in Great Lakes habitats

(Miller, 1986; Jude & Deboe, 1996; Ray & Corkum, 2001).

This contrasts with the pelagic open water schooling

behaviour of lake trout prey species such alewife and

rainbow smelt. For lake trout d13C values to have demon-

strated the temporal increase observed in the current study

is consistent with increased foraging success in the benthic

habitats favoured by the round goby. Such benthic feeding

activities have been predicted to decrease lake trout

growth efficiencies owing to the generally smaller body

sizes of benthic prey species (Pazzia et al., 2002). Lake trout

populations that feed on smaller lower energy prey such as

zooplankton also grow to smaller size and mature at a

younger age (Martin, 1966). Energy densities and average

size of Lake Ontario lake trout declined from 1995 to 2004

(Paterson et al., 2009) indicating a substantial change in the

energy budget for this population during the time frame of

the current study. However, round goby abundances

increased in Lake Ontario since 2004 (Walsh et al., 2007)

and the extent to which such changes in lake trout

condition have continued following this time period is

unknown. Whether these manifestations represent the

primary ecological responses of lake trout to a shift in diet

composition or significant adverse changes in lake trout

growth and condition owing to lower quality prey or
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increased foraging costs is difficult to distinguish. How-

ever, for a species whose conservation target throughout

the Great Lakes remains the establishment of self-sustain-

ing populations, such long-term changes in lake trout

resource exploitation, growth, and condition must be

taken into consideration.

Dietrich et al. (2006) demonstrated the inclusion of

round goby in the diets of lake trout collected from

eastern Lake Ontario and indicated that this species was

only contributing significantly to the diet of larger (450–

649 mm) lake trout. The isotope mixing model results of

the current study predicted that round goby are now a

significant prey item for all sizes of Lake Ontario lake

trout. Fish from the study of Dietrich et al. (2006) were

collected in 2004 and round goby abundance in the US

waters of Lake Ontario increased significantly between

2002 and 2005 (Walsh et al., 2007). Additionally, the

enrichment of d13C values determined for 4–7-year-old

lake trout collected from 1994 to 2008 underline increasing

reliance on benthic production of this top predator in Lake

Ontario. The 2008 field-collected samples used in the

current study also include individuals netted from

throughout Lake Ontario, indicating that round goby

and their nearshore carbon signal now represent a

widespread component of the lake trout diet in this lake.

These results support the ecological engineering hypoth-

esis whereby round goby have facilitated the redistribu-

tion of dreissenid bound carbon to piscivorous predators

such as lake trout in invaded food webs (Vanderploeg

et al., 2002). For lake trout, this diet shift, however, may

also prove to aid their rehabilitation in Lake Ontario.

Round goby are much lower in thiaminase content

relative to the rainbow smelt they have replaced in the

Lake Ontario lake trout diet (Tillitt et al., 2005). Salmonid

diets rich in alewife and rainbow smelt prey lead to

thiamine deficiency in lake trout, which has been associ-

ated with impeding the successful establishment of self-

sustaining Great Lakes populations (Fitzsimons et al.,

1999).

Although the inclusion of round goby in the diet

represents a substantial shift in resource exploitation for

Lake Ontario lake trout, average d15N values increased <1

trophic level (1&) for the 2008 samples relative to those of

Kiriluk et al. (1995). As lake trout are typically much

larger than their prey, their shift from one prey species to

another is unlikely to result in a change in predator

trophic position, especially if the new prey resource does

not represent a significantly different trophic level than

that which it replaced in the diet (Vander Zanden et al.,

2000). Round goby collected for the current study were

inferred to occupy approximately the same trophic

position as alewife in the Lake Ontario food web. These

results suggest that the establishment of this species in

Lake Ontario would be expected to negligibly affect lake

trout d15N values. Human population densities and

anthropogenic activities are known to affect d15N base-

line values in aquatic food webs (Cabana & Rasmussen,

1996). It is highly likely that increases in such activities

in the Lake Ontario basin have contributed to the

increase in lake trout d15N values observed since the

initial study of Kiriluk et al. (1995). Such considerations

emphasise the importance of monitoring isotopic base-

lines during long-term studies, especially when quanti-

fying the impacts of invasive species on food-web

trophic structure.

Our findings illustrate the growing importance of

round goby to Lake Ontario lake trout and also provide

information regarding the interactions and exchanges

between offshore and nearshore habitats in an invaded

food web. The ecological change demonstrated here for

Lake Ontario lake trout contrasts with that described for

this top predator from invaded inland lakes (Vander

Zanden et al., 1999a,b). Specifically, owing to competition

with introduced centrarchid predators, lake trout resource

exploitation shifted from a reliance on nearshore to

offshore resources in impacted lakes (Vander Zanden

et al., 1999a,1999b). These results demonstrate the suscep-

tibility of lake trout ecology to the impacts of invasive

species and also emphasise the significance of fish species

introductions to food-web ecology. McCann (2000) con-

cluded that losses of biodiversity and species invasions

have the potential to invoke major changes in food-web

structure, dynamics and stability. The round goby’s native

range has been expanded extensively throughout Eurasia

and also beyond the Laurentian Great Lakes basin in

North America, increasing the potential for similar food-

web restructuring in other ecosystems (Kornis et al., 2012).

Further, both intentional and unintentional fish species

introductions are a global concern with generally consis-

tent detrimental impacts observed for native species

diversity and ecosystem functioning (Witte et al., 1992;

Cambray, 2003; McDowall, 2006). Predicting the potential

ecological ramifications that result from such food-web

restructuring represents an important challenge for the

management of affected freshwater ecosystems. The

current study demonstrates the utility of stable isotopes

for quantifying the impacts of such anthropogenic distur-

bances in freshwater food webs. Specifically, this ecolog-

ical tracer approach combined with archived sample

analysis provides the ability to quantify temporal changes

in predator-prey relationships and energy flow in dis-

turbed ecosystems.
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