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Abstract 23 

The forage fish communities of the Laurentian Great Lakes continue to experience changes that 24 

have altered ecosystem structure, yet little is known about how they partition resources. 25 

Seasonal, spatial and body size variation in δ
13

C and δ
15

N was used to assess isotopic niche 26 

overlap and resource and habitat partitioning among the five common offshore Lake Ontario 27 

forage fish species (n = 2037) [Alewife (Alosa pseudoharengus), Rainbow Smelt (Osmerus 28 

mordax), Round Goby (Neogobius melanostomus), and Deepwater (Myoxocephalus thompsonii) 29 

and Slimy (Cottus cognatus) Sculpin]. Round Goby had the largest isotopic niche (6.1‰
2
, 30 

standard ellipse area (SEAC)), followed by Alewife (3.4‰
2
) while Rainbow Smelt, Slimy 31 

Sculpin and Deepwater Sculpin had the smallest and similar niche size (1.7-1.8‰
2
), with only 32 

the Sculpin species showing significant isotopic niche overlap (>63%). Stable isotopes in 33 

Alewife, Round Goby and Rainbow Smelt varied with location, season and size, but did not in 34 

the Sculpin spp. Lake Ontario forage fish species have partitioned food and habitat resources, 35 

and non-native Alewife and Round Goby have the largest isotopic niche, suggestive of a boarder 36 

ecological niche, and may contribute to their current high abundance. 37 

 38 

Key Words: Lake Ontario, niche, forage fish, stable isotopes 39 
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Introduction 40 

In the Laurentian Great Lakes (hereafter Great Lakes), consumption by the offshore prey 41 

fish community transfers the lower trophic level production to higher trophic levels and can 42 

influence abundances and species composition at multiple trophic levels (Mills et al. 2005; 43 

Stewart and Sprules 2011; Bunnell et al. 2014). As the Great Lakes food webs change in 44 

response to human influences, interactions among coexisting prey fish sharing common food 45 

resources and habitat can influence food web structure, change pathways of energy transfer, and 46 

impede or enhance the attainment of management objectives. Resource and habitat partitioning 47 

promotes the coexistence of sympatric species by reducing competition (Schoener 1974; Ross 48 

1986). Insight into how prey fish species can coexist or potentially compete can lead to a better 49 

understanding of the potential food web responses to changing fish community composition. 50 

The Lake Ontario offshore pelagic prey fish community is dominated by non-native 51 

Alewife (Alosa pseudoharengus; Owens et al. 2003). Less abundant offshore prey fish species 52 

include the non-native pelagic Rainbow Smelt (Osmerus mordax) and native benthic Deepwater 53 

(Myoxocephalus thompsonii) and Slimy (Cottus cognatus) Sculpin. Invasive Round Goby 54 

(Neogobius melanostomus), first sighted in western Lake Ontario in 1998, have become 55 

abundant in benthic habitats in both nearshore and offshore regions of Lake Ontario (Owens et 56 

al. 2003; Pennuto et al. 2012). Historically, the original offshore pelagic prey fish community 57 

was dominated by five species of Deepwater ciscoes (Coregonus spp.). which have been 58 

extirpated, and a shallow-water cisco (Coregonus artedi) that still persists at very low numbers 59 

(Christie 1973; Hoyle 2015). Bloater (Coregonus hoyi), another extirpated Deepwater cisco, are 60 

currently being reintroduced (Stewart and Lake 2015).  61 
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Understanding prey fish community interactions is relevant to emerging issues in Great 62 

Lakes restoration and fisheries management. Human influences on the Great Lakes ecosystems 63 

have resulted in the decline in some native species and increasing dominance and persistence of 64 

non-native species (Mills et al. 2005; Dettmers et al. 2012). In Lake Ontario and other Great 65 

Lakes, the Alewife are the principal forage fish of non-native salmonid species (O’Gorman and 66 

Stewart 1999; Stewart and Sprules 2011) and are required in sufficient abundance to sustain the 67 

recreational fishery. However, Alewife consume early life stages of native pelagic fish species 68 

(Krueger et al. 1995; Madenjian et al. 2008), potentially directly limiting the recruitment of other 69 

prey fish and also limiting food resources of other prey fish by consuming most of the available 70 

zooplankton production (Stewart and Sprules 2011). Further, a diet high in Alewife can impede 71 

reproduction of salmonids (Brown et al. 2005). Fisheries management objectives are to sustain 72 

the highly valued recreational fisheries and restore self-sustaining populations of native predators 73 

and prey fish, including a focus on re-establishing, native Deepwater cisco (Stewart et al. 1999; 74 

Stewart and Lake 2015). A dilemma for fisheries managers is that maintaining high levels of 75 

Alewife to sustain the recreational fishery may also impede the wild production and restoration 76 

of native predator and prey fish species (Dettmers et al. 2012; Stewart et al. 2013). How native 77 

and non-native prey species partition food and habitat resources is thus very relevant to this 78 

management issue. 79 

Previous research suggests some partitioning of available food and habitat resources 80 

among Great Lakes prey fish species (Bunnell et al. 2015), however, no study has examined this 81 

in a Great Lake with substantial spatial and season coverage across a suite of prey fishes 82 

concurrently. Alewife and Rainbow Smelt occupy the offshore pelagic habitat with seasonal 83 

migration nearshore associated with spawning (O’Gorman et al. 1991). The Sculpin species 84 
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occupy benthic habitat with the Deepwater Sculpin distributing further offshore and to greater 85 

depths than the Slimy Sculpin (Madenjian and Bunnell 2008). Round Gobies are benthic but 86 

occupy both nearshore and offshore habitats with their depth distribution varying seasonally 87 

(Walsh et al. 2007; Pennuto et al. 2012). Young-of-the-year (YOY) Rainbow Smelt and Alewife 88 

spatially segregate during thermal stratification but have high diet overlap (Urban and Brandt 89 

1993). Based on stomach content analysis, diets diverge among the species such that the diets of 90 

pelagic species (Alewife, Rainbow Smelt and Ciscoes) are dominated by zooplankton and Mysis 91 

(Mysis diluviana) (Walsh et al. 2008; Stewart and Sprules 2011). Sculpins are a major consumer 92 

of Mysis and to a lesser extent, benthic invertebrates (Walsh et al. 2008; Hondorp et al. 2011; 93 

Stewart and Sprules 2011). Round Goby diet is dominated by Dreissenid mussels and smaller 94 

quantities of Mysis, benthic invertebrates and zooplankton (Walsh et al. 2007; Taraborelli et al. 95 

2010; Brush et al. 2012), perhaps indicating a unique trophic role for this species. Seasonal or 96 

ontogenetic variation in diet and habitat use may increase or decrease the potential for diet and 97 

habitat overlap among prey fish species and alternative approaches to assessing the level of 98 

resources and habitat portioning are warranted.  99 

Stable isotopes of carbon (δ
13

C) and nitrogen (δ
15

N) are a commonly used and powerful 100 

tool to assess trophic relationships, habitat use and overall food web structure (Cabana and 101 

Rasmussen 1994; Post 2002; Fry 2006). Carbon isotopes show limited change with each trophic 102 

level step (< 1‰) in aquatic food webs but provide quantitative information on carbon sources 103 

and habitat use (Hobson and Welch 1992); in lakes, δ
13

C is generally lower in pelagic zones and 104 

higher in benthic/littoral zones (France 1995). Values of δ
15

N increase ~3-4‰ between prey and 105 

consumer (DeNiro and Epstein 1981; Minagawa and Wada 1984; Vander Zanden and 106 

Rasmussen 2001) and provide quantitative information on trophic position. Nitrogen isotopes 107 
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can also vary between habitats (e.g., sediments and above water column; Mulholland et al. 108 

2000), and taken with δ
13

C can provide key information on food web structure and 109 

species/population interactions. For example, isotopic niche width can be calculated based on the 110 

distribution of δ
13

C and δ
15

N data and can be compared between species or populations in an 111 

ecosystem, providing insights on potential competition and niche overlap (Jackson et al. 2011). It 112 

is important to stress that isotopic niche, while providing insights on feeding ecology, is not 113 

equivalent to quantifying a species ecological niche, and is vulnerable to the same assumptions 114 

that traditional isotopic applications have. 115 

The objective of this study was to quantify seasonal, size-related and regional variation in 116 

δ
13

C and δ
15

N in the five most common Lake Ontario offshore forage fish species (Alewife, 117 

Rainbow Smelt, Round Goby, Slimy Sculpin and Deepwater Sculpin) to assess niche overlap 118 

and resource and habitat partitioning among in these important species. By utilizing a 119 

coordinated Lake Ontario sampling program in 2013, an extremely comprehensive set of 120 

samples (n = 2037) was collected that gave wide spatial coverage of the lake, seasonal samples 121 

(April to November), and range of body sizes. This comprehensive sampling of the forage fish, 122 

particularly spatially, allows inferences to be made about the relative trophic relations 123 

independently of diet data. The results of this study will provide needed insights on how forage 124 

fish partition resources, and important baseline data for studies on predator fish and food web 125 

structure in Lake Ontario.  126 

 127 

Material and Methods 128 

Fish Collection 129 
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Coordinated binational sampling occurred on Lake Ontario in 2013 that involved many 130 

Canadian and American provincial/state and federal agencies organized under the Cooperative 131 

Science Monitoring Initiative (CSMI) program (Richardson et al. 2012). Prey fishes were 132 

collected using a combination of vertical gillnets, horizontal gillnets, seine nets and trawl nets, 133 

set at depths of one to 175 m, and fished approximately monthly from April to November 2013. 134 

Twelve nearshore-to-offshore transects were sampled to collect prey fish in 2013 (six in Canada 135 

& six in the US) (Figure 1). In American waters, the transects completed were Nine Mile Point 136 

(depths from 15 to 175 m), Olcott (depths from 15 to 110 m), Oswego (depths from 4 to 50 m), 137 

Rochester (depths from 8 to 170 m), Smoky Point (depths from 18 to 78 m) and Thirty Mile 138 

Point (depths from 15 to 175 m). In Canadian waters, the transects completed were Cobourg 139 

(depths from 1 to 60 m), Flatt Point/ Eastern Basin (depths from 5 to 35 m), Rocky Point (depths 140 

from 1 to 100 m), Port Credit (depths from 45 to 100 m), Niagara (depths of 18 to 80 m) and a 141 

transect across the Western Basin from Port Dalhousie to Humber Bay (from depths of 15 m in 142 

Port Dalhousie to approximately 120 m at the maximum to depths of 12 m in Humber Bay).  143 

A variety of techniques were used to collect the prey fish. Seine nets were used to sample 144 

waters in near-nearshore (0-5 metres depth) locations and vertical and horizontal gillnets were 145 

used to collect samples from the nearshore (5-30 metres depth) to offshore pelagic areas (>30 146 

metres deep) deployed on the order of hours. Vertical gillnets were used to better sample the 147 

water column to 30 metres in depth. Benthic areas of the nearshore and offshore (offshore 148 

benthic areas, >30 metres deep) were sampled using bottom trawls.  149 

During fish collection, fish were identified to species and then stored on ice and 150 

processed later in the laboratory. Before dissection, fish were weighed (to nearest 0.1 g) and total 151 

length (to nearest 1 mm) was recorded for all species with only fork length (mm) recorded for 152 
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Alewife and Rainbow Smelt. Dorsal muscle was removed above the lateral line and posterior to 153 

the head, placed in a 2 ml cryovial, frozen and freeze dried for 48 hours at -20
o
C for stable 154 

isotope analysis. Table 1 provides the distribution of species sample numbers by quadrat, season 155 

and bathymetric depth.  156 

Stable Isotope Analysis 157 

Approximately two grams of freeze dried fish muscle samples were homogenized to a 158 

fine powder using either surgical scissors or mortar and pestle depending on muscle size and 159 

density. Bulk (non-lipid extracted) powdered muscle samples were weighed into 5 ×	9 mm tin 160 

capsules on a microbalance with weights between 400 to 600 µg. An elemental analyzer 161 

(Costech, Valencia, CA, USA) was used to combust the muscle sample into CO2 and N2 gases 162 

and the relative abundances of carbon (
13

C/
12

C) and nitrogen (
15

N/
14

N) were then determined 163 

using a Thermo Finnigan Delta V mass spectrometer (Thermo Finnigan, San Jose, CA, USA). 164 

The carbon to nitrogen ratio (C:N) was measured simultaneously during stable isotope analysis 165 

to determine if lipid contents were high in the muscle, C:N ratios < 3.4 were considered to have 166 

low lipid (Post 2002); mean C:N values for all species were below this 3.4 value. 167 

Standard delta notation (δ) was used to express δ
15

N and δ
13

C in parts per thousand (‰) 168 

differences from a standard material as followed:  169 

δ
13

C or δ
15

N = [(Rsample/Rstandard – 1)] × 1000, 170 

where R = 
13

C/
12

C or 
15

N/
14

N (Fry 1991; Hobson and Clark 1992). Pee Dee Belemnite for carbon 171 

and atmospheric nitrogen were used as standard reference materials. During the analysis, 172 

National Institute of Standards and Technology (NIST) standards were used to calculate the 173 

precision and accuracy of analysis. NIST standards used for δ
15

N were NIST 8573 (L-glutamic 174 

acid), 8548 and 8547 (both ammonium sulphate) and for δ
13

C were NIST 8573 (L-glutamic acid) 175 
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and 8542 (sucrose) (n = 96 for each), and had a difference of ≤ 0.1 ‰ for δ
15

N and ≤ 0.1 ‰ for 176 

δ
13

C from the certified values. The analytical precision based on NIST 1577c (bovine liver) and 177 

the internal lab standard Tilapia (n = 318) had a standard deviation of < 0.2 ‰ for δ
15

N and < 0.1 178 

‰ for δ
13

C.  179 

Statistical Analysis  180 

Generalized linear models (GLMs) were used to investigate the impact of four 181 

explanatory variables on the values of δ
15

N and δ
13

C in Lake Ontario prey fish, including: (1) 182 

total length, (2) quadrat (a factor centered on differences in lake physio-chemical properties; 183 

Northwest – upwelling, Northeast – islands and embayments, Southwest – Niagara plume, and 184 

Southeast – downwelling and abyssal, (3) season (defined by calendar seasons; Spring - March 185 

22- June 21, Summer - June 22 to September 21 and Fall - September 22 to December 21) and, 186 

(4) bathymetric depth (nearshore (< 30 m) and offshore (> 30 m). Nearshore and offshore waters 187 

were defined as where the thermocline intersected with the lake bed, which is approximately 30 188 

m in late summer or early fall in Lake Ontario (Edsall and Charlton 1997). This delineation was 189 

used also in the Spring season. The GLMs used a Gaussian or Gamma error distribution with 190 

either log, identity, or inverse link function as warranted by the data. A small number of extreme 191 

outliers exhibiting high leverage (i.e., high influence on the model) were removed from the 192 

analysis. To identify the ‘best’ model”, we relied on a sequential deletion approach using 193 

likelihood ratio tests (e.g. Crawley 2005) which involved fitting a “maximal” model for each 194 

isotope-species combination that included all explanatory variables. After a series of deletion 195 

tests (Chi-square or F-tests), a minimal adequate model was determined when all remaining 196 

terms were significant. The goodness-of-fit of the minimal adequate model was assessed using 197 

an approximate likelihood ratio test.  198 
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Stable Isotope Bayesian Ellipses in R (SIBER) in the package SIAR v.4.2 (Parnell and 199 

Jackson 2013) in R v.3.0.2 (R Development Core Team, 2013) was used to analyze isotopic 200 

niche space of the prey fish species in Lake Ontario. Developed by Jackson et al. (2011), SIBER 201 

uses a multivariate ellipse-based approach to compare groups of differing sample sizes. Standard 202 

ellipse areas (SEAC) represented the core (40%) isotopic niche area, a common method with 203 

SIBER that avoids includes individuals at the extremes of the stable isotope data, allowed for a 204 

strong comparison for varying sample sizes between species. The SEAC was estimated using a 205 

Bayesian approach (1,000,000 iterations) with increasing SEAC (‰
2
) resulting in larger niche 206 

areas (i.e., feed across many habitat types and/ or feed across many trophic positions. Calculated 207 

using SEAC, fraction overlap (%) of the prey fish species on prey fish species isotopic niche was 208 

used to determine differences and similarities in niche space utilization. 209 

 210 

Results 211 

Fish size 212 

Alewife size did not vary by quadrat (p=0.57; ANOVA) or bathymetric depth (p=0.50), 213 

but varied with season (p<0.01; Spring = 132.8 ± 2.3 mm (mean ± SE); Summer = 146.0 ± 2.0 214 

mm; Fall = 141.7 ± 3.6 mm). Rainbow smelt size (mm) did not vary by quadrat (p=0.16) or 215 

season (p=0.10) but increased with bathymetric depth of collection (p<0.01; <30 m = 99.9 ± 3.5 216 

mm; >30 mm = 113.7 ± 1.6 mm). Round Goby size (mm) varied by quadrat (p=0.01; largest in 217 

the Southeast: 98.0 ± 4.1 mm; smallest in the Northeast: 85.7 ± 2.3 mm) but did not vary by 218 

season (p=0.92) or bathymetric depth (p=0.14). Deepwater Sculpin size (mm) varied by quadrat 219 

(p<0.01; largest in the Northwest: 137.5 ± 2.9 mm; smallest in the Northeast: 95.7 ± 3.1 mm) and 220 

increased by season (p<0.01; Spring = 121.1 ± 2.1 mm; Summer = 123.1 ± 4.5 mm; Fall = 136.8 221 
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± 2.9 mm). Slimy Sculpin size (mm) varied by quadrat (p<0.01; largest in the Northwest: 132.0 ± 222 

1.2 mm; smallest in the Northeast: 86.2 ± 2.7 mm) and varied with season (p<0.01; Spring = 223 

91.6 ± 2.3 mm; Summer = 105.4 ± 2.8 mm; Fall = 99.2 ± 1.7 mm). Bathymetric depth was not 224 

assessed as neither Sculpin species were collected in depths < 30 metres.  225 

Stable isotopes and isotopic niche area and overlap 226 

Values of δ
13

C ranged from -21.8 ± 0.1 (mean ± SE) in Round Goby to -24.7 ± 0.1 in 227 

Deepwater Sculpin, and δ
15

N ranged from 12.6 ± 0.04 in Alewife to 16.9 ± 0.04 in Deepwater 228 

Sculpin (Table 2).  229 

Across all seasons, quadrats and bathymetric depths, Round Goby had the largest isotopic 230 

niche area (6.1‰
2
, SEAC), followed by Alewife (3.4‰

2
) while Rainbow Smelt, Slimy Sculpin 231 

and Deepwater Sculpin had the smallest (1.7-1.8‰
2
; Table 3; Figure 2). This relative ranking of 232 

prey fish species by SEAC remained even when data were analyzed by season, bathymetric depth 233 

or by quadrat (Table 3). With the exception of Alewife, there was a general trend towards 234 

smaller SEAC as season progressed from spring to fall with no obvious trends with quadrat or 235 

bathymetric depth.  236 

Only the Slimy and Deepwater Sculpin showed large isotopic niche overlap (63 to 69% 237 

between Sculpin species) (Table 3; Figure 2). Round Goby isotopic niche overlapped 15% with 238 

Rainbow Smelt, which accounted for 4% of Round Goby’s isotopic niche width. No other 239 

species showed any isotopic niche overlap (Table 3; Figure 2). 240 

General Linear Model Regressions    241 

For Alewife, minimal adequate models indicated that quadrat, season and total length, 242 

and most of the corresponding interactions were significant, but bathymetric depth was not an 243 

important predictor for either isotope; more variation was explained in Alewife δ
15

N (60.9%) 244 
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than δ
13

C (18.5%) (Table 4). The direction and strength of the total body length-δ
15

N relationship 245 

in Alewife varied by season and quadrat (Figure 3): δ
15

N decreased with size in the Spring 246 

season for all quadrats (all quadrats during Spring: p<0.001; Northwest R
2
=0.446, Northeast 247 

R
2
=0.285, Southwest R

2
=0.292, Southeast R

2
=0.323) but increased during the summer months 248 

(all quadrats during Summer: p<0.001, Northwest R
2
=0.191, Southwest R

2
=0.275, Southeast 249 

R
2
=0.629) except in the Northeast quadrat (p=0.305, R

2
=0.009); only in the Southeast quadrat 250 

was the total body length-δ
15

N relationship significant during the Fall season (p<0.001, 251 

R
2
=0.419). Fewer total body length-δ

13
C relationships were significant for Alewife, as δ

13
C 252 

increased with size across all quadrats during the Spring season except in the Northwest quadrat 253 

(data not shown). Variation in δ
13

C was related to size and quadrat in the Summer season but 254 

size was important only in the Northwest quadrat during the Fall season (data not shown). 255 

Rainbow smelt stable isotopes GLMs explained 54.8 and 31.9% of the variability in δ
15

N 256 

and δ
13

C, respectively, with all four explanatory variables and most of the corresponding 257 

interactions being significant (Table 2). The total body length-δ
15

N relationship decreased for 258 

Rainbow Smelt during the Spring season (p<0.001, R
2
=0.354) but was not significant for the 259 

Summer (p=0.111, R
2
=0.034) and Fall seasons (p=0.968, R

2
<0.001) (Figure 4a). Rainbow smelt 260 

δ
13

C increased with increasing total length only in the Northwest and Northeast quadrats during 261 

the Spring season, with no significant δ
13

C trends observed in the Southwest and Southeast 262 

quadrats (data not shown). Carbon (δ
13

C) increased with increasing total length in the Northeast 263 

quadrats during the Summer season, however no other significant trends were detected in the 264 

other quadrats during the Summer season (data not shown). No significant trends were observed 265 

in the Fall season in any of the quadrats (data not shown). 266 
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For Round Goby, minimal adequate models explained 63.0 and 42.2% of the variability 267 

in δ
15

N and δ
13

C respectively, with all four variables and most of the corresponding interactions 268 

significant (Table 4). Round Goby δ
13

C decreased with increasing total length only in the 269 

Summer season except in the Southwest quadrat (no significant δ
13

C trend observed) and only in 270 

the Southeast quadrat during the Fall season (data not shown). No significant δ
13

C trends were 271 

observed in the other season-quadrat combinations (data not shown). A positive total body 272 

length-δ
15

N relationship was significant for Round Goby in Spring (p=0.003, R
2
=0.003) and 273 

Summer season (p=0.030, R
2
=0.043) but not the Fall season (p=0.598, R

2
=0.001) (Figure 4b). 274 

Values of δ
15

N also varied between the North and South quadrats (the respective east and west 275 

quadrats were merged since low sample number in the four quadrat system did not produce 276 

significant isotopic differences between the nearshore and offshore (i.e., bathymetric depth)) in 277 

each season (Figure 5). Round Goby δ
15

N was higher in the offshore in all seasons (Figure 6). 278 

Values of δ
13

C were also merged between the North and South quadrats but did not yield 279 

significant results. 280 

Stable isotopes in Deepwater and Slimy Sculpin were not influenced by most of the 281 

variables or interactions (Table 2). Models for δ
13

C explained a very small proportion of the 282 

variability in Deepwater Sculpin (4.5%) and Slimy Sculpin (6.8%) but models explained more 283 

variability for δ
15

N (51.8% for Deepwater Sculpin; 57.4% for Slimy Sculpin). For Deepwater 284 

Sculpin, δ
15

N increased significantly with total length in all seasons (Spring: p<0.001, R
2
=0.177; 285 

Summer: p=0.012, R
2
=0.136; Fall: p<0.001, R

2
=0.422) (Figure 4c). For Slimy Sculpin δ

15
N was 286 

found to significantly decrease through the year with the lowest values observed in the Fall 287 

season (16.3 ± 0.1‰, mean ± SE) compared to 16.8 ± 0.1‰ during the Spring and Summer 288 

seasons (Figure 7). 289 
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 290 

Discussion 291 

 The very limited extent of isotopic niche overlap in Lake Ontario offshore forage fish 292 

suggests high resource and habitat partitioning, with the exception of the native species 293 

(Deepwater and Slimy Sculpin), is intriguing.  Restoration of the Great Lake’s native fish 294 

community is challenged by the desire to re-establish native predator and prey species while 295 

assessing and managing the potentially ecologically disruptive consequences; but is important 296 

for valuable recreational fisheries, of invasive or intentionally introduced non-native species. In 297 

Lake Ontario, the current species suite is primarily a mix of non-native species with virtually no 298 

evolutionary sympatry (Mills et al. 2005). The large isotopic niche of non-native Alewife and 299 

Round Goby may help to explain their high abundance in Lake Ontario, although further 300 

research is needed to confirm. Stable isotopes suggest unique trophic and habitat use within 301 

regions (quadrat) of Lake Ontario for non-native Alewife, Rainbow Smelt and Round Goby, 302 

which varied between seasons for some species.  303 

Isotopic Niche Width & Overlap 304 

Given their high abundance, broad distribution and increasing importance as prey to a 305 

number of top predators (Rush et al. 2012; Hebert et al. 2014), Round Goby are an important, 306 

unique and integrative trophic link in the Lake Ontario food web. Round Goby had the largest 307 

overall isotopic niche width (6.1‰
2
), almost twice as large as Alewife and over three times the 308 

area of the other prey fish species. The larger niche width is mostly influenced by variation in 309 

δ
13

C values. Round Goby inhabit both deep water and littoral zones, and appear to migrate 310 

between these habitats seasonally (Bunnell et al. 2005; Walsh et al. 2007). Round Goby have 311 

been observed in multiple habitats and have moderately high site affinity once a home range has 312 
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been established (Charlebois et al. 1997; Ray and Corkum 2001). Variation in isotopic signatures 313 

may reflect regional and even smaller scale differences in carbon sources and habitat use. 314 

Additional variation in isotope values may also be associated with ontogenetic changes in the 315 

diet of Round Goby (Barton et al. 2005; Brush et al. 2012), corroborated by our evidence of a 316 

significant TL-isotope relationships. Stomach content analysis indicated that Round Goby diets 317 

are dominated by dreissenid mussel and isotopic signatures do not suggest otherwise (but see 318 

Brush et al. 2012). As a species, Round Goby are integrating a wide range of carbon sources 319 

from different habitats.  320 

 The unique isotopic niche of the Alewife compared with the other prey fish in the lower 321 

region δ
13

C and δ
15

N bi-plot is consistent with their offshore pelagic habitat use (Wells 1968) 322 

and diet dominated by zooplankton, including primary consumers (Stewart et al. 2009; Stewart 323 

and Sprules 2011; Bunnell et al. 2015). Seasonal and spatial variation in isotopic niche in 324 

Alewife likely reflects seasonal and spatial variation in stable isotope values in plankton, as has 325 

been observed in other Great Lakes (Discoll et al. 2015). It could also be influenced by shifts in 326 

diet due to variation in zooplankton abundance and diversity over season and space in Lake 327 

Ontario (Stewart et al. 2009). Some variation in Alewife isotopes may also reflect predation on 328 

fish fry at certain times of the year, although this is thought to be infrequent in Lake Ontario 329 

(Krueger et al. 1995). O’Gorman et al. (2000) found Alewife spring distribution shifted to deeper 330 

waters immediately following the invasion of dreissenids in the early 1990s. However, Rush et 331 

al. (2012) presented stable isotope data on Alewife at discrete times from 1995 to 2008, and 332 

those data, in combination with our own, show high variation but no trend through time in either 333 

δ
13

C or δ
15

N suggesting little change in Alewife trophic position in the past 20 years. There is 334 

evidence that Alewife in Lake Ontario increased their trophic position from the early 1970s to 335 
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the mid 1990s, due to high amounts of Mysis and predatory cladocerans in their diets in the 90s 336 

and early 2000s (Stewart et al. 2009). The year to year variability in alewife δ
13

C or δ
15

N likely 337 

reflects variation in prey type, and potentially to seasonal variability in the isotope values of 338 

zooplankton (Turschak and Bootsma 2015). 339 

Stable isotopes suggest that Rainbow Smelt also have a unique niche compared to other 340 

prey fish species. The large variation in their δ
15

N values is consistent with stomach content 341 

analysis that suggest that Lake Ontario and other Great Lakes Rainbow Smelt feed at many 342 

trophic positions and shift to feeding at higher trophic positions as they grow (Brandt and Madon 343 

1986; Lantry 1991; Lantry and Stewart 1993; Stewart 2010; Stewart and Sprules 2011). The 344 

relatively narrow range of δ
13

C values compared to other prey fish species, suggest that Rainbow 345 

Smelt may occupy a relatively narrow range of offshore habitat.  346 

A high reliance on Mysis for food (Lantry 1991; Lantry and Stewart 1993; Stewart and 347 

Sprules 2011) may be a dominant influence on the Rainbow Smelt isotopic niche. The most 348 

recent stomach content analysis of Lake Ontario adult Rainbow Smelt indicated that 98% of the 349 

diet by weight was Mysis (Stewart 2010; Stewart and Sprules 2011). Mysis are ominivores and 350 

feed across a diverse range of trophic positions (Parker 1980; Pennak 1978; Johannsson et al. 351 

2001; Johannsson 2003; Bailey et al. 2006).  352 

Like Rainbow Smelt, Sculpin diets are also most likely highly dominated by Mysis 353 

(Walsh et al. 2008; Stewart and Sprules 2011) yet the scuplin spp. and rainbow smelt had very 354 

different isotopic niches. Mysis isotopic values vary with depth (Sierszen et al. 2011) and in 355 

deeper regions δ
15

N may be higher at a given tropic level due to benthic nutrient cycling in the 356 

offshore (Sierszen et al. 2011). It may be that the benthic Sculpins are feeding on deeper and 357 

more bottom oriented Mysis individuals than the pelagic Rainbow Smelt. Variation in isotopic 358 
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niche of their common, but habitat-specific, Mysis prey may account for the niche separation not 359 

a difference in their trophic position. There is also evidence that scuplin spp. can feed on eggs 360 

from a wide variety of fish species in Lake Michigan, although the lake wide average was ~10% 361 

of the dry weight of the stomach contents (Mychek-Louder et al. 2013); evidence for this in Lake 362 

Ontario is lacking.  363 

Isotopic niche overlap between Rainbow Smelt and Round Goby was <15%, suggesting 364 

that these species may share some resources. Given the benthic life history of the Round Goby, 365 

this overlap is likely benthic invertebrates, such as from the Order Diptera (e.g., Chironomidae) 366 

which has been reported as a diet item for both species, although more water column situated 367 

species (e.g., Copepoda, Mysis) have also been reported for both (Evans and Loftus 1987; 368 

Stewart and Sprules 2011; Brush et al. 2012; Mychek-Londer et al. 2013). Whether this 15% 369 

overlap is significant to either population is difficult to assess with these data. 370 

The two Sculpin species, Deepwater and Slimy, had the highest δ
15

N values and no 371 

isotopic niche overlap with the other species. Historically Diporeia (Diporeia spp.) and Mysis 372 

were the major prey items of both Deepwater and Slimy Sculpins (Kraft 1977; Wells 1980), and 373 

studies in Lake Michigan have shown very similar stable isotope values between these benthic 374 

invertebrates (Turschak and Bootsma 2015). Diporeia abundance decreased in the 1990’s in 375 

Lake Ontario (Dermott 2001; Lozano et al. 2001; Birkett et al. 2015) and more recent diet of 376 

Lake Ontario Slimy Sculpin diet consists mainly of Mysis, although Slimy Sculpin continue to 377 

favour Diporeia spp. when available (Walsh et al. 2008; Stewart and Sprules 2011). The 378 

Sculpins spp. reside in the deep zones (>30 m) of Lake Ontario, with little to no migration to the 379 

nearshore and are clearly utilizing a unique source of deep water carbon. As discussed above, the 380 

elevated δ
15

N values may be caused by benthic nutrient cycling in the offshore (Mulholland et al. 381 
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2000) rather than feeding at a higher trophic level than the other prey fish species. Assessment of 382 

variation in Lake Ontario Mysis isotopic values as a function of depth would be informative in 383 

this regard.  384 

The highest isotopic niche overlap was found between the Sculpin spp. (>63%) and this 385 

result suggests an increased potential for competition between these species, especially with the 386 

recent increase in the density of Deepwater Sculpin individuals (Weidel and Walsh 2015). Diet 387 

overlap indexes based on stomach contents in the Great Lakes basin indicted that these Sculpin 388 

species had high diet overlap (51%, Hondrop et al. 2005 and >60%, Martin 1984). The higher 389 

overlap observed in our study may reflect a decrease in Diporeia and greater reliance on Mysis; 390 

in other Great Lakes, Mysis contribute to the majority of the Deepwater Sculpin diet (Mychek-391 

Londer et al. 2013). The differences between the Sculpin spp. likely reflects a more varied diet in 392 

the Slimy Sculpin. From studies in Lake Michigan, Slimy Sculpin consumed proportionally more 393 

Limnocalanus macrurus than Mysis (0.48 vs 0.19), whereas the Deepwater Sculpin focused on 394 

Mysis (0.61) (Mychek-Louder et al. 2013). 395 

 396 

Factors Influencing Variation in Stable Isotopes 397 

Variation in the Rainbow Smelt and Alewife isotope values across quadrats suggest that 398 

these species can use food and habitat resources differently depending on local conditions. It is 399 

important to stress that variation in baseline isotopes could also be a factor in these trends (i.e., 400 

diet are similar but isotope values in prey vary with space), although evidence from other studies 401 

suggest that food resources can vary spatially. Variation in abiotic conditions (temperature, 402 

upwelling frequency, land-use, proximity to major tributaries) among regions (Minns and 403 

Wichert 2005; Howell et al. 2012a, 2012b) can lead to heterogeneity in food resources including 404 
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seasonal variation in development time, distribution, and species composition of invertebrate 405 

food resources (Patalas 1969; Johannsson 1995; Johannsson and O’Gorman 1991; Benoît et al. 406 

2002). This can result in high regional variation in prey fish species diet (Stewart et al. 2009) and 407 

presumably habitat use. It is unknown whether the apparent regional variation in diet and habitat 408 

use, suggested by these results, is persistent from year to year.  409 

In addition to quadrat, variation in Alewife δ
13

C and δ
15

N were influenced by body length 410 

and season. For the larger Alewife (>150 mm), isotope values were consistent across season. In 411 

the Spring season, the δ
15

N of smaller Alewife was elevated. This suggests that the smaller sub-412 

adult Alewife may be feeding at a high trophic position in early spring or overwinter than larger 413 

Alewife. We know of no independent data that supports this contention. In early spring, stomach 414 

content analysis suggests adult and sub-adult Alewife diets are very similar (Stewart et al. 2009). 415 

Season variation in δ
15

N observed in zooplankton in the Great Lakes (Driscoll et al. 2015), could 416 

explain the higher values in small Alewife, as these smaller fish would reflect changes in prey 417 

isotope values more quickly than larger individuals. As well, overwinter, yearling Alewives are 418 

more nearshore than adults (Bergstedt and O’Gorman 1989), and this difference in distribution 419 

probably extends throughout the Spring season. Alewife are known to feed on the larvae of other 420 

fish species (Krueger et al. 1995; Madenjian et al. 2008) and it may be that sub-adult Alewife are 421 

feeding on larval or juvenile fish or fish eggs in the nearshore during the winter and early spring.  422 

Carbon stable isotope values showed similar trends to δ
15

N in Alewife, but explained a 423 

third of the variation. During the spring season, δ
13

C decreased with increasing size during the 424 

spring, suggesting larger Alewife are further offshore than smaller individuals.  O’Gorman et al. 425 

(2000) found that over a 20-year period, adult Alewife were more abundant in deeper locations 426 

than yearlings during the spring. Alternatively, larger Alewife could be feeding on different prey, 427 
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although stomach content analysis has not found differences across size classes (Stewart et al. 428 

2009). 429 

Stewart et al. (2009) observed that adult Lake Ontario Alewife fed mostly on Mysis at 430 

bathymetric depths greater than 70 m where Mysis are abundant and mostly on zooplankton in 431 

shallower waters. Lake Ontario Mysis were determined to have a higher trophic position (2.5-432 

2.6) than zooplankton (2.1-2.4; Stewart and Sprules 2011). Offshore Alewife feeding mostly on 433 

Mysis should have higher δ
15

N values, but this was not observed perhaps because a majority of 434 

the Alewife samples were caught in gillnets and diets may no longer vary with bathymetric 435 

depth.  It is also possible that sampling and observational variation in isotopic values precludes 436 

detecting small differences in trophic position as 30 m bathymetric depth was used to distinguish 437 

nearshore and offshore. Alternatively, seasonal changes in distribution and diet of Alewife might 438 

mean that isotopic signatures, reflecting the diet and habitat use of Alewife over months, might 439 

obscure finer temporal or spatial variation in diet and habitat use. As well, seasonal changes in 440 

isotope values in prey could be contributing to this trend. Alewife, Rainbow Smelt and Round 441 

Goby isotopic signatures all varied with quadrat suggesting differences in trophic ecology of 442 

these species across space at least a large regional scale. The ecological significance of this 443 

spatial variation and its potential effect on inferring diets from isotopic mixing models of 444 

predators, requires more investigation. 445 

Rainbow Smelt δ
15

N decreased with increasing total length during the spring season, 446 

which is similar to Alewife and might be driven by more rapid changes in isotopes in the smaller 447 

smelt. During non-stratified periods, Rainbow Smelt feed throughout the water column 448 

(Nellbring 1989), perhaps causing small individuals to consume benthic species including 449 

Mysids and other invertebrates potentially high in δ
15

N. This time of year would also allow 450 
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larger, piscivorous adults to consume other pelagic fishes (i.e., juvenile Alewife) which may not 451 

be available during high stratification periods (e.g., summer) and as well on young-of-the-year 452 

Rainbow Smelt (Lantry and Stewart 2000) or Slimy Sculpin (Brandt & Madon 1986). Thermal 453 

stratification may isolate Rainbow Smelt within the hypolimnion. Evans and Loftus (1987) 454 

suggested during high water stratification, both young and adult Rainbow Smelt consume similar 455 

prey resources, but separate themselves within the water column due to differences in diel 456 

behaviours. This spatial structure would allow both young and adults to feed on Mysids, which 457 

would account for comparable δ
15

N values. This foraging behaviour appears to be present during 458 

the early fall as the thermocline has not yet fully disintegrated (Brandt & Madon 1986). In the 459 

Northeast quadrat, δ
13

C increased with total length in both the Spring and Summer seasons, 460 

suggesting adults are associated more with the benthos in this region.  461 

Variance partitioning models were strongest for δ
13

C in Round Goby than for any of the 462 

other prey fish species in Lake Ontario, which makes sense given the benthic habitat use, limited 463 

summer home range and proposed seasonal migration to deeper waters in the winter. Variance 464 

partitioning models for δ
15

N were also strongest for Round Goby than for any other prey fish 465 

species, and was probably related to Round Goby migration and a change in δ
15

N over size. 466 

Larger individuals appear to be specialists, perhaps feeding exclusively on Dreissend mussels, 467 

although there is evidence that Round Goby may prefer other prey over these mussels (Brush et 468 

al. 2012). Smaller Round Gobies have been found to consume a more varied diet while 469 

inhabiting the nearshore and tributaries (Barton et al. 2005; Pennuto et al. 2010), and perhaps 470 

could be generalists. In the Kingston Basin, diet differences were observed between small and 471 

large individuals during the spring (Brush et al. 2012). Diets appear to become similar in the 472 

Summer season as larger individuals migrate into the nearshore. The large isotopic range of 473 
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round Gobies collected in the Fall season, especially small individuals, suggest a diverse diet, 474 

again perhaps due to the beginning of migration to deeper locations. 475 

There was minimal change to the isotopic niche area in both Sculpin species by quadrat 476 

and season, and stable isotope values were not influenced by quadrat and season, which suggests 477 

small differences in the diet and likely very little spatial variation in the stable isotopes of the 478 

deep-water zone of Lake Ontario. Differences in isotopic niche between these species may 479 

reflect Slimy Sculpin focusing more on non-Mysis prey, such as chironomids, which has been 480 

observed in Lake Michigan (Bunnell et al. 2015). Models explained very little of the δ
13

C 481 

variation in both Sculpin species, which would suggest that species are occupying a more 482 

homogenous deep water habitat with common sources of carbon. However, as these species co-483 

inhabit the deepwater region of Lake Ontario (> 30 m), stable isotopes may not be able to detect 484 

regional differences, if any, due to a limited prey base and prey preference and as well as the 485 

homogenization of the offshore lake benthic environment.  486 

Ontogenetic shifts in diet are present in Deepwater Sculpin (59 to 186 mm; total length) 487 

based on δ
15

N length relationships, no other variables were important in this species. Similar 488 

shifts were observed for Lake Michigan Deepwater Sculpin (Turschak and Bootsma 2015). 489 

Slimy Sculpin displayed a significant reduction in δ
15

N with season, with lower values in the fall, 490 

but no other variables influenced δ
15

N in this species. With limited deep water information on 491 

seasonal changes in invertebrates, it is hard to explain the seasonal changes seen in the Slimy 492 

Sculpin, no seasonal trends were observed in the diet of this species in Lake Michigan (Bunnell 493 

et al. 2015). Prior to the decline of Diporeia, Kraft and Kitchell (1986) found that larger 494 

Deepwater Sculpin did not consume larger prey items, but now with the near absence of 495 

Diporeia in the Great Lakes, the size of Deepwater Sculpin may be positively correlated with the 496 
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size of their Mysis prey. Calanoids Leptodiaptomus sicilis and Limnocalanus macrurus are 497 

common large bodied calanoids found below the thermocline in Lake Ontario (Rudstam et al. 498 

2015), which could be common in the Deepwater Sculpin diet. Smaller Deepwater Sculpin (50-499 

90 mm; from Brandt 1986) may be consuming a higher proportion of these calanoid species 500 

relative to larger Deepwater Sculpin to compensate for the loss of Diporeia as this size cohort 501 

may not have the gape size to ingest larger Mysis. The consumption of L. sicilis and L. macrurus 502 

would decrease the δ
15

N in smaller individuals, although δ15N in L. macrurus was similar to 503 

Mysis in Lake Ontario (Driscoll et al. 2015). There was also a larger variation in δ
15

N values in 504 

smaller Deepwater Sculpin which suggested that this size-group is consuming a larger diversity 505 

of prey, perhaps associated with shifts in diet as they grow. 506 

Although we reached our aims in this study, there were limitations to the sampling and 507 

GLM analysis. In some cases, when testing variables and interactions there was evidence of non-508 

normal distribution of the isotope data with strong tails (i.e., high skewness). This error likely 509 

arose because of the overall lower sample sizes when separating the isotopic data or the potential 510 

presence of bi-modal distributions. Variables and interactions resulting with low sample sizes 511 

also probably contributed to spurious correlations within the GLM analysis. For precaution, only 512 

the strongest relationships (>50% deviance explained) were discussed and considered to be 513 

viable as some of the models may be over-parameterized even when using this large isotopic 514 

dataset.  515 

 516 

Summary 517 

This study confirms that concurrent stable isotopes analysis of coexisting, and potentially 518 

competing, prey fish species provides information of both ecological and management interest. 519 
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Limited spatial variation in isotopic niche-space metrics for species among quadrats suggest that 520 

coexisting prey fish community trophic ecology and habitat use is structured in a similar way 521 

across the entire Lake. This regional persistence suggest that the observed structure may be 522 

adaptive, serve to reduce competition, and will likely be expressed similarly in other systems 523 

inhabited by these species combinations. However, species-specific isotopic values varied with 524 

quadrat for all species and with depth for most (exception being Alewife) suggesting regional 525 

environmental variability can modify species-specific diet and habitat use. Isotopic values also 526 

varied with size among the prey fish species, (the only exception being Slimy Sculpin δ
15

N), but 527 

not in all seasons or quadrats, suggesting that ontogenetic driven variation in trophic ecology 528 

may be an important structural characteristic of offshore prey fish food webs. These results 529 

support the idea that coexisting native and non-native species can evolve and potentially develop 530 

sustainable and functionally efficient food webs. From a management perspective, it may be 531 

worthwhile to consider a more conciliatory approach when managing a well-established non-532 

native species assemblage by recognizing the value of novel species (Carroll 2011) rather than 533 

always framing the native/non-native species management and ecosystem restoration discussion 534 

as a dilemma (Stewart et al. 1999; Dettmers et al. 2012, Claramunt and Clapp 2014).  535 

 536 
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Table 1. Number of samples by season (Spring, Summer, Fall), bathymetric depth (<30 m, >30 822 

m), and quadrat (NW, NE, SW, SE) per prey fish species collected form Lake Ontario in 2013. 823 

 824 

Species 
Season  Bathymetric Depth  Quadrat 

Spring Summer Fall  <30 m >30 m  NW NE SW SE 

Alewife 327 347 128  223 579  135 328 178 161 

Rainbow Smelt 177 79 99  85 270  26 128 92 109 

Round Goby 130 120 198  260 188  50 193 113 92 

Deepwater Sculpin 111 45 67  0 223  4 25 83 111 

Slimy Sculpin 85 46 78  0 209  3 54 38 114 
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Table 2. Length range (mm), total length (mm) (mean ± 1 SE), stable isotopes ratios and C/N 825 

ratio (mean ± 1 SE) of Alewife, Rainbow Smelt, Round Goby, Deepwater Sculpin and Slimy 826 

Sculpin collected from April to November 2013 across Lake Ontario. 827 

 828 

Species n Length Range Total Length δ
13

C δ
15

N C/N ratio 

Alewife 802 10 - 205 140 ± 1.4 -24.1 ± 0.04 12.6 ± 0.04 4.0 ± 0.03 

Rainbow Smelt 355 51 - 180 110 ± 1.5 -23.6 ± 0.02 15.0 ± 0.07 3.5 ± 0.01 

Round Goby 448 9 - 190 90 ± 1.5 -21.8 ± 0.09 13.6 ± 0.06 3.4 ± 0.01 

Deepwater Sculpin 223 59 - 186 126 ± 1.7  -24.7 ± 0.06 16.9 ± 0.04 4.1 ± 0.06 

Slimy Sculpin 209 11 - 145 97 ± 1.3  -24.6 ± 0.05 16.6 ± 0.05 3.8 ± 0.04 
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Table 3. Isotopic niche width (SEAC: ‰
2
) for all samples by season, bathymetric depth and quadrat, and overlap (%, for all samples) 829 

of main prey fish species (ALE=Alewife, RBS=Rainbow Smelt, RDG=Round Goby, DWS=Deepwater Sculpin, SLS=Slimy Sculpin) 830 

collected from Lake Ontario in 2013. Standard ellipse area (SEAC: ‰
2
) calculated for season (SPR=Spring, SUM=Summer, 831 

FAL=Fall), bathymetric depth (<30 m, >30 m), and quadrat (NW, NE, SW, SE) per prey fish species. 832 

 833 

Species 
SEAC 

(‰
2
) 

Season (‰
2
)  Bathymetric Depth (‰

2
)  Quadrat (‰

2
) Isotopic Overlap (%) 

SPR SUM FAL  <30 m >30 m  NW NE SW SE ALE RBS RDG DWS SLS 

ALE 3.4 2.3 2.5 3.1  3.4 3.3  4.3 2.6 3.6 3.7 --- 0 0 0 0 

RBS 1.8 1.8 1.4 0.9  2.1 1.7  1.5 1.6 1.2 2.3 0 --- 4 0 0 

RDG 6.1 7.6 5.5 4.8  5.5 4.0  3.2 4.4 4.1 5.6 0 15 --- 0 0 

DWS 1.8 1.6 2.6 1.6  N/A 1.8  - 1.2 1.3 1.3 0 0 0 --- 69 

SLS 1.7 2.0 1.2 1.3  N/A 1.7  - 2.3 1.5 1.1 0 0 0 63 --- 

Note: No samples were collected <30 m for either Sculpin spp. and <10 Sculpin spp. samples total were collected in the northwest 834 

(NW) quadrat. For isotopic overlap, please read in the left to right direction, i.e., the SEAC of Rainbow Smelt overlaps only 4% of the 835 

Round Goby SEAC. 836 
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Table 4. Details and formulation of the minimal adequate models for each species – isotope combination. QUAD = quadrat, SEAS = 837 

season, D30 = nearshore/ offshore break point and TL = total length (in mm). 838 

 839 

Species Isotope Minimal Adequate Model Error Link 
Residual 

Deviance 

Residual 

df 

Null 

Deviance 

Null 

df 

Deviance 

Expained 

Alewife 

δ
13

C 
~ QUAD + SEAS + TL + QUAD:SEAS + 

QUAD:TL + SEAS:TL + QUAD:SEAS:TL 
Gaussian Identity 662.4 776 812.3 799 18.5% 

δ
15

N 
~ QUAD + SEAS + TL + QUAD:SEAS + 

QUAD:TL + SEAS:TL + QUAD:SEAS:TL 
Gaussian Identity 375.7 776 961.0 799 60.9% 

Rainbow 

Smelt 

δ
13

C 

~ QUAD + SEA + D30 + TL + QUAD:SEA + 

QUAD:D30 + QUAD:TL + SEA:D30 + SEA:TL 

+ D30:TL + QUAD:SEA:D30 + SEA:D30:TL 

Gaussian Identity 52.9 336 77.7 354 31.9% 

δ
15

N 
 ~ SEA:D30 + SEA:TL + D30:TL + Q:SEA:D30 

+ SEA:D30:TL 
Gamma Identity 1.1 339 2.3 354 54.8% 

Round 

Goby 

δ
13

C 

 ~ QUAD + SEA + D30 + TL + QUAD:SEA + 

QUAD:D30 + QUAD:TL + SEA:D30 + SEA:TL 

+ D30:TL + QUAD:SEA:D30 

Gaussian Identity 847.2 431 1466.1 447 42.2% 

δ
15

N 

~ QUAD + SEA + D30 + TL + QUAD:SEA + 

QUAD:D30 + QUAD:TL + SEA:D30 + SEA:TL 

+ D30:TL + QUAD:SEA:TL + SEA:D30:TL 

Gamma Identity 1.6 429 4.3 447 63.0% 

Deepwater 

Sculpin 

δ
13

C ~ SEAS Gamma Identity 0.3 217 0.3 219 4.5% 

δ
15

N 
  ~ QUAD + SEA + TL + QUAD:SEA + 

SEA:TL 
Gamma Identity 0.2 215 0.3 222 51.8% 

Slimy 

Sculpin 

δ
13

C   ~ QUAD + SEA + TL + QUAD:SEA Gamma Identity 0.2 202 0.2 208 6.8% 

δ
15

N ~ SEAS Gaussian Identity 106.8 205 119.1 205 57.4% 

Note: Mininal adequate models with <50% deviance explained were not included as figures. 840 
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Figure legends 

 

Figure 1. Lake Ontario prey fish sampling sites completed using twelve different transects (six 

in the USA and six in Canada) in 2013. Transect length and direction represented by arrow 

length and position. 

 

Figure 2. Stable isotope bi-plot for Alewife, Rainbow Smelt, Round Goby, Deepwater Sculpin 

and Slimy Sculpin collected from Lake Ontario in 2013. Thick circles enclose standard (40%) 

ellipse areas (SEAC) for all species with Alewife represented by a long dashed grey circle, 

Rainbow Smelt by a solid black circle, Round Goby by a dotted black circle, Deepwater Sculpin 

by a long dashed black circle, and Slimy Sculpin by a solid grey circle. Individual data points 

(light grey) are represented by crosses for Alewife, diamonds for Rainbow Smelt, triangles for 

Round Goby, circles for Deepwater Sculpin, and x’s for Slimy Sculpin. 

 

Figure 3. The relationship between total length (mm) of Alewife and δ
15

N values for each 

quadrat (NW = northwest, NE = northeast, SW = southwest and SE = southeast) and season 

(Spring = black open diamonds, Summer = bold grey cross and Fall = black solid dots) collected 

in Lake Ontario in 2013. Sample size (n), R
2
 values and p values for the regressions by season 

(Spring, Summer, Fall; left to right) are indicated at the bottom of the graph. Regression lines 

and 95 % confidence intervals shown only for significant total body length-δ
15

N regressions. 

 

Figure 4. The relationship between total length (mm) of a) Rainbow Smelt, b) Round Goby, and 

c) Deepwater Sculpin and δ
15

N values by season (Spring, Summer and Fall) collected in Lake 
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Ontario in 2013. Sample size (n), R
2
 values and p values for the regressions are indicated at the 

bottom of the graph. Regression lines and 95 % confidence intervals shown only for significant 

total body length-δ
15

N regressions.  

 

Figure 5. Box plots of Round Goby δ
15

N values between north and south shore of Lake Ontario 

(north = northwest and northeast quadrats combined and south = southwest and southeast 

quadrats combined) and season (Spring, Summer and Fall). The rectangle spans the 25
th

 and 75
th

 

percentiles, the horizontal line inside the rectangle is the median and the whiskers indicate the 

minimum and maximum values. Outliers (outside the percentile range) are indicated by open 

circles.. Sample sizes (n) for each season are indicated at the bottom of the graph. 

 

Figure 6. Box plots of Round Goby δ
15

N values between bathymetric depth (nearshore <30 m 

and offshore >30 m) and season (Spring, Summer and Fall). The rectangle spans the 25
th

 and 75
th

 

percentiles, the horizontal line inside the rectangle is the median and the whiskers indicate the 

minimum and maximum values. Outliers (outside the percentile range) are indicated by open 

circles. Sample sizes (n) for each season and depth category are indicated at the bottom of the 

graph. 

 

Figure 7. Box plots of Slimy Sculpin δ
15

N values for each season (Spring, Summer and Fall). 

The rectangle spans the 25
th

 and 75
th

 percentiles, the horizontal line inside the rectangle is the 

median and the whiskers indicate the minimum and maximum values. Outliers (outside the 

percentile range) are indicated by open circles. Sample sizes (n) for each season are indicated at 

the bottom of the graph. 
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Figure 1. 
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Figure 2. 
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Figure 3.  

 

 

 

 

Page 46 of 50
C

an
. J

. F
is

h.
 A

qu
at

. S
ci

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
N

IV
 W

IN
D

SO
R

 o
n 

11
/0

9/
17

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 T

hi
s 

Ju
st

-I
N

 m
an

us
cr

ip
t i

s 
th

e 
ac

ce
pt

ed
 m

an
us

cr
ip

t p
ri

or
 to

 c
op

y 
ed

iti
ng

 a
nd

 p
ag

e 
co

m
po

si
tio

n.
 I

t m
ay

 d
if

fe
r 

fr
om

 th
e 

fi
na

l o
ff

ic
ia

l v
er

si
on

 o
f 

re
co

rd
. 



47 

 

 

Figure 4. 

 

a) Rainbow Smelt 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b) Round Goby 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

c) Deepwater Sculpin 
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Figure 5. 
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Figure 6. 
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Figure 7. 
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