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Abstract Species invasions can alter food web

structure and change ecosystem-level functioning,

but it is often unclear how these invasions may affect

the life history of native species. The Lake Sturgeon

(Acipenser fulvescens), a large long-lived native fish

species in the Great Lakes, has increased in abundance

in the lower Niagara River and nearby Lake Ontario

during a period of invasive species-induced ecosystem

change precipitated most recently by Dreissenid

mussels (Driessena polymorpha andDriessena bugen-

sis) and Round Goby (Neogobius melanostomus).

Material taken from cross-sections of archived

pectoral spines from Niagara River Lake Sturgeon

captured in 1998–2000 and 2010–2012 were analyzed

for stable isotopes across discrete growth zones to

provide an ontogenetic assessment of diet, and diet

analysis of Lake Sturgeon captured in 2014 was

conducted to assess the contribution of invasive prey.

Round Goby was the most important Lake Sturgeon

prey item (86% by weight) in 2014, which corrobo-

rated results of d15N and d13C. Lake Sturgeon captured
after the invasion of Round Goby exhibited ontoge-

netic changes in d15N that differed from pre-Round

Goby patterns, though this effect was weaker for d13C.
Values of d15N from spine growth zones indicated

non-linear increases in trophic position with age and

increased rate of d15N enrichment after the Round

Goby invasion. We conclude that Round Goby

establishment in western Lake Ontario changed the

feeding ecology of Lake Sturgeon, which may have a

positive effect on population growth for this native

species.

Keywords Food web � Round goby � Dreissenid �
Great Lakes � Stable isotopes

Introduction

Non-native species can have profound effects on the

ecosystems and food webs they invade. Across

systems, invasive species have been shown to cause
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declines in the abundance of native species (Barbiero

and Tuchman 2004; Dorcas et al. 2012; Vilà et al.

2011), as well as alter food web structure (Ozersky

et al. 2012; Vander Zanden et al. 1999) and ecosystem-

level processes such as primary production and

nutrient cycling (Capps and Flecker 2013; Hecky

et al. 2004; Vilà et al. 2011). In the Laurentian Great

Lakes, two recent species invasions, the Dreissenid

mussels (Driessena polymorpha andDriessena bugen-

sis) and Round Goby (Neogobius melanostomus),

have exerted broad, among-lake effects. The invasion

of Dreissenid mussels beginning in the late 1980s has

resulted in the exclusion of native benthic amphipods

(e.g. Diporeia spp.), reductions in pelagic phytoplank-

ton and zooplankton biomass, and the sequestration of

biomass in the nearshore zone (Higgins and Vander

Zanden 2010; Nalepa et al. 2009). The subsequent

invasion of the Round Goby, a sympatric predator of

Dreissenid mussels, has also influenced the ecology of

the Great Lakes through the competitive exclusion of

native sculpins and other small-bodied fishes (Bal-

shine et al. 2005; Janssen and Jude 2001), by emerging

as an important prey source for piscivorous fishes such

as Smallmouth Bass (Micropterus dolomieu), Walleye

(Sander vitreus), Burbot (Lota lota), and Lake Trout

(Salvelinus namaycush) (Crane and Einhouse 2016;

Madenjian et al. 2011; Steinhart et al. 2004a), and by

mobilizing Dreissenid biomass and activating a

nearshore benthic energy subsidy pathway (Turschak

et al. 2014). Evidence suggests that these invasions

have strongly influenced food web dynamics across

the Great Lakes, a phenomenon perhaps best illus-

trated by the shifts in trophic dynamics and relative

abundance of fishes in Lake Huron during the 2000s

(Madenjian et al. 2013). However, there are a number

of native species for which the effects of these recent

invasions on trophic ecology are understudied

(Turschak and Bootsma 2015).

Ontogenetic shifts in diet and habitat use are

common in fishes and have received considerable

attention (Post 2003). Many secondary and tertiary

consumers in the Great Lakes have exhibited invasion-

induced changes in diet, which may influence onto-

genetic variation in diet. For instance, both native

Lake Whitefish (Coregonus clupeaformis) and natu-

ralized non-native Alewife (Alosa pseudoharengus) in

Lakes Michigan and Huron exhibited changes in diet

after the invasion of Dreissenids in 1995 (Pothoven

and Madenjian 2008). In fact, pervasive shifts in

carbon source and trophic position of many species in

Lakes Michigan and Ontario have been observed

following Round Goby invasions (Paterson et al.

2014; Turschak et al. 2014). The relationship between

body size and trophic position for many species has

shifted in response to species invasions (Turschak and

Bootsma 2015). For long-lived large bodied species

that develop slowly and occupy intermediate life

history stages for relatively long periods of time, this

phenomenon may have important consequences for

juvenile survival and reproductive effort. Differences

in somatic growth may be expected to affect the onset

of maturity according to life history theory, and indeed

higher fitness at earlier age in response to higher

somatic growth rates has been documented in fish

(Hutchings 1993). In long-lived species with late age

at maturation, even small increases in growth may

significantly shorten the juvenile period and hasten the

onset of maturity.

One native Great Lakes species on which the effects

of Round Goby and Dreissenid invasions are unclear is

the Lake Sturgeon, a long-lived, large-bodied, near-

shore benthic consumer. Habitat degradation and

overexploitation in the 19th and 20th centuries led to

near-complete extirpation of Lake Sturgeon from the

Great Lakes (Carlson 1995). Currently there is wide-

spread interest in the recovery of this species across

the Great Lakes, and efforts to aid recovery have

included fishing closures, state or province-level

‘‘threatened’’ or ‘‘endangered’’ species designations,

and stocking programs in the United States and

Canada (Chalupnicki et al. 2011; Peterson et al.

2007). Though there are few detailed studies of Lake

Sturgeon trophic ecology in the primary literature,

available evidence suggests that this species is an

opportunistic benthic forager that preys on inverte-

brates, bivalves, and small fishes (Nilo et al. 2006),

and that shifts in diet toward larger prey items occur

with increased size (Nilo et al. 2006; Jackson et al.

2002).

Trophic interactions between recent invasive spe-

cies and Lake Sturgeon populations may affect

sturgeon growth and reproduction, as well as interac-

tions among native and previously naturalized preda-

tors and prey. This may be especially true in areas

where Lake Sturgeon populations comprise a signif-

icant proportion of the consumer community biomass,

like during spring spawning aggregations in the lower

Niagara River (Biesinger et al. 2014). Interactions
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between Lake Sturgeon and Round Goby invaders

may be driven by competition, where Round Goby and

Lake Sturgeon compete for Dreissenids and other

benthic resources; or by egg predation, where Round

Goby consume Lake Sturgeon eggs and reduce

recruitment. However, Lake Sturgeon certainly reach

a large enough size to opportunistically take both

Round Goby and Dreissenid mussels as prey, so it is

possible that either or both of these invasive species

represent an important prey resource for Lake Stur-

geon populations.

Herein, we focus on a relict population of Lake

Sturgeon in the lower Niagara River and Lake Ontario,

where historical overharvest and habitat destruction

nearly extirpated the species by the mid-1900s (Carl-

son 1995). Since 1998 however, Hughes et al. (2005)

and Biesinger et al. (2014) have documented a

recovery in this Lake Sturgeon population character-

ized by strong year classes produced in the late 1990s

and high somatic growth rates. The Round Goby

invasion reported by Walsh et al. (2007) and Paterson

et al. (2014) then represents a transition between two

ecosystem states that occurred during an observed

Lake Sturgeon recovery period. First observations of

Dreissenid mussels in Lake Ontario occurred in 1989

for Dreissena polymorpha and in 1991 for Dreissena

bugensis (Mills et al. 1993), whereas Round Goby

were first observed in open water monitoring surveys

in 2002 (Walsh et al. 2007). Thus, increased recruit-

ment of Lake Sturgeon in the 1990s reported by

Hughes et al. (2005) occurred under Dreissenid mussel

influence but Round Goby absence from Lake Ontario.

Reduced recruitment but high somatic growth rate and

adult survival reported during the 2000s (Biesinger

et al. 2014) may be related to the recent establishment

of the Round Goby. It is important to test whether

interspecific interactions might have contributed to

these changes in sturgeon demography in order to

inform population and ecosystem management and

contribute to our understanding of invasive species

effects on established food webs.

We investigated the effects of size, age, and time

period on the trophic ecology (i.e., trophic position

and carbon source) of Lake Sturgeon inferred from the

nitrogen (d15N) and carbon (d13C) stable isotope

content of archived pectoral fin spine samples col-

lected in 1998–2000 (pre-Round Goby) and

2010–2012 (post-Round Goby). Although Round

Goby were first observed in western Lake Ontario

near the Welland Canal, Ontario in 1998, we consider

2002 to be the operative transition year because this is

when round gobies first appeared in annual lake-wide

fish community monitoring surveys (Walsh et al.

2007). The survey consists of an annual bottom trawl

assessment conducted at fixed stations in late April at

depths from 8 to 170 m (O’Gorman et al. 2000). We

consider occurrence and persistence of round goby

captures in this survey to indicate expansion into Lake

Ontario habitats because the lake-wide scale and

repeated monitoring through time show that the first

occurrence was not an isolated event. Lake Sturgeon

pectoral fin spine cross-sections display annual growth

rings that can be used to estimate age (Bruch et al.

2009), and though otoliths may produce a more

accurate age estimate in older fish, fin spines are

preferred because they can be collected non-lethally.

Stable isotope values of the most recent growth at the

edge of these spines, as well as in discrete growth

zones within the spine from the origin (first year of

growth) radiating outward, can elucidate age-specific

changes in trophic position and carbon sources over

time on an individual basis. This approach allowed us

to evaluate shifts in diet across a wider range of ages

than were encountered at the time of capture during

our Lake Sturgeon sampling. Though we know of no

similar studies in bony fishes, these same tools have

been used to elucidate ontogenetic variation in feeding

ecology from continuously-growing skeletal struc-

tures of a wide variety of species including sperm

whale teeth (Physeter Macrocephalus) (Mendes et al.

2007) and white shark vertebrae (Carcharodon car-

charias) (Estrada et al. 2006; Kim et al. 2012). Further,

we know of no similar studies that have compared

intra-individual variation in trophic position between

time periods with different ecosystem states.

We hypothesized that similar to other nearshore

Great Lakes fishes, the invasion of the Round Goby

has provided a new piscine prey item to Lake

Sturgeon, mobilizing previously-sequestered Dreis-

senid mussel biomass and allowing sturgeon to access

higher trophic level prey at younger age and smaller

size. This could lead to increased growth, earlier

maturation, and potential increased lifetime reproduc-

tive output for Lake Sturgeon. We expected an

increased rate of trophic level change in juvenile

sturgeon and decreased variation across body size in

larger sub-adult and adult sturgeon. Herein we eval-

uate Lake Sturgeon diet and linear models of
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stable isotope concentration across age and size to test

three hypotheses: (1) Lake Sturgeon in the lower

Niagara River currently exploit invasive Round

Gobies as a prey resource; (2) variation in Lake

Sturgeon trophic position across body size among sub-

adult and adult individuals decreased after Round

Goby invasion; and (3) the rate of increase in Lake

Sturgeon trophic position with age, from the first year

of growth to the year of capture, increased after the

invasion of Round Goby.

Methods

Sample collection

Lake Sturgeon were captured from the lower Niagara

River and Lake Ontario near the Niagara River mouth

during spring and summer of 1998–2000 (Hughes

et al. 2005) and 2010–2012. Fish were captured using

gill nets and baited set lines following methods

described by Hughes et al. (2005) and Thomas and

Haas (2002). Captured fish were tagged with passive

integrated transponder (PIT) tags and external floy

tags and measured to the nearest mm total length (TL)

and 0.5 kg weight. A 1 cm section of the leading

pectoral fin spine was taken from the left pectoral fin

approximately 1 cm distal to the basal propterygium

of each fish for age estimation. All fin spines were air

dried at 23 �C in a fume hood for 24–48 h and

archived in paper envelopes until analysis. Pectoral fin

spines were cross-sectioned with a low speed saw,

mounted on glass slides, and aged under transmitted

light at 1.25–109magnification. Ages were estimated

by 2 experienced readers independently. We limited

inclusion of spine samples in this study to only those

with high agreement between readers: either no

difference in estimated age, or a difference of 1 year.

Since we found no systematic bias in reader estimates

(unpublished data) and since there was little or no

difference between age estimates in our analysis set,

we used ages assigned by a single reader for analysis.

A majority of fish from each time period that were

included in this study were age 14 or younger, within

the range of ages Bruch et al. (2009) showed could be

reliably estimated using pectoral fin spines.

We were interested primarily in assessing the

interaction between age or size and the time periods

associated with pre-Round Goby and post-Round

goby invasion system states. Though we did not have

baseline isotopic information (i.e. d15N and d13C of

the first trophic level) prior to Round Goby invasion in

this system, we assumed that lake sturgeon were

exposed to similar isotopic baselines within a time

period because the time periods differed predomi-

nantly in the occurrence of Round Goby. We used

stable isotopes to help quantify contemporary Lake

Sturgeon diet in the lower Niagara River and nearby

Lake Ontario food web. Round Goby, Dreissenid

mussels, Amphipoda, Gastropoda, and Diptera were

collected from nearshore and offshore sites for anal-

ysis of d15N and d13C during 2013. Samples were

collected from the Niagara River using dip nets and a

petit ponar dredge in 2–5 m water depths near the

mouth, and nearshore Lake Ontario samples were

collected using petit ponar at 3–15 m depths. Samples

were bagged separately by taxon and frozen at-20 �C
until analysis. In 2014, Lake Sturgeon diets were

quantified using gastric lavage methods adapted from

Haley (1998). Fish were placed in a sling and

anesthetized with a solution of Niagara River water

and tricaine methanesulfonate (MS-222) pumped over

the gills. An induction dose of 200 mg/L buffered with

sodium bicarbonate was used initially, followed by a

maintenance dose of 87 mg/L buffered MS-222

during lavage. A modified 7 L garden sprayer was

used as a water delivery device attached to 6 mm outer

diameter aquarium tubing of 1.5 m length. The tube

was inserted into the esophagus, through the alimen-

tary canal, and into the stomach where water was

carefully pumped causing the fish to regurgitate and

expel water and food particles. Regurgitated water was

sieved through a 500 lm mesh screen and collected

material was preserved in a 10% buffered formalin

solution for identification. Following Bowen (1996),

stomach contents were identified to the lowest prac-

tical taxonomic group (e.g. Dreissena, and Neogobius

melanostomus), and quantified by frequency of occur-

rence, percent composition by number, and percent

composition by wet weight.

Fin ray preparation

Wequantified d15N and d13C of archived fin spines from

fish collected in 1998–2000 by Hughes et al. (2005) and

2010–2012, aswell as baseline foodweb items collected

in 2013. Spine material immediately distal to the thin

sections used for age estimation was used for isotopic
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analysis. Pectoral fin spine material was sub-sampled

using a Brasseler 1/4 RA round carbide drill bit on a

mounted drill system (Jensen Microdrill 334E500) to

separate epithelial tissue (hereafter, fin tissue) on the

outer surface of pectoral spines, spine surface tissue

(most recent bone growth), and discrete within-spine

growth zones. After sample material was taken from

discrete growth zones, minimum, maximum, and

median age of growth increments were assigned to

each discrete growth zone sample under reflected light

at 1.25–109 magnification. Reflected light was used in

lieu of transmitted light due to sample thickness.

Samples that included more than 3 growth zones were

excluded from further analysis.

Stable isotope analysis

Food web samples for stable isotope analysis were

freeze dried and homogenized to a powder using a glass

mortar and pestle. As lipids can confound interpreta-

tion of d13C (Post 2002), lipids were removed from

whole fish and invertebrate baseline food web samples

using a 2:1 chloroform:methanol solvent similar to the

Bligh and Dyer (1959) method by adding 2 mL of

solvent to each sample, vortexed for 30 s and then

placed in a hot water bath (approximately 30 �C) for
24 h and decanting. The process was repeated and

samples were then dried under a fume hood for at least

48 h to remove solvent. Sturgeon spine and fin samples

do not have lipids (C:N\ 3.5) and were not lipid

extracted. Powdered samples were weighed into

5 9 9 mm tin capsules on a microbalance with

weights between 400 and 600 lg for prey samples

and 600–800 lg for spines and d13C and d15N were

determined using a Thermo Finnigan Delta V Advan-

tage Mass spectrometer and Thermo Finnigan Conflo

IV gas interface (Thermo Finnigan, San Jose, CA,

USA) equipped with a Costech 4010 Elemental

Combustion System (Costech, Valencia, CA, USA).

Standard delta notation (d) was used to express

d15N and d13C in parts per thousand (%) differences

from a standard material as follows:

d13C or d15N ¼ Rsample/Rstandard� 1ð Þ½ �
� 1000;

where R = 13C/12C or 15N/14N (Fry 1991; Hobson and

Clark 1992). Pee Dee Belemnite for carbon and

atmospheric nitrogen were used as standard reference

materials. National Institute of Standards, Technology

(NIST) standards, and internal lab standards were used

to calculate the precision and accuracy of analysis.

NIST standards analyzed to check instrument accu-

racy were NIST 8573 (L-glutamic acid), 8548 and

8547 (both ammonium sulphate) for d15N (n = 45)

and for d13C (n = 45) were NIST 8573 (L-glutamic

acid) and 8542 (sucrose), and had a difference of

\0.2% for d15N and \0.1% for d13C from the

certified values. The analytical precision based on

NIST 1577c (n = 61) and the internal lab standard

Tilapia (n = 68) had a standard deviation of\0.2%
for d15N and \0.1% for d13C. All stable isotope

analysis were carried out at the Chemical Tracers

Laboratory, University of Windsor.

Fin tissue has been shown to be a good alternative

to muscle tissue for determination of dietary d13C and

d15N in fish (Kelly et al. 2006), but others have found

that sturgeon spine tissue may not share that utility

(DeVries and Schramm 2015). We assumed fin tissue

was an accurate representation of whole body

stable isotope content in Lake Sturgeon and used

values from these tissues for analysis of Lake Sturgeon

stable isotope fractions at time of capture. To test for

differences in isotopic signature among tissue types,

variation of d13C and d15N in the most recent bone

growth from spine samples were compared to fin

sample d13C and d15N using Pearson’s correlation (r).

Relationships between fin tissue and most recent tissue

growth of spines were significant for both d13C
(r = 0.549) and d15N (r = 0.760). Though these

relationships are not as highly correlated as those

reported in Kelly et al. (2006), correlations still

suggest that isotopic signature of spine tissue varies

with that of fin tissue in Lake Sturgeon.

Statistical analysis

We first investigated differences in ontogenetic rela-

tionships of Lake Sturgeon stable nitrogen and carbon

fractions between pre- and post-Round Goby invasion

periods (hereafter referred to as ‘‘time period’’).

Because no baseline food-web samples were available

from the lower Niagara River in 1998–2000, trophic

level could not be estimated and analyses were

conducted on raw isotope fractions only. Variation

in stable nitrogen and carbon isotope fractions across

Lake Sturgeon TL at time-of-capture and between

time periods was investigated using general linear

Invasive species alter ontogenetic shifts in the trophic ecology of Lake Sturgeon 1537
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model analysis to infer changes in trophic position and

carbon source, respectively. Separate analyses were

conducted for fin tissue variation in d13C and d15N. For
each stable isotope response variable, we evaluated 5

linear models constructed from intercept, total length

(L), time period (Z), and L 9 Z effect terms using R

version 3.3.0 (R Core Team 2016), to test whether

size-dependent variation in stable isotope fractions

changed between time periods. Models for d13C and

d15N response variables included (1) an intercept only

model, (2) a body size model, (3) a time period model,

(4) a body size and time period model, and (5) a body

size, time period, and L 9 Z interaction model. The

model with the lowest AICC score was considered the

best fitting model given our data (Burnham and

Anderson 2002), and our hypothesis was that the best

fitting model would include the L 9 Z interaction term

indicating differences in ontogeny by time period.

We then investigated intra-individual variation in

stable nitrogen and carbon fractions across Lake

Sturgeon age and time period. Our age variable was

defined as the median age of each drilled spine sample.

The time period variable corresponded to the esti-

mated year of growth, calculated by subtracting the

drilled sample’s median age from the fish’s age at

capture. We then categorized each drilled sam-

ple’s year of growth into either pre-Round Goby

(B2002) or post-Round Goby ([2002) time periods

based on first observations of round gobies in Lake

Ontario trawl surveys (Walsh et al. 2007). Therefore,

age, time period, d13C, and d15N variables were all

drilled sample-level variables nested within individual

fish such that fish captured in 2010–2012 that were

alive in both time periods yielded samples from both

time periods. For analysis of d15N across age and time

period, the age covariate was natural log-transformed

to account for an apparent non-linear relationship

between d15N and age. We used linear mixed-effects

models to evaluate the fixed effects of age and time on

d13C and d15N while accommodating repeated mea-

surements of each fish. We evaluated 5 models for

each stable isotope (d13C and d15N) to test whether

age-dependent variation in stable isotope fractions

changed between time periods. These models were

constructed from the fixed effect terms: intercept (M),

age (A), time period of growth (Z), and an age by time

interaction (A 9 Z); with a random intercept term for

each fish. Mixed effects models were constructed and

evaluated using the ‘‘nlme’’ package (Pinheiro et al.

2015) in R version 3.3.0 (R Core Team 2016). Models

for d13C and d15N response variables included (1) an

intercept only model, (2) an age model, (3) a time

period model, (4) an age and time period model, and

(5) an age, time period, and A 9 Z interaction model.

Models were first estimated using maximum likeli-

hood estimation (ML), and comparisons between

models were conducted using AICC as in our fin

tissue linear model analysis. Once we arrived at a best-

fitting model, parameters were estimated using

restricted ML to best illustrate the main effects on

Lake Sturgeon trophic position and carbon source. Our

hypothesis that shifts in Lake Sturgeon trophic posi-

tion would occur at earlier age after Round Goby

invasion would be supported if the best fitting models

of d13C and d15N contained an A 9 Z interaction term

indicating accelerated change in d13C or d15N-at-age
(i.e. an A 9 Z termwith the same sign as the A term) in

post-Round Goby time periods.

Results

Lake Sturgeon included in the analysis averaged

1290 ± 60 SE mm TL (range: 854–1573) in

1998–2000, and 1216 ± 42 SE mm TL (range:

760–1639) in 2010–2012. Age estimates for these fish

averaged 14.7 ± 1.7 SE years old (range: 6–27) in

1998–2000, and 13.1 ± 1.4 SE years (range: 5–31) in

2010–2012. In 2014, we examined the stomach

contents of 33 Lake Sturgeon from the lower Niagara

River, of which 24 contained prey. Lake Sturgeon in

our diet analysis averaged 1435 ± 28 SE mm TL, and

there was no significant difference in fish size between

fish with empty and non-empty stomachs (t = 0.867,

p = 0.4). Lake Sturgeon with empty stomachs were

omitted from further analyses. Round Goby was the

most important prey item by weight for Lake Sturgeon

in 2014, comprising over 86% of the total diet. Though

Amphipoda was the most numerically dominant diet

item (91%) and occurred in the highest proportion of

stomachs (88%), round goby was the second most

dominant in percentage by number (4%) and by

occurrence (48%) (Table 1). Lake Sturgeon were

higher than Round Goby in d15N and similar in

d13C, which supports our diet results under the

assumption that d15N (but not d13C) is enriched from

prey to predator: Round Goby were more important to

Lake Sturgeon diet and growth than the available
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invertebrate prey in this system (Fig. 1). Lake Stur-

geon and Round Goby d13C were intermediate

between Dreissenids and Gastropods. Values of d15N
were similar among Lake Sturgeon fin and spine

tissues, but spine d13C was higher than fin tissue d13C
(Table 2). The mismatch in spine d13C was likely due

to high carbonate concentration in spine tissue, which

has been observed in other high-carbonate tissue such

as fish scales (Perga and Gerdeaux 2003). However,

the remainder of our analysis contained no cross-tissue

type comparisons so no correction for the effect of

carbonates on stable isotopes was necessary.

Best fit general linear models investigating the

effects of Lake Sturgeon total length, sampling period,

and their interaction on d15N and d13C in fin tissues

included the interaction term for length 9 time period

(Table 3). The best model for d15N and for d13C
indicated that there was only a very small effect of

total length on d13C or d15N in the post-Round Goby

time period, whereas there was much stronger varia-

tion in stable isotopes across length in the pre-Round

Goby time period (Table 4; Fig. 2).

Model selection by AICC resulted in the inclusion

of intercept, age, time period, and age 9 time period

effects in our best model for spine tissue d15N but not

for d13C (Table 3). The age 9 time period interaction

effect in the best mixed-effects model for spine d15N
suggested that fish captured in the post-Round Goby

time period increased in trophic level at a faster rate

with age than fish captured prior to Round Gobies

(Table 5; Fig. 3a). Because the independent variable

age was natural log-transformed but the response

variable was not, this interaction term suggests that for

any given age interval, the increase in d15N was 86%

greater in the post-Round Goby period than before the

Round Goby invasion (95% confidence interval:

26.1–147.7%). For d13C spine chronology analysis,

there was no apparent non-linearity with age, so the

age covariate was left untransformed. The d13C model

with the lowest AICC value included intercept and age

main effects, though this result is equivocal in that 3 of

the 5 model hypotheses had DAIC scores of\2. The

full model with the age 9 time period interaction term

was not among the top models. The best model

suggests that Lake Sturgeon d13C decreased at a

0.028% * year-1 faster rate in the post-Round Goby

period versus the pre-Round Goby period, though the

standard deviation is high, and the effect would be

considered non-significant at a = 0.05 (Table 5;

Fig. 3b). Again, the similarity in AICC values of

competing models suggests that no clearly dominant

d13C pattern exists across the variables evaluated in

the spine analysis (Table 3).
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Fig. 1 Biplot of d15N versus d13C for Lake Sturgeon fin tissue

and baseline food web species from the lower Niagara River and

nearby Lake Ontario during the post-Round Goby time period

Table 1 Diet contents for Lake Sturgeon in 2014 %W denotes

percentage diet by weight of prey items, %N denotes per-

centage diet by number of prey items, and %O denotes the

percentage frequency of occurrence in predator stomachs by

prey fish category

Prey taxon %W %N %O

Round Goby, Neogobius melanostomus 86.63 4.01 48

Shiners, Notropis spp. 4.34 0.20 12

Amphipoda 4.85 91.01 88

Chironomidae 0.03 2.47 32

Other Diptera 0.01 0.53 8

Gastropoda 0.22 0.80 16

Decapoda 3.62 0.20 20

Dreissena spp. 0.28 0.20 12

Isopoda 0.01 0.20 4

Hirudinea 0.01 0.01 4

Ephemeroptera 0.01 0.01 4
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Table 2 Stable isotope fractions (d13C and d15N, mean ±1 SD) for 2 Lake Sturgeon (Acipenser fulvescens) tissue types and 5 taxa

representative of the baseline food web: Amphipoda, Diptera, Dreissena, Gastropoda, and Round Goby (Neogobius melanostomus)

Taxon d13C d15N

Lake SturgeonLake Sturgeon Spine (42) -17.04 ± 0.7 15.69 ± 1.5

Lake SturgeonLake Sturgeon Fin (45) -19.41 ± 0.9 15.94 ± 1.0

Amphipoda (n = 6) -20.55 ± 1.6 7.91 ± 0.7

Diptera (n = 1) -19.1658 9.67

Dreissena (n = 8) -24.15 ± 0.8 7.74 ± 0.3

Gastropoda (n = 3) -12.77 ± 4.0 7.487 ± 1.2

Round Goby (n = 18) -18.52 ± 0.8 13.56 ± 0.2

Table 3 Model parameterizations and results for models of variation in Lake Sturgeon d15N and d13C between pre- and post-Round

Goby invasion time periods (assumed years B2002 and years[2002) in the lower Niagara River

Main effects Hypothesis Model df AICC DAICC w

d15N fin tissue

M, L, Z, L 9 Z affected by period and body size (interactive) 5 91.35 0 0.98

M, L, Z affected by period and body size (additive) 4 99.57 8.22 0.02

M, Z affected by period 3 107.22 15.86 0

M, L affected by body size 3 131.88 40.53 0

M no effect of size or period 2 132.00 40.65 0

d13C fin tissue

M, L, Z, L 9 Z affected by period and body size (interactive) 5 109.76 0 0.73

M, L affected by body size 3 112.50 2.74 0.19

M, L, Z affected by period and body size (additive) 4 114.27 4.51 0.08

M no effect of size or period 2 122.32 12.55 0

M, Z affected by period 3 123.22 13.46 0

d15N spine chronology

M, A, Z, A 9 Z affected by period and age(interactive) 6 418.01 0 0.82

M, A affected by age 4 421.65 3.64 0.13

M, A, Z affected by period and age (additive) 5 423.66 5.64 0.05

M no effect of age or period 3 488.46 70.44 0

M, Z affected by period 4 488.91 70.91 0

d13C spine chronology

M, A affected by age 4 443.93 0 0.31

M, Z affected by period 4 444.45 0.52 0.24

M no effect of age or period 3 444.47 0.54 0.24

M, A, Z affected by period and age (additive) 5 445.25 1.32 0.16

M, A, Z, A 9 Z affected by period and body size (interactive) 6 447.44 3.51 0.05

Fixed effects include intercept (M) mm total length (L), age in years (A), and time period associated with tissue growth (Z). A

random intercept was included in models of spine tissue chronologies to account for repeated measures of individual fish. AICC,

DAICC, and Akaike weights (w) are reported for each model

Bold text denotes the best model for each response variable
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Discussion

Niagara River Lake Sturgeon d15N increased with size

and age in both time periods but the rate of increase

changed between 1998–2000 and 2010–2012, coinci-

dent with Round Goby invasion and exploitation in the

Lake Sturgeon diet. Round Goby have very likely

become the most important prey item for Niagara

River Lake Sturgeon based on diet analysis, d15N, and
d13C (Fig. 1; Table 1). Since 2002, Lake Sturgeon

accessed a higher trophic level at a younger age and

smaller size than prior to the invasion (Figs. 2, 3). Our

analysis of spine growth chronologies was able to

detect this increased rate of ascension through the food

web at younger ages, but did not contain enough data

from older fish to fully evaluate the growth
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(a) (b)Fig. 2 Model results for

size dependence (mm total

length) of fin tissue d15N
(panel a) and d13C (panel b)
between fish captured in

1998–2000 and in

2010–2012 (n = 45). Filled

circles and solid lines denote

Lake Sturgeon captured in

1998–2000, open circles and

blue dashed lines denote

Lake Sturgeon captured in

2010–2012

Table 5 Fixed effect

parameter estimates for best

linear mixed-effects models

for spine tissue d13C and

d15N response to age and

time period

Parameters were estimated

using restricted error

maximum likelihood

estimation

Value Std. error p value

Best linear mixed-effects model for d15N

Intercept 13.091 0.271 \0.001

log (age) 0.798 0.170 \0.001

Time period (Post-2002) -1.075 0.426 0.013

log (age) 9 time period (Post-2002) 0.686 0.240 0.005

Best linear mixed-effects model for d13C

Intercept -16.691 0.220 \0.001

Age -0.028 0.017 0.106

Table 4 Parameter

estimates for best general

linear models for fin tissue

d13C and d15N responses to

total length (TL) and time

period

Value Std. error p value

Best linear model for d15N

Intercept 10.198 1.008 \0.001

TL (mm) 3.727 0.773 \0.001

Time period (2010–2012) 5.566 1.229 \0.001

TL 9 time period (2010–2012) -3.191 0.959 0.002

Best linear model for d13C

Intercept -14.359 1.236 \0.001

TL (mm) -4.100 0.950 \0.001

Time period (2010–2012) -3.722 1.508 0.018

TL 9 time period (2010–2012) 3.102 1.177 0.012
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chronologies of older, larger fish. Interestingly, vari-

ance in d15N at older age in the post-Round Goby time

period appears reduced compared with similarly aged

fish in the pre-Round Goby period (Fig. 3a). This

suggests that Lake Sturgeon in this system may have

exploited a higher diversity of prey items prior to

Round Goby invasion, resulting in a wider inter-

individual isotopic variance but a lower population-

level d15N relative to the post-invasion time period.

Our analysis of ontogeny in spine tissue failed to

detect variation in d15N with size for post-invasion fish

because Lake Sturgeon had evidently begun accessing

higher trophic level prey at sizes below those vulner-

able to our sampling gear (Table 1).

In lake ecosystems such as the Great Lakes,

variation in d13C is generally considered reflective of

carbon sources from pelagic (lower d13C from higher

proportion of suspended algal productivity) versus

near-shore habitats (higher d13C from recycling of

algal carbon and allochthonous inputs) (Turschak and

Bootsma 2015). Since the Niagara River is a relatively

small connecting channel between two large lake

ecosystems, Lake Erie and Lake Ontario, we assume

that organisms found there are primarily subject to

lake processes.

We then conclude that Lake Sturgeon used an

increasingly pelagic carbon source based on lower

d13C with increased age and size. Unlike the results for

d15N, variation in d13C in the spine analysis showed a

weak pattern of change in d13C with age in 2010–2012

versus 1998–2002, despite significant differences in

d13C across size between groups in the fin tissue

analysis. Differences in diet between periods produced

shifts in Lake Sturgeon carbon sourcing at smaller

sizes and younger ages, and reduced variability of

d13C among the larger-sized fish evaluated in the fin

tissue analysis. This earlier pelagic carbon sourcing

may signify a more rapid Lake Sturgeon growth rate

and earlier emigration from more nearshore foraging

environments than in previous time periods. In

addition to increased Lake Sturgeon growth leading

to greater lifetime reproductive effort, this pattern may

also release nearshore benthic communities from

predation pressure as Lake Sturgeon specialize on

Round Goby prey and forage further offshore at a

younger age. Notably, there was a subset of fish from

both time periods that exhibited low d13C (i.e.

-21.2 ± 0.4 SE%) during the formation of their first

growth bands compared to other initial values. These

values could be excluded as outliers in our analysis,

perhaps because they may reflect variation in post-

larva settlement location or the contribution of mul-

tiple spawning populations or sites with different

background d13C in the environment. If these points

are excluded from the analysis, the best model

contains an age 9 time period interaction term but
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Fig. 3 Results of linear mixed-effects model analysis of

isotope fractions in lake sturgeon spine cross-sections versus

age, time period, and their interaction. Panel a displays d15N
results (126 observations, 39 fish) and panel b displays d13C
results (126 observations, 39 fish). Model results using a natural

log transformation of the age variable are plotted on an

arithmetic scale in panel a. Open circles denote post-Round

Goby time period fraction-at-age and filled circles denote pre-

Round Goby time period fraction-at-age. In panel a, the black

solid line and blue dashed line illustrate the final model main

effect (group average) for differences in pre-Round Goby and

post-Round Goby time periods, respectively. Panel b displays a

single dotted black line for all samples, as our best model

suggested no differences by time period
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there is again little difference among top models,

corroborating our results that there is little to no

difference in d13C change across age between time

periods.

Lake Sturgeon may be expected to occupy

multiple niches throughout life as resource use

optima change with size-dependent foraging ability

and mortality risk (sensu Werner and Gilliam 1984).

Consistent with this expectation, Lake Sturgeon

spine tissue d15N varied widely across the range of

ages and sizes we observed in our study (Figs. 2, 3).

This variation was explained by both size and age of

Lake Sturgeon, suggesting that access to higher

trophic level prey in our system is dependent on

predator body size as it is in other species (Estrada

et al. 2006; Vander Zanden et al. 2000). We suggest

that the invasion of round goby in Lake Ontario and

the lower Niagara River may have resulted not only

in increased prey fish consumption, but also in

higher somatic growth rates for juvenile and sub-

adult Lake Sturgeon, as has been observed in

Smallmouth Bass in Lake Erie (Crane and Einhouse

2016). An alternative explanation could be that our

results reflect a new differential mortality regime,

perhaps driven by increased competition for inver-

tebrate prey between Round Goby and non-pisciv-

orous Lake Sturgeon, a possibility that may warrant

further investigation. Such a recruitment bottleneck

could lead to increased growth rates due to reduced

intraspecific competition among surviving juvenile

Lake Sturgeon, but intraspecific competition is not

expected to be strong in this system as Lake

Sturgeon abundance appears quite low in both time

periods compared to historical accounts. The

dynamics of d13C differed for Lake Sturgeon size

between time periods, not for age, indicating that

round goby invasion differentially affected d13C and

d15N dynamics in Lake Sturgeon. Variation in d13C
was highest among young fish in our spine analysis

(Fig. 3) which may be explained by variation in

settlement location of young juveniles (Lugendo

et al. 2006), though we cannot rule out other effects

such as immigration from habitats across Lake

Ontario and its tributaries which may differ in d13C.
The trend toward declining d13C with size and age

for older, larger individuals (Figs. 2, 3) supports an

expectation that Lake Sturgeon select habitats fur-

ther away from the littoral zone with increased age

and size (Peterson et al. 2007).

In Lake Erie, Johnson et al. (2005) demonstrated

that the invasion of Round Goby acted as an energetic

pathway through which high biomass accumulated by

Dreissenid mussels could now be exploited by the

consumer community. By demonstrating that Lake

Sturgeon in Lake Ontario showed increased trophic

position from pre- to post-Round Goby invasion

concomitant with high representation of Round Goby

in their diets, our results support the findings of

Johnson et al. (2005). Furthermore, our results suggest

that Lake Sturgeon, which at large body size have few

predators of their own, may act as a sink for the

Dreissenid energetic pathway recently mobilized by

Round Goby. In Lake Erie, the Round Goby invasion

exerted top-down effects on Dreissenids leading to a

density-dependent feedback on Round Goby popula-

tion growth: apparently becoming food limited by

2002 (Barton et al. 2005). If under Round Goby

predation pressure Dreissenid mussels maintain high

production in the nearshore zone, then overall energy

availability for Lake Sturgeon and other nearshore-

associated fishes may remain high.

Though our study does not relate invasive species

effects to a numerical response from Lake Sturgeon

populations, it does show that the time period asso-

ciated with Round Goby establishment in the Lake

Ontario system corresponds to Lake Sturgeon reach-

ing a higher trophic level at younger age and smaller

size than Lake Sturgeon captured prior to the Round

Goby invasion. Shifts in diet to larger, more energy-

dense higher-trophic level prey is generally associated

with higher fitness in fishes (Werner and Gilliam

1984), as exploitation of these resources confers a

survival advantage over smaller conspecifics. In other

fishes, this type of shift is often observed as a switch

from invertivory to piscivory early in life (Post 2003).

Largemouth Bass, for example, have been shown to

exhibit increased growth and survival rates once

switching to fish prey from invertebrate prey during

their first year of life (Olson 1996). To generalize to

other vertebrates, King et al. (2006) reported increased

growth and body size in Lake Erie water snake

(Nerodia sipedon insularum) after Round Goby inva-

sion into that water body, suggesting that as water

snakes increased their consumption of Round Goby

they experienced higher growth rates. With the

evidence we present here that Lake Sturgeon rely

heavily on Round Goby as a prey source, we may

expect that the availability of Round Goby prey has a
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positive effect on adult Lake Sturgeon growth and

survival, if not on population size. Future efforts

should focus on whether individual fitness benefits of

Round Goby consumption translate to increased

population growth, or whether these benefits are offset

by other factors not investigated herein, including

increased egg predation by Round Gobies or negative

effects of interspecific competition at small Lake

Sturgeon body size.

Predator–prey relationships between native and

non-native species are an important means by which

invasive species affect food webs and ecosystems.

Species invasions have been shown to vastly alter

trophic dynamics, such as the distinct trophic cascade

caused by the invasion of the opossum shrimp (Mysis

diluviana) in Flathead Lake, Montana in 1996 (Ellis

et al. 2011), or in the shift in the Lake Huron fish

community structure in the 2000s following a variety

of species invasions (Madenjian et al. 2013). How-

ever, not all invasive species effects are negative, and

in fact some studies have shown that invasive species

can have equivocal, if not positive, influences on

native species (e.g. Steinhart et al. 2004a, Crane and

Einhouse 2016). Negative and positive interactions

between many native and non-native species in the

Great Lakes have been documented following decades

of species introductions beginning as early as the

1800 s (Mills et al. 1993), but the overall effect of

these invaders is often not readily apparent. For

example, Alewife have a mix of positive and negative

impacts on Lake Trout in the Great Lakes where adult

Lake Trout have exploited Alewife as a high percent-

age of their diets (Jacobs et al. 2010; Miller and Holey

1992), but Lake Trout also suffer reduced larval

survival due to Alewife predation on pelagic larvae

and thiamine deficiency of Lake Trout eggs produced

by adults that rely on Alewife for prey (Krueger et al.

1995; Madenjian et al. 2008). Evidence of increased

Lake Trout recruitment and production following

recent declines in Alewife abundance in Lake Huron

suggests that the net effect of Alewife-Lake Trout

interactions is negative (He et al. 2012), illustrating

how the net influence of an invasive species-native

species interaction can be comprised of a combination

of positive and negative interactions. An important

unknown that remains untested after our study is the

extent to which negative effects of Round Goby may

impair successful recruitment through egg predation

or competitive exclusion of young Lake Sturgeon. It

seems especially possible that Round Goby could

represent a significant predation risk for Lake Stur-

geon eggs, as in Smallmouth Bass (Steinhart et al.

2004b) but without the benefit of adult nest guarding

behavior. Future work should focus on evaluating

potential negative interactions between Round Gobies

and Lake Sturgeon.
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