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Abstract The rates of upstream and downstream

range expansion of the round goby (Neogobius

melanostomus) were examined in the Trent-Severn

Waterway in 2009 and 2010. Relative abundance,

demographics, and habitat use were also compared

between areas of range expansion and a longer

established area to determine how these characteristics

varied along the invasion pathway. Round gobies were

sampled using an angling removal method in May and

August of 2009 and 2010 at 75 sites at each area of

range expansion and 25 sites near the center of their

range where they first became established in the

waterway. Areas of range expansion had initially low

abundance and low site occupancy in May 2009

relative to the longer established area. Large increases

in abundance and site occupancy were observed over

the first summer of occupation, but with limited range

expansion. Rapid range expansion was observed

during the non-reproductive season at the upstream

edge of range. Individuals sampled in the expanded

upstream range were small and female biased relative

to other range locations. Round gobies also exhibited

higher habitat selectivity for rocky substrates at range

edges than in the longer established area. These

characteristics of seasonal dispersal, biased demo-

graphics of dispersers, and high habitat selectivity may

be important components of successful range expan-

sion of the round goby in invaded ecosystems.

Keywords Abundance � Demographics � Gobiidae �
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Introduction

Invasions by non-indigenous species (NIS) can be

generally described by three phases: introduction,

establishment, and spread (Jerde and Lewis 2007). The

spread of NIS is an important aspect of invasions

because the degree of their impact is a function of the

spatial extent of their range (Johnson and Padilla 1996;

Nentwig 2007). Important characteristics for success-

ful establishment and range expansion in new envi-

ronments can include aspects of population structure,

behavior, life history traits, genetics, and habitat use

(Mooney and Drake 1989; Shigesada and Kawasaki

1997; Sakai et al. 2001). Knowledge of dispersal

characteristics is important for controlling the spread

of NIS, as well as for predicting potential high-risk

species (Sakai et al. 2001; Kolar and Lodge 2002).
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The round goby is native to the Ponto-Caspian

region of Eastern Europe and has become established

in non-indigenous areas of Europe and North America

(Corkum et al. 2004). Its spread has been attributed to

a combination of ballast water introductions, bait

bucket transfers, hull transfers, and natural population

expansion (Charlebois et al. 1997; Tsepkin et al.

1992). The mechanism of ‘natural’ range expansion is

likely related to its aggressive nature, where large

round gobies force smaller individuals from preferred

rocky substrates to less ideal habitats, from which they

disperse (Ray and Corkum 2001; Johnson et al.

2005a). The round goby was first discovered in North

America in the St. Clair River, Michigan in 1990 (Jude

et al. 1992). It now occupies all of the Laurentian

Great Lakes (Charlebois et al. 1997) and continues to

expand its range into many of their tributaries (Phillips

et al. 2003; Carman et al. 2006; Poos et al. 2009; Raby

et al. 2010).

The round goby has been a highly successful

invader in both North American and European

ecosystems, making it ideal for understanding mech-

anisms of species invasions. A number of character-

istics have been identified to contribute to its

successful range expansion. It is known to exhibit a

high reproductive output, especially in more recently

invaded areas, where individuals mature earlier and

allocate a greater amount of energy to reproduction

(Gutowsky and Fox 2012). Recently invaded areas

also appear to have a lower proportion of sites

containing round gobies, with lower densities, larger

individuals, and more male biased sex ratios than in

longer established areas of their range in a fluvial

ecosystem (Gutowsky et al. 2011; Gutowsky and Fox

2011), but little is known about the population

dynamics of round goby in areas where actual range

expansion is occurring.

Habitat can be an important factor limiting the

spread of invasive species, one that may dictate their

dispersal rate, distribution, and degree of ecosystem

disturbance (Johnson and Padilla 1996; Shigesada and

Kawasaki 1997). The round goby is known to inhabit

nearly all habitat types in invaded ecosystems includ-

ing rock, sand, and mud substrates, and those with

macrophyte cover (Jude 2001; Johnson et al. 2005a;

Taraborelli et al. 2009). However, habitat does affect

round goby distribution and abundance, as it shows

some affinity for rocky substrates, inhabits mud

substrates less frequently, and wetlands appear most

resistant to its invasion (Ray and Corkum 2001;

Cooper et al. 2007; Young et al. 2010; Borcherding

et al. 2011). While these habitat associations are

known through studies in areas where round goby are

well established, little is known about habitat use at the

time and location of actual range expansion.

The goal of this study was to characterize the

process of round goby range expansion at the

pioneering upstream and downstream fronts in a

fluvial ecosystem. Our specific objectives were to

determine rates of range expansion, population

dynamics, demographics, and habitat use of the round

goby in the areas where actual range expansion was

occurring, and to compare round goby demography

and habitat use in these areas with those of longer

established sites in the same system. We predicted that

newly expanded areas would be characterized by

lower abundance, a lower proportion of occupied sites,

larger individuals, and more male-biased sex ratios,

based on patterns observed in recently established

areas in the Trent-Severn Waterway in 2007/2008

(Gutowsky and Fox 2011; Gutowsky and Fox 2012).

We also predicted that round gobies would occupy

rocky substrates more often than softer substrates such

as sand and mud (Ray and Corkum 2001; Johnson

et al. 2005a), and that this habitat preference would be

more pronounced in newly occupied areas than in

longer established areas.

Methods

Study location

The Trent-Severn Waterway is a system of connected

lakes, rivers, and canals in a 12,550-km2 watershed in

Southeastern Ontario, Canada (Minns et al. 2004). It is

a navigational waterway that contains many dams and

locks, connecting Georgian Bay, Lake Huron to the

Bay of Quinte, Lake Ontario. Study sites within the

waterway were located in the Trent River, Rice Lake,

the Otonabee River, and the Indian River (Fig. 1).

The source of the Trent River is at the eastern end of

Rice Lake, stretching 90 km in length to the outlet in

the Bay of Quinte (Fig. 1). In the area that center of

range (CORE) sites were sampled (44.28319� N,

78.01102� W to 44.32097� N, 77.94218� W) the Trent

River has a mean channel depth of 4.4 m and mean

width of 150 m estimated from Navionics 2010

176 Aquat Ecol (2012) 46:175–189

123



navigation charts. In the area of downstream expan-

sion (DE) sites, the Trent River has a mean channel

depth of 4.8 m and a mean width of 460 m estimated

from Navionics 2010 navigation charts. Rice Lake is

the furthest downstream of the Kawartha Lakes,

located between the Otonabee River and the Trent

River. It has a surface area of 10,018 ha, a mean depth

of 2.6 m, and a mean width of 3204 m (Lester et al.

2004). Upstream expansion (UE) sites were located

throughout most of Rice Lake, from near the Indian

River, upstream to the Otonabee River (44.21999� N,

78.11313� W to 44.13430� N, 78.24733� W). The

Otonabee River commences at the outlet of Kat-

chewanooka Lake and flows 50 km to its mouth in

Rice Lake. UE sampling sites were also located in the

downstream 12.5 km of the Otonabee (44.20644� N,

78.27860� W to 44.15121� N, 78.22759� W). In this

section, the mean channel depth is 5.4 m, and the

mean width is 158 m estimated from Navionics 2010

navigation charts.

The round goby was first reported in the Trent River

in 2003 at a location downstream of Lock 18 in the

town of Hastings (44.31078� N, 77.952872� W) (Raby

et al. 2010) (Fig. 1). Its introduction was likely due to

one or more bait bucket releases of fish collected from

infested waters (Raby et al. 2010). By 2008, the round

goby had expanded its range upstream, with sightings

16 km up the Trent River and into Rice Lake

(44.24136� N, 78.11561� W) (Fig. 1) (Raby et al.

2010). It had also spread downstream, with sightings

38 km down the Trent River into Percy’s Reach

(44.23433� N, 77.79835� W) (Fig. 1). This is the only

area of this system known to be occupied by the round

goby prior to the initiation of this study.

Site selection and sampling procedure

Sampling sites were selected using a random point

generator (www.geomidpoint.com) in three areas of

the Trent-Severn Waterway to characterize range

Fig. 1 Sampling sites (dark gray) for round goby in three range locations: the center of range (CORE), area of upstream expansion

(UE), and area of downstream expansion (DE) in the Trent-Severn Waterway in May and August of 2009 and 2010
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expansion and compare the population parameters of

recently invaded areas to a longer established area.

Twenty-five sites were selected near the center of

round goby range in the system (hereafter referred to

as the CORE area), near its point of introduction in

2003 (Fig. 1). Seventy-five sites were selected in both

the areas of upstream expansion (UE) and downstream

expansion (DE) in the system. These areas were

determined by surveying sites near the locations

identified as the upstream and downstream extent of

round goby distribution in 2008 (Fig. 1). As sampling

progressed in May 2009, sites were generated further

upstream and downstream until no round gobies were

consistently detected. Sites were also generated

beyond the detected edges of the round goby’s range in

May 2009 in the areas where range expansion was

predicted to occur during additional sampling periods.

In the area of upstream expansion, an additional 20

sites were generated for 2010 sampling to better

characterize range expansion, which was more rapid

than expected. In the area of downstream expansion,

an additional 10 sites were generated for May 2010

sampling to confirm upstream movement from the Bay

of Quinte round goby population (see Results). Sites

were selected in a stratified design, where the majority

of sites (&75% of each sampling area) were selected

in areas predicted to contain high-quality round goby

habitat based on waterbody characteristics.

Round goby relative abundance was assessed in

May and August of 2009 and 2010 using the angling

removal method described in Gutowsky et al. (2011).

This method provided the ability to sample round

gobies in a wide range of environmental conditions,

including complex rocky substrates that are most

problematic for other sampling techniques (Gutowsky

et al. 2011). The technique involves angling by two

individuals within a 2-m2 floating barrier for 20 min at

each site. The floating barrier was clamped to the side

of a 16-foot Jon boat, which was anchored at both ends

to remain on the site. Angling was conducted with

micro-light rods and braided fishing line (0.15 mm

diameter). Size 20 hooks were baited with a scented

plastic maggot imitation, and small weights were

attached to the line. All fish caught were identified, and

round gobies were measured for total length (mm),

sexed, and retained until the end of the sampling

period. Sex was determined by examining the urogen-

ital papilla, which is triangular on males and rectan-

gular on females (Miller 1984). The time of catch was

also recorded. All round gobies were returned to the

site after sampling was completed. The size of round

gobies captured with this method was restricted mainly

to individuals larger than 45 mm total length (TL).

These individuals would be almost entirely age 1 and

older individuals, based on previous aging of this

population (Gutowsky and Fox 2012).

Sites were located using a Garmin Oregon 400t

Global Positioning System unit (Garmin International

Inc., Olathe, KS). Additional parameters measured at

each site included substrate composition, depth, current,

and temperature. Substrate was quantified at each site by

visual estimation of the percentage of rock, sand, and

mud (in 10% intervals) within the 2 m2 sampling area

using an Aquaview S-series color underwater video

camera (Nature Vision Inc., Brainerd, MN). The

dominant rock size was also estimated based on particle

sizes defined by Krumbein and Sloss (1951). Substrate

was not sampled in May 2009. In all other sampling

dates, substrate composition was visually estimated

from roughly 0.5 m above the bottom. Depth was

measured using an Eagle Cuda 168 depth sounder

(Eagle Electronics, Catoosa, OK). River velocity was

measured by timing the horizontal movement of a float.

Data analysis

Statistical tests were conducted using Statistica (version

6.1, StatSoft Inc., Tulsa, OK). Data were checked for

normality and homogeneity of variance and transformed

when necessary. When parametric assumptions could

not be met, nonparametric tests were used. Round goby

catch per unit effort (CPUE) from 20-min angling trials

(expressed as catch per m2) was used to compare round

goby densities between range locations (CORE, DE,

and UE) and over sampling periods (May and August,

2009 and 2010) using a two-way fully factorial ANOVA

or its nonparametric Kruskal–Wallis equivalent, fol-

lowed by Tukey HSD tests to examine range location

differences within sampling periods when significant

effects were found. The same tests were also used to

compare the lengths and sex ratios (% male) of round

gobies between range locations and over sampling

periods. All three parameters were analyzed by calcu-

lating a respective mean for each occupied site.

To examine the demographics of dispersing round

gobies, those that occupied the expanded upstream

range in 2010, upstream of occupied sites in 2009,

were compared to other range locations. Expanded
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upstream range was the focus of this comparison

because these individuals were likely to have actively

moved into this area, as opposed to downstream,

where larval drift may have ultimately contributed to

range expansion (see Hensler and Jude 2007). Mean

round goby TL and sex ratio (% male) were calculated

for each sampling site and compared between range

locations (CORE, DE, all sampling dates included),

UE sampled in 2009, sites occupied in 2010, upstream

of the range edge determined in August 2009 (denoted

area of upstream expansion in 2010), and upstream

sites occupied in May or August of 2009 and

resampled in 2010 (denoted area of upstream expan-

sion in 2009) using Kruskal–Wallis ANOVAs.

To determine whether round gobies occupied

higher quality habitats at the edges of their range than

in the CORE area, chi-square goodness of fit tests were

used to compare the proportion of sites occupied by

one or more round gobies in sites classified by

proportion of rock substrate. Also to examine round

goby habitat use along the invasion pathway, Kruskal–

Wallis tests were used to compare round goby

abundance between four substrate types (boulder,

cobble, gravel, and sand) within each range location.

The level of significance for all tests was P \ 0.05.

Results

Site occupancy and range expansion

Round gobies were present at the center of their range

in the Trent-Severn in 84–88% of sites across the four

sampling periods (Fig. 2). In the upstream expansion

area determined in May 2009, round gobies were

distributed widely in Rice Lake and were found as far

upstream as the mouth of the Otonabee River,

indicating a 14.2 km upstream advance from 2008

sightings (Fig. 2). However, they only occupied 26%

of upstream edge sampling sites within their detected

range and were limited to a few rocky shoals. By

August 2009, round gobies had spread to many sites

within the detected upstream expansion area and

occupied 47% of sample sites, but little upstream

range expansion occurred during this time period

(\1 km). By the following spring (May 2010), round

gobies were detected in the Otonabee River 9.14 km

upstream of the population edge in August 2009,

indicating rapid range expansion over the 8-month

period (Fig. 2). Site occupation within their detected

range remained similar (49%) to the previous sam-

pling period. Between May and August 2010, changes

in round goby distribution were similar to those

observed over the summer of 2009, with limited range

expansion (1.13 km upstream from the May 2010

edge) and a higher site occupancy rate (58%).

In the area of downstream expansion, round gobies

were detected as far downstream as Percy’s Reach in

May 2009 (Fig. 2). They occupied 27% of 75 down-

stream sites within their detected range and were

mainly confined to a large rocky shoal near the start of

the reach, with the exception of one individual caught

4 km downstream of any other catch site (Fig. 2). No

other round gobies were caught in the other 20

sampling sites in this 4-km stretch. Including this

individual, the advance was 5.2 km from previous

downstream sightings in the summer of 2008. Similar

to the area of upstream expansion, by August 2009,

little range expansion occurred (0.5 km from the lone

individual), but round gobies occupied 55% of sites

within their range. In May 2010, round gobies occupied

sites from the previous detected population front in

2009 all the way south to the Bay of Quinte. Therefore,

the amount of downstream range expansion could not

be determined. In May 2010, round gobies occupied

48% of downstream sampling sites, which increased to

53% in August 2010.

Abundance in sites occupied by round goby

In CORE area sites, round goby abundance was

relatively consistent over time in comparison with

areas where range expansion was occurring (Figs. 2, 3).

Mean CPUE was lowest in May 2009 (3.9/m2) and

increased to its maximum in August 2009 (5.8/m2).

Mean CPUE dropped to 5.1/m2 by May 2010 and again

to 4.4/m2 by August 2010.

In the area of upstream expansion, round goby

abundance was very low in May 2009, with a mean

CPUE of 1.7/m2 and a maximum of 4/m2 (Figs. 2, 3).

In August 2009, round goby CPUE increased dramat-

ically to 7.8/m2 with a maximum CPUE of 17/m2.

CPUE declined in May 2010 and remained consistent

in 2010 (Fig. 3).

In the area of downstream expansion, abundance

was also very low in May 2009, with a mean CPUE of

1.5/m2 (in catch sites), and a maximum of 3/m2

(Figs. 2, 3). Mean CPUE doubled in August 2009,
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increased again in May 2010, and dropped in August

2010 (Fig. 3).

There was a significant difference in round goby

CPUE among range locations (Table 1a), with down-

stream expansion sites being significantly lower in

abundance than both CORE and upstream expansion

sites (Tukey HSD, P B 0.05). There was also a

significant date effect, as well as a nearly significant

date by area interaction. Further investigation showed

that CPUE varied significantly between range locations

in May and August 2009 (P \ 0.004 in both cases). As

predicted, CPUE was significantly lower at both the

upstream and downstream expansion areas than in the

CORE area in May 2009 (Tukey HSD, P B 0.05). In

August 2009, downstream expansion sites had signif-

icantly lower CPUE than both CORE and upstream

expansion sites (Tukey HSD, P B 0.05). However, by

May 2010, there was no significant difference among

range locations in round goby CPUE (P [ 0.30 in both

May and August).

Fig. 2 Round goby relative abundance (catch/m2) in three

range locations in the Trent-Severn Waterway, sampled using

the angling removal method in a May 2009, b August 2009,

c May 2010, and d August 2010. Stars indicate detected

population fronts. For location refer to Fig. 1
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Length distribution

In CORE area sites, the mean TL of round gobies

caught was highest in May 2009 (89 mm ± 2.3 SE,

Fig. 4). Mean TL decreased in every subsequent

sampling period, which reflects a decrease in 80? mm

and an increase in\70 mm round gobies (Fig. 4). In

upstream expansion sites in May 2009, the mean TL of

round gobies was 79 mm ± 2.6 SE (Fig. 4). Mean TL

increased dramatically in August 2009, peaking after

the first summer of occupation, and declining in 2010

(Fig. 4). Very similar sizes and temporal patterns were

observed in the area of downstream expansion

(Fig. 4).

Overall, there was no significant difference in the

mean length of round gobies among range locations, but

there was a significant date effect and a significant date

by area interaction (Table 1b). In May 2009, there was a

significant difference in mean length between range

locations (F2,43 = 7.0, P = 0.0023), with CORE area

sites having significantly larger gobies than both areas of

recent expansion (Tukey HSD, P \ 0.05). There was

also a significant difference in mean length among range

locations in August 2009 (F2,74 = 6.1, P = 0.0036);

however, during this period, gobies in the upstream

expansion sites were significantly larger than those in

the CORE area (Tukey HSD, P \ 0.05). There was a

significant difference in mean lengths in May 2010 as

well (F2,101 = 3.9, P = 0.023), with CORE area sites

once again having significantly larger gobies than both

areas of recent expansion (Tukey HSD, P \ 0.05).

However, there was no significant difference in mean

lengths between range locations in August 2010

(F2,112 = 1.2, P = 0.29).

Sex ratio

The mean sex ratio of round gobies caught at angling

sites followed a similar pattern over time in upstream

expansion and CORE range locations, with a peak in

the proportion of males in August 2009 (Fig. 5a). At

the downstream edge, the opposite pattern was

observed, with a drop in the proportion of males in

August 2009. The sex ratio was the most heavily male

biased in CORE area sites (63% vs. 53 and 57%, in UE

and DE sites, respectively); however, the difference

was not significant (Table 1c). There was also no

significant difference in sex ratio among sample dates,

but there was a significant range location by date

interaction. In this case, significant differences among

locations were not found in May of either year

(P [ 0.38 in both cases), but CORE area sites had a

significantly higher proportion of males than down-

stream sites in August 2009, and downstream sites had

a significantly higher proportion of males than

upstream sites in August 2010 (Tukey HSD, P \ 0.05).

Upstream dispersers

There was a significant difference in the mean length

of round gobies between the area of upstream

Fig. 3 Mean round goby catch (per m2) excluding non-catch

sites, using the angling removal technique in three range

locations in the Trent-Severn Waterway; May and August 2009

and 2010 (±SE)

Table 1 Results of analyses of variance, testing for differ-

ences in (a) CPUE (loge-transformed), (b) mean TL (loge-

transformed), and (c) sex ratio (percent males) between the

CORE area and the new areas of upstream and downstream

expansion in the Trent-Severn Waterway during four sampling

periods (May and August, 2009 and 2010)

F df P value

(a) CPUE

Range location 8.87 2,331 \0.001

Sampling period 8.32 3,331 \0.001

Range location 9 sampling period 1.97 6,331 0.069

(b) TL

Range location 2.06 2,330 0.12

Sampling period 28.5 3,330 \0.001

Range location 9 sampling period 6.62 6,330 \0.001

(c) Sex ratio

Range location 1.16 2,331 0.31

Sampling period 0.42 3,331 0.73

Range location 9 sampling period 2.15 6,331 0.047
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expansion in 2010, the area of upstream expansion in

2009 (resampled in 2010), the area of upstream

expansion in 2009, the CORE area, and the area of

downstream expansion (H4,431 = 21.3, P \ 0.001;

Fig. 5b). A post hoc analysis showed that round

gobies occupying the expanded upstream range in

2010 were smaller than those from all other sites

except for the resampled former upstream expansion

area. Individuals occupying the area of upstream

expansion in 2010 were also female biased (58%),

unlike the other sample areas (Fig. 5b). The difference

in sex ratio among range locations was significant

(F4,379 = 6.2, P \ 0.001), with the expanded

upstream edge in 2010 being different from all other

areas (Tukey HSD, P \ 0.03 in all cases). Despite

these differences, a few very large females were

sampled in the expanded range in 2010, and the largest

female caught in this study (128 mm TL) was located

at the most upstream site in May 2010 at the very edge

of the detected population front.

Habitat

Round gobies occupied between 88 and 100% of sites

with 40% or more rock substrate in all range locations

in sampled sites within their detected range (Fig. 6a).

In sites with less than 80% rock substrate, both areas of

range expansion had lower site occupancy than CORE

area sites. There was a significant difference in the

distribution of occupied sites across substrate classes

between both areas of range expansion and the CORE

area (v2 [ 18.5, P \ 0.001, df = 4 in both cases), and

the largest differences occurred in sites with less than

20% rock substrate.

Round goby abundance in occupied sites was

higher in all three types of rock substrate (boulder,

cobble, and gravel) than in sand or mud substrates in

all three range locations (Fig. 6b). Both areas of range

expansion had the highest abundance in gravel-

dominated substrate, while in the CORE area, abun-

dance was highest in boulder substrate. In CORE area

Fig. 4 Length frequency

distribution of round goby in

three range locations in the

Trent-Severn Waterway;

May and August 2009 and

2010. Arrows represent

mean total length
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sites, there was no significant difference in round goby

abundance between substrate types (H3,62 = 2.5,

P = 0.47). In contrast, round goby abundance varied

significantly between substrate types in upstream

expansion sites (H3,125 = 48.3, P \ 0.001), with all

three types of rock substrate having significantly

higher abundance than sand substrate (post hoc

analysis, P \ 0.001 in all cases). Abundance also

varied significantly between substrate types in down-

stream expansion sites (H3,107 = 18.3, P \ 0.001),

with cobble substrate having significantly higher

abundance than sand (Tukey HSD, P = 0.002).

Discussion

Range expansion population dynamics

As predicted, both the areas of upstream and down-

stream expansion in the Trent-Severn Waterway were

characterized by low site occupancy and low relative

abundance during the spring of the first year of

occupation in comparison with sites at the center of

their range. Lower abundance in more recently

invaded areas has been observed previously in the

Trent-Severn round goby population (Raby et al.

2010; Gutowsky et al. 2011), as well as in Lake

Ontario, Lake Michigan, and Lake Huron (Bergstrom

et al. 2008; Lederer et al. 2008; Taraborelli et al.

2009).

However, the lower density in recently invaded

areas was only temporary. Over the first summer of

occupation, major increases in site occupancy rate and

relative abundance of occupied sites were observed in

both areas of range expansion. This was particularly

true upstream, where mean CPUE increased almost

fourfold from May, peaking in August 2009 at the

highest observed in this study at any range location.

CPUE doubled in downstream expansion sites during

the same time period, but did not peak until May 2010.

This late peak can be attributed to the coalescence of

the Trent-Severn population with the upstream expan-

sion of the Bay of Quinte population. Evidence for this

Fig. 5 a Round goby sex ratios in angling sites in three range

locations in the Trent-Severn Waterway. b The mean percentage

of males and total length (TL, males and females) of round goby

at CORE, UE (2009), DE, UE 2009 (occupied in 2009,

resampled in 2010), and UE 2010 range locations; May and

August of 2009 and 2010 (±SE)

Fig. 6 a Occupancy of round goby by proportion of rock

substrate in three range locations in the Trent-Severn Waterway.

b Mean relative abundance (catch/m2 in occupied sites) of round

goby in five substrate types (boulder, cobble, gravel, sand, and

mud) in three range locations in the Trent-Severn Waterway;

May and August 2009 and 2010 (±SE)
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coalescence comes from the sudden, consistent pres-

ence, and high abundance of round gobies from the

edge of the sample area to the Bay of Quinte. Such

sudden increases in site occupancy and abundance are

inconsistent with that typically observed in recently

invaded areas, especially at the downstream edge of

their range (Fig. 2). If this range expansion was

occurring from upstream in the Trent-Severn, a

gradient from high to low abundance would be

expected at the range edge, as observed at both

upstream and downstream edges of their range in 2009

(Fig. 2). This was not the case from the downstream

edge to the Bay of Quinte.

By 2010, upstream expansion sites decreased

significantly in relative abundance, and all three range

locations had similar mean abundances in both May

and August of that year (Fig. 3). While recently

invaded areas are generally considered to have lower

abundance than longer established areas (Raby et al.

2010), during this study period in the Trent-Severn,

this phenomenon was very brief, and round goby

abundance in areas of range expansion became fairly

homogeneous with a well-established area just 1 year

after first detection (Fig. 3). Rapid increases in

recently invaded areas are likely the result of a

combination of high resource availability due to the

low initial goby density, fast somatic growth, early

maturity, and high reproductive output (Raby et al.

2010; Gutowsky and Fox 2012). Survival may also be

high at range edges due to low predation rates

(Brownscombe 2011).

The high abundance observed in August 2009 in the

area of upstream expansion, and subsequent lower

abundance in 2010, similar to a well-established area

in the system, is suggestive of a peak in abundance

during the first summer of occupation in a new area.

This peak occurred much faster than in previous

examples in the Great Lakes. A peak in round goby

abundance was observed 2 years after detection in

Eastern Lake Michigan (Clapp et al. 2001), while in

Duluth Harbour, Lake Superior, a peak in abundance

occurred 6 years post-detection (Bergstrom et al.

2008). There are likely differences in biotic and

abiotic conditions between the Trent-Severn, Lake

Michigan, and Lake Superior, which may have

resulted in differences in the rate of round goby

population growth. One of these differences is that the

Great Lakes are much larger ecosystems, with more

area for individuals to disperse before densities

become high. However, these differences may also

be related to sampling technique. The previously

mentioned studies sampled with bottom trawls, which

are often limited to less complex substrates (Johnson

et al. 2005a; Bergstrom et al. 2008). These substrates

are associated with lower abundance, smaller individ-

uals, and a high proportion of females, indicating that

they are less favorable habitats (Ray and Corkum

2001; Johnson et al. 2005a; Bergstrom et al. 2008).

During initial stages of invasion, round gobies appear

to occupy mainly high-quality habitats, and over time

individuals occupy habitats of lower quality. Differ-

ences in sampling techniques may help explain the

later abundance increases observed in Lake Michigan

and Lake Superior, as trawling targets less ideal

habitats, which probably have more delayed increases

in abundance than the complex, rocky habitats sam-

pled in this study using the angling removal method.

By sampling with angling in late spring and summer,

we have shown that round goby abundance can

increase in ideal habitats of recently invaded areas

much faster than previously known.

Range expansion

Range expansion occurred in similar patterns at both

upstream and downstream edges of round goby range in

the Trent-Severn in 2009 and 2010. Little range

expansion occurred during the primary reproductive

seasons (May to August), while large-scale range

expansion occurred during the non-reproductive sea-

sons (September to April). The round goby is known to

spread by bait bucket transfer in North America (Raby

et al. 2010), and in Europe, they have been suspected to

spread by attaching to the hulls of vessels (Tsepkin et al.

1992; Sokolov et al. 1994). However, these types of

introductions often result in large gaps between infested

zones (Wiesner 2005; Raby et al. 2010; Bronnenhuber

et al. 2011). The consistent presence and abundance of

round gobies from their range edge in August of 2009,

throughout the Otonabee River, to their expanded range

edge in May 2010 strongly suggests that their dispersal

in this study was primarily natural.

When considering the characteristics of the round

goby, it is not surprising that limited range expansion

occurred during reproductive seasons. Round goby

exhibits high reproductive energy allocation, especially

at the edges of its range, as well as a long reproduc-

tive season, multiple spawning by females, and nest

184 Aquat Ecol (2012) 46:175–189

123



guarding by males (MacInnis and Corkum 2000; Jude

2001; Gutowsky and Fox 2012). It appears that round

gobies allocate more energy to reproduction than to

movement during the late spring/summer months. Some

smaller-scale movement did occur during these months

into sites within their range. These movements may

have been density driven by large, aggressive gobies

forcing smaller individuals into new areas (Ray and

Corkum 2001; Johnson et al. 2005a).

While round gobies are considered relatively

immobile, with very small home range sizes (Skora

1996; Wolf and Marsden 1998; Ray and Corkum

2001), it is evident from their distribution in the Trent-

Severn that they incurred a large-scale seasonal range

expansion upstream into the Otonabee River some-

time between autumn 2009 and early spring 2010.

During the winter months, temperatures are very low

in Ontario, and at these temperatures, round gobies are

relatively inactive (Lee and Johnson 2005), so it is

unlikely that large-scale movements were occurring

during this season. Spring and autumn are more likely

the potential seasons for round goby range expansion.

Round gobies are known to migrate into deeper

overwintering habitats in the fall and return to shallow

areas in the spring (Knight 1997; Pennuto et al. 2010).

This dispersal appears to be the primary mode by

which the round goby expands its range during the

early spring and/or fall seasons, whereas little large-

scale range expansion occurred during the late spring/

summer. However, it is interesting that the large

increases in abundance in expansion sites during the

summer of 2009 were accompanied by a peak in mean

body size, where a large proportion of the sampled

population was age 2 or 3 based on length at age data

from this system (Gutowsky and Fox 2012). If no

large-scale dispersal was occurring during this time

period, it would be expected that an increase in

abundance would be accompanied by smaller body

sizes, as young-of-year and age 1 fish grew large

enough to become recruited to the sampling gear

(45? mm). Because there was a high proportion of

large round goby in the samples in August 2009,

individuals were likely migrating into areas of range

expansion from closer to the population core. Dis-

persal may also have been occurring during the late

spring/summer months, but none was detected beyond

their population front.

The rates of spread observed in this study were

rapid, but not extraordinary for the round goby. An

average of 25 km/year of range expansion was

previously observed in round goby moving through

Chicago inland waterways from Lake Michigan to the

Mississippi River (Steingraeber and Thiel 2000).

Round gobies have been collected up to 120 km

further downstream of where they were detected the

year before in the Illinois Waterway (Irons et al. 2006).

However, the only previously documented rates of

upstream range expansion were much slower, with a

maximum 1 km/year from 1998 to 2003 through

Duluth Harbour, Lake Superior, into the St. Louis

River (Bergstrom et al. 2008). There are likely a

number of differences between the conditions of the

Trent-Severn and Duluth Harbour/the St. Louis River,

the most important of which may be productivity

level, as Lake Superior is oligotrophic (Urban et al.

2004), whereas the Trent-Severn is mesotrophic

(Gutowsky and Fox 2011), and Rice Lake is eutrophic

(Nurnberg 1999).

Population dynamics

Round gobies occupying the CORE area showed some

indication of a population decline despite the fact that

abundance did not vary significantly over time. During

the reproductive season of 2009, mean round goby

abundance increased by nearly 50% in CORE area

sites. An increase in abundance is expected in a stable

population during the summer months due to growth

and reproduction. Individuals born within the repro-

ductive season may not be included, but summer

growth would be expected to recruit many age 1 fish

into the sample (Gutowsky and Fox 2012). A

subsequent 12% decline in abundance was observed

by May 2010. This would also be expected, as most

temperate fishes exhibit low levels of growth and some

mortality over the winter season (Wootton 1998).

However, by August 2010, abundance did not rebound

as expected, but decreased by another 14%. In

addition, the mean length of CORE area gobies

declined consistently throughout the sampling period

(17% decrease from May 2009 to August 2010). A

similar trend was observed in Hamilton Harbour, Lake

Ontario, where a 72% decrease in round goby

abundance coincided with a 10% decrease in body

length from 2002 to 2008, less than a decade from its

detection in Lake Ontario (Mills et al. 2003; Young

et al. 2010). In Lake Erie, round goby abundance

peaked in 1999, 5 years after its first detection
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(Johnson et al. 2005b; Bunnell et al. 2005). Invasive

species in general are often characterized by an initial

rapid increase in population size, followed by a

decline to lower abundance (Parker et al. 1999; Arin

et al. 2005). The round goby may be showing early

signs of this decline roughly 7 years after its detection

in the Trent-Severn.

Range location demographics

Round gobies sampled in this study were male biased

at all range locations, which is consistent with findings

in other invaded areas (Corkum et al. 2004; Young

et al. 2010; Gutowsky and Fox 2011). However,

counter to predictions, CORE area sites were the most

heavily male biased (1.7:1), while both areas of range

expansion had a more even distribution of sexes (1.1:1

at upstream expansion and 1.2:1 at downstream

expansion). While this finding appears to be inconsis-

tent with that of a previous round goby study in the

Trent-Severn Waterway in which more recently

invaded areas were more male biased than in a longer

established area, the difference may be explained by

the much broader definition of the edge of range in that

study. Gutowsky and Fox (2011) examined areas of

recent range expansion where a moderate abundance

of round gobies were located, whereas the current

study utilized areas of current range expansion that

were invaded less than 1 year prior to the initiation of

the study and were at very low abundance.

The length of round gobies sampled in the Trent-

Severn varied from 43 to 135 mm TL with a mean of

79 mm. These sizes are similar to those found

throughout North American ecosystems, which are

generally smaller than those found in their native

range (Charlebois et al. 1997; Taraborelli et al. 2010;

Gutowsky and Fox 2011). Contrary to our prediction

that areas of range expansion would consist of larger

individuals based on previous research in the Trent-

Severn, they consisted of slightly smaller individuals.

This again probably relates to our use of areas

currently undergoing range expansion. Smaller indi-

viduals at pioneering range edges may be the most

mobile members of the population, as previously

speculated by Ray and Corkum (2001), Johnson et al.

(2005b), and Bergstrom et al. (2008). Within range

locations, there was high variability in round goby

body size over time. Round gobies were significantly

larger in August 2009 than at other sample dates in

both areas of range expansion. This was likely due to

high resource availability when round goby density

was low, contributing to high growth rates in these

areas (Raby et al. 2010; Gutowsky and Fox 2011)

during the first summer of occupation.

Demographics of dispersers

Round gobies sampled in the Otonabee River in 2010

showed a significantly higher proportion of females

(0.7 M:F ratio) than other range locations in the

system, which suggests that a higher proportion of

females were contributing to range expansion. Dis-

persal is male biased in most polygynous fishes (Gros

et al. 2009), in contrast to our findings. Sex-biased

dispersal is known to evolve for various reasons,

including inbreeding depression avoidance, asymme-

try in the costs of dispersal, and mating system

characteristics (Gros et al. 2009). While they usually

work in conjunction, the more dispersive sex is often

decided by the two latter factors. In some bird species,

the benefits for males in dominating a natal territory

are higher than for females, leading to female-biased

dispersal (Gros et al. 2009). This may also be the case

for the round goby. Males that secure high-quality

nesting sites in a high-density area have the potential

benefit of multiple females contributing to their nest

(MacInnis and Corkum 2000), which may be the

greatest limitation to male reproductive success.

Conversely, resource availability likely limits egg

production in females, and resources are high at range

edges (Raby et al. 2010; Gutowsky and Fox 2012).

While dispersing females have less choice in a sexual

partner, the most prominent round goby nest predators

are male conspecifics (Wickett and Corkum 1998), so

at range edges in low-density conditions, nesting

success may still be high despite a lack of large males.

The dispersing individuals were also significantly

smaller than those of all other range locations, but they

were not smaller than occupied upstream expansion

sites in 2009 when they were resampled in 2010.

While there may have been a regional or temporal

effect, a greater proportion of small individuals likely

contributed to range expansion. In a previous study,

more recently colonized areas of Lake St. Clair and

surrounding waterbodies were also comprised of

smaller individuals (Ray and Corkum 2001). As first

speculated by Ray and Corkum (2001), the primary

mechanism of round goby range expansion is likely
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intraspecific competition, which forces smaller indi-

viduals into less ideal habitats, from which they

disperse. Our findings are consistent with this hypoth-

esis, although some large individuals, particularly

females, were also found in the expanded upstream

range area of the Trent-Severn, and large-scale

movements are not limited to small round gobies.

The movement of these large females may be impor-

tant for range expansion, as establishment is more

probable with adults present (Vélez-Espino et al.

2010), and these females likely have high reproductive

output (MacInnis and Corkum 2000) contributing to

propagation in new areas.

Habitat

As predicted, round gobies were more abundant on all

types of rocky substrates (boulder, cobble, and gravel)

than on sand, and very few were caught on mud-

dominated substrate. Round gobies are known to have

an affinity for rocky substrates because they provide

complex benthic structure that they use for refuge

(Ray and Corkum 2001; Er}os et al. 2005; Johnson et al.

2005a). This affinity was very pronounced in this

study, which is likely because the sampling method

targeted mainly mature individuals during the repro-

ductive season, and the complex rocky habitats of the

Trent-Severn provide ideal nesting sites in addition to

refuge (Miller 1984; MacInnis and Corkum 2000;

Gutowsky et al. 2011). In both areas of range

expansion, round goby abundance was highest on

gravel-dominated substrate, while in the CORE area, it

was highest on boulder. This difference may be related

to predation risk, which appears higher in established

areas than recently invaded areas of this system

(Brownscombe 2011). As predators adapt to feeding

on round gobies and predation risk becomes higher,

habitat preference may shift to more complex rocky

substrates, which likely provide better refuge from

predators.

As predicted, round gobies showed a more pro-

nounced habitat preference in recently invaded areas

than at the center of their range, with larger differences

in site occupation and abundance in high-quality

habitats (rock) than low quality (sand or mud). It

appears that individuals migrating into new areas are

in search of these high-quality habitats. In longer

established areas, round gobies are known to

occupy more marginal habitats (Johnson et al.

2005a; Bergstrom et al. 2008; Taraborelli et al.

2009). As the population density increases, intraspe-

cific competition likely forces individuals into neigh-

boring, poorer-quality substrates.

The round goby expanded its range in the Trent-

Severn Waterway by seasonal dispersal during the

non-reproductive season and large increases in abun-

dance during the reproductive season. In addition,

dispersers contributing to range expansion were small

and female biased relative to other range locations and

also exhibited high habitat selectivity. Range expan-

sion likely occurs as demographically biased individ-

uals are forced from occupied areas by intraspecific

competition and migrate in search of alternate high-

quality habitats. These findings provide insight into

the mechanisms by which the round goby expands its

range in non-indigenous areas, and these should be

considered for other invasive species both for under-

standing invasion patterns and predicting potential

high-risk species.
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