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Abstract Most introduced non-native species fail to

establish as a result of mortality or reproductive failure.

An established population can increase the probability

of survival and reproductive success of newly intro-

duced individuals by reducing both Allee effects and

demographic stochasticity. Previously, attention has

been paid to the establishment phase of the invasion

process and its probability modelled as a stochastic

process, while the spread phase has received less

attention. By analyzing data collected during the spread

phase of an invasion of the round goby, Neogobius

melanostomus, in Hamilton Harbour, Lake Ontario, we

develop an analytical approach to backcalculate the time

to establishment and to determine the time to habitat

saturation. Our modelling shows that: (1) during the

transition between arrival and establishment, propagule

pressure in the form of new adults entering the area can

be very low and still represent a significant probability

of establishment; (2) much higher concentrations of

juveniles would be needed to pose a significant risk of

invasion; (3) the demographic contribution of propagule

pressure during the spread phase is low and its total

elimination will not halt population growth and spread;

(4) a short elapsed time between arrival and establish-

ment indicated that the transition between these two

phases can be characterized as a deterministic process

with high propagule pressure and low adult mortality

rates; and, (5) very aggressive management actions

would be needed to halt population growth after

population establishment, suggesting that preventative

measures are the most effective management options

available to reduce risk of future invasions.

Keywords Gobidae � Great Lakes �
Propagule pressure � Habitat saturation �
Establishment probability � Invasive species

Introduction

Once an invasive species is widespread with long-

established populations, the opportunity for rapid

eradication has been lost. However, research on

established populations of non-native species can
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answer fundamental questions in ecology and guide

future control methods and effective maintenance

management (Simberloff 2003). Population biologi-

cal research can also generate important information

on invasion dynamics such as the role of propa-

gule pressure (Lockwood et al. 2005), the time lag

between arrival and establishment (Jerde and Lewis

2007), and ecological resistance to biological inva-

sion (Von Holle and Simberloff 2005). In this paper,

we address these aspects of the invasion dynamics of

round goby (Neogobius melanostomus) in Hamilton

Harbour, Lake Ontario.

After it was first detected in 1990 in the St Clair

River, western Lake Erie (Jude et al. 1992), the round

goby rapidly invaded all Laurentian Great Lakes

(Stepien and Tumeo 2006). Accidentally introduced

and continuously reintroduced by ballast water

(Corkum et al. 2004), round goby were present in

all of the five Great Lakes by the year 2000 (Jude

2001). By the year 2001, round goby were common

in the littoral zone of Hamilton Harbour (Chant

2002), the most important natural embayment in Lake

Ontario (Roy et al. 1994). Apparently, round goby

invaded this site sometime between 1996 and 2001

with the first round goby detected in the harbour in

1999 (Balshine et al. 2005).

There is evidence that the range expansion and

aggressive behaviour of round goby has caused

declines in several native species of benthic fishes

(Janssen and Jude 2001), altered benthic communi-

ties by removal of invertebrates and cascade effects

on benthic plants and nutrient cycles (Kuhns and

Berg 1999), and displaced native species such as

mottled sculpins (Cottus bairdii) and logperch

(Percina caprodes) via the monopolization of shelter

(Dubs and Corkum 1996; Balshine et al. 2005). In

addition, round goby exert high predation on eggs of

native fishes (Chotkowski and Marsden 1999),

including endangered species such as lake sturgeon

(Acipenser fulvescens; Nichols et al. 2003). Round

goby also accumulate high concentrations of poly-

chlorinated biphenyls (PCBs), opening a new transfer

route for these toxic substances and threatening the

health of fishes that prey on round goby (Morrison

et al. 2000).

Any invasion process can be broken down into four

phases: entry, establishment, spread, and impact

(Andersen et al. 2004). The entry phase consists

of the arrival of a non-indigenous species. The

establishment phase is characterized by an incipient

self-sustaining population large and dense enough to

escape immediate local extinction. In the spread phase

individuals increase occupation of the available habitat

within the new environment while the impact phase is

characterized by the persistence and integration (low

impact) into the food web (e.g., gizzard shad, Doro-

soma cepedianum, in Lake Powell; Vatland and Budy

2007) or by alteration (high impact) of the food web

(e.g., sea lamprey, Petromizon marius, into the Great

Lakes; Eshenroder and Burnham-Curtis 1999). Such

food web alterations usually cause economic impacts

(Pimentel et al. 2000). Both, entry and establishment

phases of an invasion are directly related to propagule

pressure (Lockwood et al. 2005). While most intro-

duced species fail to establish soon after introduction

(Williamson and Fitter 1996), the presence of a

previously established population increases the prob-

ability of survival and reproductive success of newly

released individuals. An already established popula-

tion prevents both Allee effects and demographic

stochasticity (Roman and Darling 2007), and may

result in an accelerated invasion rate characteristic of

the spread phase of the invasion process (Shigesada

and Kawasaki 1997). Population regulation in invasion

advancement is a widespread phenomenon in nature

(Arim et al. 2006). As the non-indigenous species

saturates the occupied habitat and population density

approaches the carrying capacity of the system,

population growth rates at particular locations are

expected to decrease as a result of local density-

dependent processes and increased propensity to

disperse (Fretwell and Lucas 1970; Taylor and Norris

2007).

Although attention has been placed on the estab-

lishment phase of the invasion process and the

probability of establishment has usually been modelled

as a stochastic process (e.g., Haccou and Iwasa 1996;

Drake 2004), important aspects of the spread phase

such as the probability of monopolizing available

habitat (i.e., habitat saturation) and the time lag

between establishment and habitat saturation have

not been sufficiently investigated. A better understand-

ing of these invasion attributes is crucial for decisions

related to pest control and maintenance management

(Simberloff 2003). The main goal of this study is to

investigate the invasion dynamics of round goby in

Hamilton Harbour, Lake Ontario. Our specific objec-

tives are: (a) to backcalculate the time of arrival and
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establishment; (b) to determine the elapsed time

between establishment and habitat saturation, (c) to

infer the relative demographic contribution of propa-

gule pressure to the invasion process; and, (d) to

identify points in the life cycle and invasion dynamics

most sensitive to management actions.

Methods

Adult round gobies were collected from 2002 to

2008 in Hamilton Harbour, Lake Ontario, in four

specific locations. Fish were collected approximately

bi-weekly from late April or early May to late October

or early November with a set of four minnow traps at 1

meter depth and separated from each other by at least

10 m and left for 24 h in each location and sampling

event. The four sampling locations, separated from one

another by distances ranging from 1.25 to 7.95 km

(average distance between sites was 4.72 km), were

characterized by different substrates (mud, sand,

cobble, and boulder). Adults were sexed, and their

standard length and body mass were measured to the

nearest 0.1 mm and 0.0001 g, respectively.

Our approach included five steps. First, population

attributes such as annual survival, fecundity rates, and

population growth rates for each sampling year were

estimated. Second, these population parameters were

used to construct age-structured transition matrices

for each sampling year. Juvenile (age-0) survival was

derived from these matrices by solving for observed

population growth. Third, time of arrival and time of

establishment of round goby were backcalculated

analytically from the relationship between density

and critical population thresholds. Fourth, using a

hierarchical model of invasion we estimated propa-

gule pressure and converted it into a demographic

rate. Finally, we used perturbation analysis of age-

structured transition matrices, incorporating propa-

gule pressure as a rate, to identify the relative

vulnerability of different points in the life cycle and

invasion process to management intervention.

Estimating survival

Annual survival rate (Si) for adult fish 1-year old and

older was estimated from age distributions using a

catch curve analysis following the method introduced

by Chapman and Robson (1960). Maximum age

observed in Hamilton Harbour round goby is 4 years

old (S. Balshine, McMaster University, Hamilton

ON, unpublished data), which is shorter than the

maximum age observed in Europe (age-5; Charlebois

et al. 1997). MacInnis and Corkum (2000a) showed

that in the upper Detroit River, length intervals

exhibited by round goby of different ages overlapped

considerably as well as the length-at-age intervals of

males and females. Based on these data (MacInnis

and Corkum 2000a), we ascribed non-overlapping

(to avoid double counting of individuals) standard

length intervals to males and females of ages 0–4 as

follows: age 0 (juveniles) B 56.5 mm, 56.6 mm B

age 1 B 62.5 mm, 62.6 mm B age 2 B 72.9 mm,

73.0 mm B age 3 B 92.2 mm, age 4 C 92.3 mm.

Note that this procedure serves for modelling pur-

poses in the absence of direct age information but

discrete, non-overlapping length-at-age intervals

rarely occur in animal populations. Age distributions

defined by these intervals were determined for each

sampling year, substrate type, and gender and further

incorporated into individual catch curves analyses to

estimate adult survival rates (SA). This approach

produced a single adult survival rate per catch curve

that was assigned to age classes 1–4. Single catch

curve analyses, including males and females from all

substrates, were conducted for each sampling year

after non-parametric analyses indicated non-signifi-

cant differences in adult survival among substrates

(Kruskall-Wallis: v2 = 1.95; df = 3; P = 0.58) and

sexes (Wilcoxon: v2 = 2.71; df = 1; P = 0.10). The

survival rate of age-0 fish (S0) for each sampling year

and site was estimated indirectly by solving for the

population growth rates determined from the analysis

of time series (see below).

Estimating fecundity

The regression between number of eggs (n) and

standard length (n = -332 ? 8.95 SLmm) obtained

by MacInnis and Corkum (2000b) in their study in the

upper Detroit River was used to estimate mean

annual fecundity at age as:

fi ¼ mi1 s tt ð1Þ

where 1 is a constant that represents a fertilization rate

of 0.95 as estimated by Charlebois et al. (1997), s is a

second constant representing an average number of

three reproductive batches per year (MacInnis and

Invasion dynamics of round goby (Neogobius melanostomus) in Hamilton Harbour, Lake Ontario 3863

123



Corkum 2000b), tt represents the proportion of

females in sampling year t, and mi indicates the

average number of eggs for age class i:

mi ¼
Pci

f¼1 nf

ci
ð2Þ

In Eq. 2, nf represents the number of eggs of a single

female of length SL and ci is the total number of

females in age class i. The relationship between number

of eggs and length obtained by MacInnis and Corkum

(2000b) was applied to all females regardless of the

substrate where they were sampled because there were

not significant differences between slopes (F = 0.45;

P = 0.87) or elevations (F = 0.69; P = 0.63) of

substrate-specific length-weight relationships (see

Fig. 1a), and similar reproductive allocations and

maturation patterns are expected in females of similar

size (Bolger and Connolly 1989). In addition, the use of

the regression between number of eggs and standard

length obtained by MacInnis and Corkum (2000b) in

their study in the upper Detroit River to estimate mean

annual fecundity in Hamilton Harbour was supported

by the similarity of the length-weight allometric curve

found in our study (W = 0.000018 SL3.0811) with the

one obtained by MacInnis (1997) in the upper Detroit

River (W = 0.000008 SL3.261; Fig. 1b).

Age-structured model

The round goby life cycle was modeled with a birth-

pulse (i.e., seasonal reproduction), age-structured

matrix model (Eq. 3) characterized by first maturity

taking place during the second year of life (i.e., age 1;
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Fig. 1 Length weight

relationships. a The

relationship between

standard length and weight

of round goby sampled on

four different substrate

types in Hamilton Harbour:

mud (diamonds), sand

(squares), cobble

(triangles), and boulder

(stars). b The relationship

between standard length

and weight of round goby

sampled in Hamilton

Harbour (W = 0.000018

SL3.0811). A length-weight

curve for the upper Detroit

River (MacInnis 1997;

W = 0.000008 SL3.261) is

included for comparison
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MacInnis and Corkum 2000b), maximum reproduc-

tive age of four years, survival Si, and fecundity rate

Fi computed as the product of the mean fecundity and

the annual survival of age class i, Fi = fi Si (i.e., post-

breeding variant of the matrix model; see Caswell

2001). Elements Si and Fi were incorporated into

individual transition matrices representing each sam-

pling year and site:

Mt ¼

0 F1ðtÞ F2ðtÞ F3ðtÞ F4ðtÞ
S0ðtÞ 0 0 0 0

0 S1ðtÞ 0 0 0

0 0 S2ðtÞ 0 0

0 0 0 S3ðtÞ 0

0

B
B
B
B
@

1

C
C
C
C
A

ð3Þ

The dominant eigenvalue of matrix Mt, kt, repre-

sents the annual population growth rate such that

Nt?1 = kt Nt. Given that the value of age-0 survival

(S0(t)) is still unknown, population growth rates were

estimated from the analysis of time series. Aggre-

gated monthly captures were incorporated into a

Leslie-Davis depletion model to compute annual

population size (Nt), population growth for sampling

year t (kt) was calculated as Nt?1/Nt, and the mean

intrinsic rate of increase (r) was determined from the

best of a set of three models of population growth

(see below). The survival rate for the first year of life

(S0(t)) for each sampling year and site was estimated

by solving each matrix Mt for the annual population

growth rate kt.

Modelling population growth

Annual density (Dt) was computed as the Leslie-

Davis estimate of population size divided by the

potential area of influence of a single minnow trap.

Previous studies indicate that site fidelity in round

goby is strong (Wolfe and Marsden 1998) with an

average home range of 2.65–7.35 m2 (Ray and

Corkum 2001). If a minnow trap were placed in the

center of a quadrant divided into four identical

squares, each representing individual home ranges,

fish from the four home ranges could potentially be

captured by the minnow trap occupying one corner of

each of the home-range squares. Using the 2.65 m2

lower and 7.35 m2 upper limits of round goby home

range size, we calculate that the area of influence

of a single minnow trap varies from approximately

10–30 m2. Therefore, the area of influence of each of

the four minnow traps did not overlap since they were

placed more than 10 m apart. Data from all substrates

were pooled after a non-parametric analysis indicated

non-significant differences in density among sub-

strates (Kruskall-Wallis: v2 = 2.43; df = 3; P = 0.49).

The final estimates of density (Dt) were computed as

the average density across all traps in each location

and included low and high estimates of density

generated by upper and lower home range limits,

respectively.

Three models of population growth were fitted to

the density data using nonlinear least-squares regres-

sion of log(Dt?1/Dt) against Dt: (1) the Ricker model

was represented with the equation log(Dt?1/Dt) =

r(1 - Dt/K); (2) the theta logistic model log(Dt?1/Dt)

= r(1 - (Dt/K)h); and, (3) a model incorporating

Allee effects as log(Dt?1/Dt) = log(Dt) - log(h ?

Dt) ? r - KDt, where r represents the intrinsic rate

of increase, K is the carrying capacity, and h is a

model parameter that determines how r changes with

Dt (Morris and Doak 2002). A density-independent

model (log(Dt?1/Dt) = r) was not included in the

model selection process because preliminary analyses

showed a clear density-dependent pattern (Fig. 2).

The Akaike Information Criterion (AIC) was used

for model selection. The AIC identifies the best

model based on the model’s likelihood to fit the data

and the number of parameters. More complex models

(with more parameters) are more heavily penalized.

The AIC was corrected for small sample size and

Akaike weights (AICweight) were computed following

procedures described by Burnham and Anderson

(1998). Akaike weights quantify the probability that a

given model is the best representation of the data.

Backcalculating time of arrival and establishment

Arrival and establishment are two separate phases of

a non-native invasion (Vermeij 1996). Small incip-

ient populations of non-native species fail to establish

if they do not reach population densities enabling

them to cope with environmental and demographic

stochasticity and with Allee effects (Lockwood et al.

2005). For a species with strong site fidelity and small

home range such as the round goby (Wolfe and

Marsden 1998; Ray and Corkum 2001), overcoming

Allee effects is of great importance in the invasion

process (Leung et al. 2004). Based on home range

estimates of 2.65 and 7.35 m2, finding a mate would

require at least a population density of 0.38 and 0.14
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adult fish per square meter (i.e., the inverse of the

home range), respectively, to overcome this kind of

Allee effect and have a chance of establishment.

Thus, using these density limits as the range of

critical density for establishment (DE), we followed

an analytical approach to backcalculate the time of

establishment (TE) that also facilitated the backcal-

culation of time of arrival. Deterministically, time of

establishment was calculated as:

TE ¼
log DC

DE

� �

r

2

4

3

5 ð4Þ

where DC represents the density at the beginning of

the time series and r is the Ricker’s population

growth rate. TE was calculated for the two critical

densities for establishment (DE) determined by the

range in adult home range size.

Backcalculated time of arrival (TA) would be the

limit of Eq. 4 as density (D) approaches a value of zero:

TA ¼ lim
D!0

log DC

D

� �

r

" #

ð5Þ

Since TA tends to infinity as D approaches zero, TA

was approximated with a third-order polynomial of T

on D for the range D = (0.01, 0.38), where the upper

limit of this range represents the largest of the critical

densities for establishment:

TA ¼ lim
D!0

aD3 þ bD2 þ cDþ d
� �

¼ d ð6Þ

The third-order polynomial explained 98.4% of the

variation in TA computed with Eq. 5.

Propagule pressure

Propagule pressure is a composite measure of the

average number of non-native individuals of a given

species released into a region in a single introduction

event (propagule size) and the number of discrete

release events in a given period of time (propagule

number) (Lockwood et al. 2005), and can be defined as

an annual rate. A more crucial measure of propagule

pressure, as it relates to population growth rates of

introduced species and their probabilities of establish-

ment, would explicitly represent the relationship

between the impacted area and propagule size number.

Such a measure of propagule pressure (U = absolute

propagule pressure) is the number of non-native

individuals introduced in a given area per year, or

more specifically, U = number of individuals/m2/y.

Without information about the number of release

events through the most common vector, ballast

water (Corkum et al. 2004), or information about

the average number of round goby released in each

event, it is challenging to separate the influence

of natural survival and propagule pressure on our

estimates of annual survival obtained from catch

curves. Therefore, it is reasonable to assume that

our estimates of adult survival are in fact a

composite measure of natural survival and propa-

gule pressure, such that SA = PS ? U0, where SA is

identified as ‘‘apparent adult survival’’, PS is the

natural annual survival rate and U0 is a relative

measure of propagule pressure, expressed in sur-

vival units that can be incorporated into a transition

matrix:
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We estimated natural survival from the life history

invariant M/k = 1.65 (Charnov 1993; Jensen 1996),

where M is the mortality rate and k is the von

Bertalanffy growth coefficient. Using a growth coef-

ficient of 0.4, estimated for round goby from the

upper Detroit River (www.fishbase.org), this proce-

dure generated a natural survival rate of 0.52 that is

consistent with previous estimates of round goby

survival in Lake Erie (Bunnell et al. 2005). Variation

in natural survival (PS) was created artificially by

increasing and decreasing its value by 20% (i.e.,

PS ± 0.2 PS) to analyze the influence that uncertainty

in natural survival has on population dynamics. Rel-

ative propagule pressure (U0) was computed for each

sampling year and site as SA - PS and incorporated

into corresponding transition matrices (Eq. 7) to

conduct an analysis of the sensitivity of round goby

population growth rate to changes in the matrix ele-

ments S0, PS, U0, and fi (see next section).

Jerde and Lewis (2007), using a hierarchical

approach to model the invasion process, arrived at a

description of the probability of at least one individual

remaining in the invaded area after one time step (c) as

a function of the probability of surviving in the new

environment (PS) and absolute propagule pressure (U):

c ¼ 1� e�Ps U ð8Þ

Under this framework, Jerde and Lewis (2007) also

calculated the probability of establishment (PE(t)) at a

given time (t) as:

PEðtÞ ¼ 1� 1� cð Þt ð9Þ

Building on Eqs. 8 and 9, the relationship between the

probability of establishment (PE) and absolute prop-

agule pressure (fish/m2/year) necessary to establish at

time TE after arriving at time TA was calculated as:

U ¼
log 1� PEð Þ1= TA�TEð Þ
h i

�PS
ð10Þ

where TA - TE represents the elapsed time between

arrival and establishment.

We also applied Eq. 10 to estimate the absolute

propagule pressure in terms of juvenile (age-0)

fish, using S0 instead of PS in the computation and

assuming the same home range for adults and juve-

niles, to obtain some insights into the levels of

juvenile introduction needed for establishment.

These computations were conducted for the range

of juvenile survival values estimated in Hamilton

Harbour during the study.

Prospective perturbation analysis

For projection matrices like Mt or N, the influence of

vital rates (i.e., survival and fecundity) on the

population growth rate is indicated by the elasticities

of matrix elements (eij), which represent the partial

derivatives of k with respect to mij, the individual

elements of the matrix. Multiplying the set of

elasticities by k produces a set of contributions which

sum to k, and the eij themselves give the relative

contribution of the different transitions to k (de Kroon

et al. 1986). Vital rates usually contribute to more

than one matrix element and therefore the chain rule

for differentiation was used to compute vital rate

elasticities (Caswell 2001; Morris and Doak 2002).

Vital rate elasticities represent how sensitive the

population growth rate (k) is to changes in individual

vital rates.

We used a stochastic approach, incorporating

annual variation in vital rates and separating natural

survival from relative propagule pressure as indicated

by matrix N (see Table 1 for a summary of values), to

conduct a perturbation analysis. This kind of analysis

is designed to provide insights into the relative effects

on round goby population growth rates from targeting

different vital rates or propagule pressure in future

control actions. For this model, we used computer

simulations to generate 1000 random matrices with

vital rate values drawn from various distributions.

The beta distribution was used to simulate the

variation in natural survival (PS) and relative prop-

agule pressure and parameterized with means and

N ¼

0 f1 PS þ U0ð Þ f2 PS þ U0ð Þ f3 PS þ U0ð Þ f4 PS þ U0ð Þ
S0 0 0 0 0

0 PS þ U0 0 0 0

0 0 PS þ U0 0 0

0 0 0 PS þ U0 0

0

B
B
B
B
@

1

C
C
C
C
A

ð7Þ
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variances derived from rate values from all sampling

years. This distribution is appropriate for binary

events such as survival and produces random vari-

ables confined to the interval from 0 to 1. A uniform

distribution was applied to age-0 survival (S0) and

parameterized with minimum and maximum values

derived from all sampling years. The lognormal

distribution was used to simulate age-specific fecun-

dity values with mean and variance generated by age-

specific rate values from all sampling years. This

distribution produces only positive random variables

bounded by zero and infinity, and is particularly

appropriate for organisms with numerous offspring

(e.g., Mertz and Myers 1996). Population growth rate

(k), elasticities of survival and fecundity rates, and

the elasticity of propagule pressure were calculated

for each matrix, and a parametric bootstrap was used

to estimate mean stochastic elasticities and their 95%

confidence intervals.

Results

Survival

Over the study period (2002–2008), 4590 adult

round goby were sampled. Annual estimates of adult

survival in Hamilton Harbour, derived from annual

catch curves (i.e., apparent survival), ranged from

0.56 to 0.74. Inferred estimates of juvenile (age-0)

survival for the same sampling period ranged from

0.0005 to 0.0087. There was a clear declining trend

in survival with greater declines for age-0 (95%

reduction) than for adult fish (22% reduction)

(Fig. 3a).

Fecundity

Males were more abundant than females in all

sampling years in Hamilton Harbour, with the

proportion of females ranging from 0.28 to 0.39.

Strong male bias has been observed in other studies

(Corkum et al. 2004; Young et al. 2010) and been

associated with territory and egg defence. These

behavioural aspects have the potential to restrict the

movement of adult males, thereby generating a male

bias in capture probabilities (Young et al. 2010).

Fecundity estimates in Hamilton Harbour ranged

from 134 (age-1 fecundity for year 2006) to 618 (age-

4 fecundity for year 2002). Age-4 females were not

captured in 2003 and 2006. As 4 year olds are the

oldest individuals captured in Hamilton Harbour, a

small proportion of the population is expected to be

comprised by age 4 females. The probabilistic nature

of both survival and sampling makes it likely that the

oldest age classes are not always sampled, which

appears to have happened in 2003 and 2006. Further,

apart from age-4 fecundity, which seemed to decline

during the study period, age-specific fecundity was

relatively constant throughout the study period

(Fig. 3b).

Population growth and probabilities of habitat

saturation

Estimates of annual population growth rate (kt)

ranged from 0.56 to 1.75. Akaike weighs indicated

a strong preference for the Ricker model (Table 2).

Carrying capacities generated by this model were 7.4

and 22.3 fish/m2 for low and high density estimates

Table 1 Mean, variance, minimum, and maximum values of population parameters used in stochastic simulations

Parameter Symbol Mean Variance Minimum Maximum

Age-0 survival S0 0.0053 1.358E-05 0.0005 0.0087

Natural adult survival PS 0.52 0.010816 0.416 0.624

Propagule pressure U0 0.158 0.0041 0.04 0.22

Apparent adult survival SA 0.678 0.0041 0.56 0.74

Age-1 fecundity f1 169.6 1353.3 134.0 225.2

Age-2 fecundity f2 221.5 2413.7 167.3 283.5

Age-3 fecundity f3 321.3 5230.5 250.1 427.3

Age-4 fecundity f4 503.3 12531.3 407.3 618.2

3868 L. A. Vélez-Espino et al.

123



and were exceeded by saturation densities of 11.62

and 34.87 fish/m2, respectively, in 2006 (Fig. 2).

Arrival and establishment

Deterministic backcalculation of time of arrival and

establishment indicated that round goby arrived at

Hamilton Harbour in 1994–1995, 7–8 years prior to

the beginning of the study. Establishment densities

were apparently reached 3–4 years prior to the study

(i.e., by 1998–1999). This produced an elapsed time

of 3–4 years between arrival and establishment

(Table 3). The deterministic backcalculations concur

with the years in which round goby were first detected

in the Great Lakes (1990; Jude et al. 1992) and in

Hamilton Harbour (1999; Balshine et al. 2005). Our

backcalculations indicate that round goby may have

been present in the harbour up to 5 years before their

detection. Low densities during the arrival phase most

likely diminished the probabilities of detection.

Propagule pressure

Relative propagule pressure (U0) averaged 0.16 and

ranged from 0.04 to 0.22, representing between 7 and

30% of the value of apparent survival estimated from

catch curve analyses in Hamilton Harbour. The

probability of establishment increased convexly with

absolute propagule pressure (Fig. 4). The probability

of establishment for adult round goby was significant

([0.05) for an absolute propagule pressure of 0.02–

0.03 fish/m2/y. A 0.99 probability of establishment

was reached at a propagule pressure of 2–3 adult fish/

m2/y (Fig. 4a).

In terms of juvenile (age-0) fish, the probability of

establishment was significant ([0.05) for absolute
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propagule pressure ranging 1–32 juvenile fish/m2/y

(Fig. 4b). The variation in home range had a small

influence on establishment probabilities relative to

the influence of temporal variation in age-0 survival.

Similarly, the probability of establishment reached a

value of 0.99 at a propagule pressure of 118–2896

juvenile fish/m2/y.

Elasticities of population parameters

Mean elasticity for natural adult survival (PS) had a

value of 0.53 whereas an elasticity value of 0.16 was

computed for relative propagule pressure (U0). The

mean elasticities of both fecundity and age-0 survival

were identical (0.31), as expected in age-structured

models with maturation after the first year of life

(Caswell 2001). Although in general the elasticity

pattern in Hamilton Harbour suggested a greater

sensitivity of population growth rates to changes in

adult survival, a wide 95% confidence bar for

fecundity indicated that under particular circum-

stances population responses to changes in this vital

rate could be similar to those produced by fluctua-

tions in adult survival (Fig. 5).

Perturbation analysis of elasticities indicated that a

20% reduction in individual demographic rates

would, on average, reduce the population growth

rate by 6.2% if fecundity rates or age-0 survival were

reduced, 10.6% if adult survival were reduced, or

3.2% if propagule pressure were reduced. Based on

an average population growth rate of 21% increase

during the study period, 20% reductions in any

individual vital rate would not significantly slow

population growth during the establishment and

spread phases. More specifically, annual population

growth could still be 8 to 17% after reducing

individual vital rates by 20%. Halting population

growth and spread would have required a proactive,

integrated pest management approach simultaneously

reducing several vital rates. Our elasticity analysis

indicated that for a scenario characterized by reduc-

tions in all demographic rates (i.e., vital rates and

relative propagule pressure), reducing these rates by

13.2% could have halted round goby population

growth rates. However, completely eliminating

Table 2 Akaike information criterion (AIC) as a tool for model selection

Model Density Parameter estimates

r K h Vr P LLmax AICc AIC weight

Ricker Low 0.782 7.4 – 0.10002 3 -1.606 21.212 0.5

High 0.782 22.3 – 0.10002 3 -1.606 21.212 0.5

Theta logistic Low 0.922 7.3 0.81 0.0998 4 -1.6 51.2 0

High 0.922 21.9 0.81 0.0998 4 -1.6 51.2 0

Allee effect Low 0.687 0.09 -0.21 0.09985 4 -1.601 51.202 0

High 0.687 0.03 -0.63 0.09985 4 -1.601 51.202 0

Table includes data for population models using low and high densities resulting from lower and upper bounds in home range (see

‘‘Methods’’ for details)

r intrinsic rate of increase; K carrying capacity; h theta parameter; Vr residual variance; p number of parameters; LLmax maximum

log likelihood

Table 3 Estimated time of arrival and establishment of round

goby in Hamilton Harbour

Home range

Low

(2.65 m2)

High

(7.35 m2)

Maximum estimated density

(fish/m2)

34.87 11.62

Minimum estimated density

(fish/m2)

6.71 2.24

Arrival (years prior to study) 8.22 6.62

Establishment (years prior to study) 3.74 3.44

Elapsed time between arrival

and establishment (y)

4.48 3.18

Elapsed time between arrival

and saturation (y)

12.22 10.62

Results are presented for density estimates derived from the

low and high values of home range determined for round goby,

which represent the range in home range reported by Ray and

Corkum (2001)
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propagule pressure after establishment would not

have produced equilibrium, still allowing a 2%

annual population growth rate.

Discussion

Five major conclusions emerge from our modelling

analyses. First, round goby populations in Hamilton

Harbour reached saturation densities approximately

one decade after arrival (2006) with densities

55–56% greater than the carrying capacities. The

existence of density-dependent processes explained

the decline in survival rates of age-0 and adult

round goby. After reaching saturation densities,

strong inter-specific competition for food and space

resources, and perhaps increased predation rates

associated with high round goby densities, may have

triggered the declines in survival. Second, round goby

population dynamics during the first phases of

invasion seem to reflect deterministic processes

characterized by high propagule pressure and quick

transitions from arrival to establishment (3–4 years).

Third, significant probabilities of establishment can

be reached at low absolute propagule densities of

0.02–0.03 adults/m2/y. Absolute propagule pressure
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Fig. 4 Probability of establishment as a function of absolute

propagule pressure and elapsed time between arrival and
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(black lines) home range estimates. a Propagule pressure

measured as adult fish/m2/y. b Propagule pressure measured as

age-0 fish/m2/y and establishment probability influenced by

minimum (solid lines) and maximum (dashed lines) age-0

survival rates in Hamilton Harbour. Note the change of scale

on the x-axis between panels a and b
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in the form of juvenile introductions would have to be

two to three orders of magnitude larger than adult

introductions to produce significant probabilities of

establishment. In addition, large temporal variability

in survival during the first year of life increases

uncertainty in the establishment probabilities of

juveniles, for which a string of several favourable

years would be required to produce a significant

probability of establishment. Fourth, the time from

establishment to saturation could be twice as long as

the time from arrival to establishment. Fifth, an

aggressive integrated management approach is nec-

essary to generate long-term population declines or

reduce equilibrium densities after establishment.

Perturbation analysis showed that simultaneous (i.e.,

additive) reductions greater than 13% in juvenile

survival, adult survival, fecundity, and relative

propagule pressure (U0) would have been necessary

to produce continuous population declines. Further,

these analyses showed that without a proactive

approach sustained population declines could not

be achieved after establishment even if propagule

pressure were completely removed.

Our study showed that once adult density was

greater than one fish/m2, population density rapidly

increased to saturation densities, abruptly declining

after reaching peak densities in 2006. Maximum

densities estimated by other studies in the Great

Lakes (e.g., 50 fish/m2, Charlebois et al. 1997;

40 fish/m2, Vanderploeg et al. 2002; 50 fish/m3,

Miner and Farver 2004) were greater than the carrying

capacity values (K) generated by the Ricker model

but they were similar to saturation densities in our

study. Although density values reported by Miner and

Farver (2004) are given in cubic meters, the differ-

ence between a two-dimensional and a three-dimen-

sional metric of density may be small given the

benthic behaviour of round goby, particularly adults

and large juveniles, which rarely swim in the water

column (Hoover et al. 2003). It is worth noting

however, that newly hatched round goby are pelagic

(Hensler and Jude 2007).

Our approach to estimating initial establishment

conditions via the extrapolation of population dynam-

ics at large population sizes excluded the demographic

influences of important small population processes

such as Allee effects and demographic stochasticity

(Leung et al. 2004). However, an elapsed time of

3–4 years between arrival and establishment suggests

that dynamics were largely deterministic and the

influence of Allee effects and demographic stochas-

ticity were likely overwhelmed by high propagule

pressure and low natural mortality of introduced adults.

In other words, the ecological resistance to biological

invasion was overwhelmed by high propagule pressure

(Von Holle and Simberloff 2005). Jerde and Lewis

(2007) also report that with high propagule pressure,

invasion dynamics become essentially deterministic,

swamping the influences of stochastic processes.

Courtship and spawning in round goby is mediated

by the release of sex pheromones (Corkum et al. 2006).

Such long distance attraction substances would
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considerably improve the probability of finding a mate

even when densities are low.

The demographic contribution of propagule pres-

sure to the invasion process varied depending on the

invasion phase. Our results indicate that levels of

propagule pressure in the form of adult introductions

as low as 0.02–0.03 fish/m2/y was sufficient to produce

significant probabilities of establishment. This finding

mirrors that of Drake (2005) for the Eurasian ruffe

(Gymnocephalus cernuus) invasion of Loch Lomond,

Scotland, where the introduction of only a few mature

adults produced a considerable risk of invasion.

However, once the spread phase is initiated, propagule

pressure had little influence and eliminating propagule

pressure could not halt population growth and further

spread. In contrast, our analysis of propagule pressure

in the form of juvenile introductions showed that high

concentrations of juveniles would have to be released

annually to escape the negative effects of environ-

mental stochasticity on survival rates and to represent

a significant risk of invasion.

The short time lag between arrival and establish-

ment suggests some important management implica-

tions. First, corrective management strategies or a

learning period after detection is not the best approach

to controlling round goby invasion. Second, control

efforts should focus on preventive measurements. To

control future establishment, spread, and ecological

and economic impacts of round goby in new locations,

strong emphasis should be placed in eliminating or

minimizing propagule pressure. This study suggests

that determining the relative contributions of different

dispersal vectors (e.g., ballast water or live bait)

facilitating round goby invasion, and identifying ways

to reduce propagule pressure, should be central themes

in future investigations. The combined application

of gravity models, which allow the estimation of

long-distance dispersal between discrete points in

heterogeneous landscapes (Thomas and Hugget

1980; Bossenbroek et al. 2001), and our demographic

indices of relative contribution to establishment and

population growth could reveal critical levels of

propagule pressure, generating risk profiles for differ-

ent locations. Alternatively, the analytical approach

introduced in our study for estimating absolute prop-

agule pressure (Eq. 10) can be used to infer these

critical levels in different aquatic environments.

We acknowledge that although our deterministic

backcalculations of time of arrival and establishment

are consistent with the first round goby detections in

the Great Lakes and in Hamilton Harbour, our

approach has some limitations that need to be

addressed. Among these limitations, the estimated

area of influence of a single minnow trap played a

major role in determining densities. However, our

results showed that using either the lower or the

upper limit of home range had only a minor to

moderate influence on the elapsed times between

arrival, establishment, and habitat saturation. Density

also had limited influence on the relationship between

propagule pressure and probability of establishment.

Our analyses were limited by a relatively short time

series; additional years of round goby sampling

would provide better resolution of the population

dynamics. Even with these limitations, our analyses

provided important insights into the invasion dynam-

ics of round goby despite some unavoidable uncer-

tainties with respect to density and home range.

Circumstantially, the study period included the time

period when saturation densities were achieved,

producing an unambiguous preference for the Ricker

density-dependent model.

Finally, our analyses revealed that proactive and

integrated management actions, such as the applica-

tion of simultaneous control strategies targeting

reductions in propagule pressure, survival, and repro-

ductive success, would be needed to halt population

growth after a round goby population has established.

Even a complete elimination of propagule pressure

after the establishment phase of the invasion process

would be unlikely to halt population growth or reduce

equilibrium densities. These findings suggest that

preventative measures would be the most effective

management options available to reduce the risk of

future invasions. The use of electric barriers (Savino

et al. 2001) and the application of piscicides (Dawson

et al. 1998) have been explored as methods to prevent

the spread of round goby in the Great Lakes.

However, given the relative importance of propagule

pressure during the establishment phase, introduction

vectors such as ballast water (Ricciardi and MacIsaac

2000) should be strongly curtailed and the use of

round goby as live bait should be discontinued (UOT

2010).
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