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SUMMARY

1. We studied the diet of the invasive round goby (Neogobius melanostomus) on a diel basis
in the Flint River, a warmwater stream in Michigan, U.S.A. Diet and available prey
samples were collected seven times over a 24 h period in four consecutive months. The
section of river studied lacked zebra mussels (Dreissena polymorpha), the primary prey of
adult round gobies elsewhere in the Great Lakes region.

2. Diet changed on a diel basis with hydropsychid caddisfly and chironomid larvae
predominating during the day, chironomid pupae dominating in the evening and
heptageniid mayflies dominating at night. Simultaneous study of macroinvertebrate drift
suggested that caddisfly and chironomid larvae were most likely picked from submerged
rocks, chironomid pupae were most likely taken during their emergent ascent and
mayflies were either captured from the drift or picked from rocks.

3. The Flint River lacks a diverse darter (Family: Percidae) and sculpin (Family: Cottidae)
fauna and it appears that the round goby has occupied a generalised darter/sculpin niche.
Our results indicate that round gobies have the potential to invade successfully riverine
systems, particularly those lacking a diverse benthic fish assemblage.

Keywords: exotic species, feeding behaviour, round gobies

Introduction

Successful invasive species exhibit characteristics
which allow them to exploit and quickly flourish in
new habitats. These typically include a wide tolerance
of environmental factors, rapid maturation, prolific
reproductive strategies and a broad diet (Ricciardi &
Rasmussen, 1998). The round goby (Neogobius mela-
nostomus), a small benthic fish native to the Black and
Caspian Sea (Ponto-Caspian) area, possesses many of
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these characteristics (Jude, 2001). It is euryhaline,
aggressive (Dubs & Corkum, 1996; Janssen & Jude,
2001) and has an extended reproductive period
(Charlebois et al., 2001). These characteristics have
enabled it to expand its range in Eurasia, survive a
trans-Atlantic ballast voyage and become established
in North America in all the Great Lakes and many of
their tributaries (Charlebois et al., 1997, 2001; Jude,
2001).

The round goby seems an unlikely candidate for
broad success as an invader because it is specialised for
feeding on molluscs via its molariform pharyngeal
teeth (Kobegenova & Dzhumaliyev, 1992; Ghedotti,
Smihula & Smith, 1995). Diet studies do not indicate the
broad diet characteristic of successful invasive species.
In its native region, as well as in areas in Eurasia where
it was introduced, the round goby feeds primarily on
bivalves (Miller, 1986; Simonovic, Paunovic & Popovic,
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2001). Young round gobies in the Great Lakes feed
primarily on arthropods, although at 50-60 mm stand-
ard length there is an ontogenetic diet shift to mollusks
and there is a high degree of overlap in the introduced
laucustrine habitats of round gobies and zebra mussels
(Jude, Janssen & Crawford, 1995; French & Jude, 2001;
Janssen & Jude, 2001). The primary food of adult round
gobies is the introduced zebra mussel (Dreissena
polymorpha) (Jude et al., 1995; Ray & Corkum, 1997;
French & Jude, 2001; Janssen & Jude, 2001).

The invasion into an upstream section of a Mich-
igan stream by the round goby provided an oppor-
tunity to study the diet of this specialist molluscivore
where bivalve mollusks, including native and zebra
mussels, were scarce. In 1996, the round goby was
found at sites in two inland rivers in Michigan, the
Flint and Shiawassee Rivers, which drain into Sagi-
naw Bay, Lake Huron. The round goby was presum-
ably transferred via bait buckets to these sites by
anglers, as the connection to Lake Huron is far
downstream and interrupted by several dams. By
1997, the round goby was confirmed to have estab-
lished populations in these rivers (Jude & Janssen,
unpubl. data). These invasions are of particular
interest because there was no substantial zebra mussel
population present during the late 1990s.

In preliminary sampling in the Flint River in 1997
(Jude & Janssen, unpubl. data), the round goby was
most abundant in riffles, a habitat usually dominated
by darters (Family: Percidae) and sculpins (Family:
Cottidae). The round goby is morphologically similar
to darters and sculpins and has been shown to
adversely affect these native benthic fish in the Great
Lakes (Jude et al., 1995; French & Jude, 2001; Janssen
& Jude, 2001; Jude, 2001). Preliminary diet analyses
indicated that the round goby diet in the Flint River
was similar to native stream benthivore diets, con-
sisting of Chironomidae (Diptera) and Hydropsychi-
dae (Trichoptera) larvae and Heptageniidae
(Ephemeroptera) nymphs.

In North American benthic feeding fish guilds, food
resources are partitioned by foraging habitat, feeding
behaviour and time of day (Ross, 1986; Greenberg,
1991). When an exotic species invades a community
with closely partitioned resources, the existing food
and space resources are reduced, which can lead to
elimination of native species (Moyle, Li & Barton, 1986).
To predict the effect of an exotic fish species on an
existing assemblage, it is essential to understand use of
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food resources by the invading fish, including the
primary prey and feeding ecology. This will allow for
better predictions of the effects the invader will have in
other localities and on native fish and invertebrate
species. This is of particular interest for the round goby,
which is expected to continue to spread in North
America, including the Mississippi River system.

The goal of this study was to describe the diet of the
round goby in the Flint River. Because fish feeding
and prey availability vary temporally, fish diets need
to be described on a diel and seasonal basis. Feeding
ecology is best described if samples are taken fre-
quently throughout the 24-h period (Johnson &
Dropkin, 1993), particularly at changes in light inten-
sity when feeding activity is often at its peak (Keast &
Welsh, 1968).

We addressed three primary questions regarding
this invader. (i) What is the diet of round gobies in the
Flint River, a habitat devoid of zebra mussels? (ii)
What are the characteristics of the prey of round
gobies? (iii) What is the feeding behaviour of the
round goby as revealed by changes in their prey
choice on a diel basis? These questions are cast in
broader questions of whether one invader facilitates
the success of other invaders (Simberloff & Von Holle,
1999) and the adaptability of the Gobiidae.

Methods
Study site

This study was conducted in the Flint River, a
warmwater stream in central Michigan (Leonardi &
Gruhn, 2001). The study site was at the intersection of
the river and Irish Road in Genesee County (46°06'N,
83°32'W), 3.9 river-km downstream from Holloway
Dam and 3.1 river-km upstream from Mott Dam. The
study site was primarily riffle habitat with depths to
12 m and a mean width of 30 m. Substrate was
primarily cobble on sand with some areas of aquatic
macrophyte beds (Potamogeton spp.). Discharge ran-
ged from 21 to 60 m> s™' during the study (data from
USGS gauging station no. 04147500 2.8 km upstream)
and was controlled by the upstream dam.

Diel diet collections

Diel collections of round gobies were made monthly
from May to August 1998. To determine peak feeding
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times, samples were collected six times throughout a
24-h period on 16/17 May, 28/29 June, 30/31 July and
22/23 August (Table 1). Samples were collected mid-
afternoon, pre- and post-sunset, middle of the night,
pre- and post-dawn and late morning (Table 1).
Collection of fishes took approximately 30 min at
each interval.

Collection methods varied with the number of
volunteers available. In May, fish were collected by
kick-seining into a 4.7-m long by 1.4-m high bag seine
with 6-mm bar mesh (Jude & DeBoe, 1996). Fish
samples in June and July were collected with a Coffelt
Variable Voltage Pulsator backpack electro-shocker
(model BP-2; Coffelt Manufacturing, Flagstaff, AZ,
U.S.A.), which was used to drive fish into a bag seine
placed immediately downstream. In August, fish were
collected by pulling a 3-m by 1.3-m, 6-mm mesh seine
downstream into a stationary bag seine (6-m by 1.3 m,
6-mm mesh). Regardless of the methods used, collec-
tions continued until at least 10 round gobies >50 mm
standard length (SL; approximately the size at which
diet shift to molluscs usually occurs) were obtained. All
round gobies collected were killed and preserved in
70% ethanol. Too few individuals of other fish species
were collected for meaningful diet comparisons.

For each sampling date and time, standard length
(mm) and sex of 10 round gobies >50 mm SL were
recorded and stomach contents were removed by
dissection for examination in the laboratory. Because
the goal of this study was to characterise the feeding
behaviour of round gobies by examination of prey,
volume or mass of stomach samples were not recor-
ded, as in energetic diet studies. Food items were
identified to the lowest practical taxon and counted
under a stereomicroscope. For partial prey items,
head capsules were counted.

Benthic and drifting invertebrate collections

Drift and benthos were sampled each time fish were
collected. These samples were not intended to quan-
tify rigorously prey abundance, but rather were semi-
quantitative to determine prey availability in either
the drift or the benthos. Before each fish collection,
benthos was sampled by collecting five similarly sized
rocks from the riffle. Immediately, rocks were placed
in plastic pans to contain invertebrates, which were
removed by hand using forceps. Drift was collected
with a 0.25-m diameter, circular drift net with 363-um

% full moon

76

Late morning
10:50 (57.3, 7.9)

Postdawn
06:45 (62.9, 8.5)

Sunrise
06:11

Predawn
05:30 (63.8, 5.3)

01:30 (61.0, 8.4)

Night
22:30 (57.7, 5.2)

Postdusk

Sunset
21:25

Table 1 Sampling period schedule for diel fish and invertebrate samples collected in 1998 from the Flint River, MI, U.S.A.
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mesh mounted on the substrate using steel rods
immediately upstream of the riffle. The net was
cleaned and replaced after each fish collection to
collect the suite of drifting species in water column
available to round gobies prior to the next diet-
sampling period. Because the length of time between
diet sampling periods varied based on crepuscular
events, nets were set for 1-6 h. All invertebrates
collected were preserved in 70% ethanol. Inverte-
brates from rock and drift samples were identified to
the lowest practical taxonomic level and counted.
Abundance in drift samples was expressed as a
capture rate (number h™"). Because of sampling diffi-
culties, a benthos sample was not collected during the
mid-afternoon period in May and drift samples were
not collected during the mid-afternoon periods in
May and June.

Statistical analysis

The five most frequent prey items found in round
goby diel diet samples were used for statistical
analysis: larval Chironomidae and Hydropsychidae,
Chironomidae pupae, Heptageniidae nymphs and
Daphnia (Cladocera). For the diel diet data, 280 fish
were used (four dates, seven time periods, ten fish
each time). The primary purpose of the diel collections
was to test for diel patterns in the diet, which were
expected to reflect prey activity and availability and
therefore to have a peak sometime during the samp-
ling period. To test for feeding peaks, i.e. curvature in
prey abundance in stomachs as a function of time, a
parabolic approximation in Analysis of Covariance
(ANCcOvA) was used. Time (t) and time-squared (t*)
(henceforth curvature) were covariates and date was a
group effect for each of the main prey taxa. A
significant curvature effect would indicate a diel
feeding cycle that could be approximated by a
parabola. A significant time effect (an overall slope
in the data) is probably best interpreted as the
parabola being non-symmetrical, i.e. not centred with
respect to sampling times. A significant date effect
would indicate significant differences among dates.
When curvature was statistically significant, regres-
sion was used to approximate the pattern of the diel
feeding cycle. This resulted in the following equation
describing the number of each prey item in the diet (y):

y=at* +bt+c
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where ¢ is a constant, and a and b are the coefficients
of each time term. This equation statistically demon-
strated the presence of a maximum or minimum for
each prey. For example, with sampling beginning and
ending during the day, a negative curvature coeffi-
cient (1) indicated nocturnal feeding, whilst a positive
coefficient indicated a daytime feeding maximum. If
the date term was significant in the ANcova, indica-
ting differences in the diel pattern among dates, a
separate regression test was conducted for each date.
All statistical analyses were performed using SYSTAT
5.03 (1993).

These analyses required some preliminary exam-
ination of the data to determine the location of the
maximum or minimum. Because the ANCOVA analy-
sis was designed to test for one maximum or mini-
mum for each prey item, it was unable to test for both
a maximum and a minimum as would occur if the
feeding cycle was not centred. Chironomid pupae and
heptageniid nymphs had night-time peaks with the
lowest numbers of prey occurring in mid-afternoon
and just before sunset. For these taxonomic groups,
the mid-afternoon sample was removed from the data
set (n = 240 fish) to centre better the parabolas. Diel
diet data on hydropsychid larvae and heptageniid
nymphs as prey were transformed using In(x + 1.0)*
to remove heteroscedasticity and non-normality of
errors. Chironomid pupal data were transformed
using In(x + 1.0) to correct for heteroscedasticity.

Daphnia were present in the diet samples only in
May and showed no diel pattern. Therefore, Daphnia
data were analysed using an analysis of variance
(ANovA), with time of day as the independent
variable.

To document changes in the availability of prey
items across dates, numbers of invertebrates present
in benthic and drift samples were analysed with a
two-factor (month and time of day) ANOVA. Tukey
pairwise comparison tests followed for significant
factors. For Daphnia, hydropsychid larvae, chironomid
pupae and heptageniid nymph drift data, In(x + 0.5)
transformations corrected for heteroscedasticity of
erTors.

Results

During May through August 1998, 2038 fish were
collected from the Flint River. Round gobies were the
most common fish species collected (79% of total),



746 S.M. Carman et al.

followed by emerald shiners (Notropis atherinoides)
(9%), bluntnose minnows (Pimephales notatus) (3%),
blackside darters (Percina maculata) (2%) and bluegill
sunfish (Lepomis macrochirus) (2%). The round gobies
used for stomach analysis ranged from 54 to 82 mm
SL with a mean length of 63 mm. Forty-six per cent of
the round gobies used for diet analyses were male.

Diel diet patterns

The most common round goby prey items by
number, pooled across all diel periods and months,
were chironomid larvae (45% of diet), hydropsychid
larvae (7%), chironomid pupae (4%) and heptage-
niid nymphs (2%; Table 2). Daphnia, although pre-
sent in only 1 month, accounted for 78% by number
of the diet in May and were thus considered an
important prey item. Fish prey comprised <1% by
number of the round goby diet. Only one small
round goby (about 30 mm SL) and one small
stonecat (Noturus flavus), (<25 mm SL) a common
madtom species, were found in stomach samples.
Several males were found with round goby eggs in
their stomach.

Although round gobies fed throughout a 24-h
period, prey type changed during the period (Fig. 1).
Across the months, the maximum number of chir-
onomid and hydropsychid larvae occurred in the diet
most often during the day, whilst maxima for
chironomid pupae and heptageniid nymphs occurred
at night. Consumption of Daphnia exhibited diel
changes but without a pattern related to the diel cycle.

For chironomid larvae, date, time and curvature
were significant (F3 74 = 23.4, P < 0.001; Fy 074 = 48.7,
P <0.001; Fy574 = 35.6, P <0.001, respectively). The
by-date regressions showed similar patterns, gener-
ally with a negative time coefficient (from -55.8 to
-11.7) and positive curvature coefficient (from 0.002
to 0.02), indicating fewest chironomid larvae were
found in the diet shortly after midnight (Fig. 2). The
curvature was more pronounced in June, July and
August, than May, when the fewest number of
chironomid larvae were found in stomachs.

Hydropsychid larvae in round goby stomachs were
fewest at night (Fig. 3). The ANCOVA revealed that
date, time and curvature were significant (F3o73 =
15.8, P < 0.001; Fy 73 = 12.9, P < 0.001; Fyp73 = 214,
P <0.001, respectively). The by-date regressions
indicated that the night-time minimum was more

Table 2 Per cent composition by number of items in the diet of
round gobies pooled from collections on 16/17 May, 26/27 June,
30/31 July and 22/23 August 1998 from the Flint River

Benthic  Dirift
Taxa Diet samples  samples
Ephemeroptera
Baetidae nymphs <1 0 <1
Heptageniidae nymphs 2 <1 <1
Tricorythidae and <1 3 <1
Caenidae nymphs
Potamanthidae and <1 <1 <1
Ephemeridae nymphs
Odonata
Calopterygidae/ <1 <1 <1
Coenagrionidae naiads
Orthoptera
Gryllotalpidae <1 <1 0
Plecoptera
Nemouridae nymphs <1 <1 <1
Hemiptera
Corixidae <1 <1 <1
Megaloptera
Sialis <1 <1 <1
Trichoptera
Hydropsychidae larvae 7 3 <1
Ueniodae (Neophylax) larvae 0 10 0
Other Trichopteran larvae <1 <1 <1
Trichopteran pupa <1 <1 <1
Coleoptera
Elmidae larvae and adult <1 <1 <1
Diptera
Chaoborus larvae and pupae <1 0 <1
Chironomidae larvae 45 82 <1
Chironomidae pupae 4 1 2
Simuliidae larvae and pupae 1 <1 <1
Others
Daphnia (May only) 37(78) <1(<1) 38(33)
Eubosmina <1 0 2
Leptodora 0 0 <1
Calanoida <1 0 5
Cyclopoida <1 0 51
Arachnida (water mites) <1 <1 <1
Neogobius melanostomus <1 0 0
(Round goby)
Neogobius melanostomus eggs <1 0 0
Noturus flavus (Stonecat) <1 0 0

Also shown is the percent composition of organisms in benthos
and drift samples collected at the same time (Ngsn = 280;
NBenthos = 27; Nprise = 26). Daphnia percent compositions for
16/17 May collections are given in parenthesis (Ngsn = 70;
NBenthos = 6; Npriet = 6).

pronounced in July and August, when hydropsychids
were most common in the diet.

The maximum number of chironomid pupae in
round goby stomachs occurred at night and ANcova
revealed significant time and curvature covariates

© 2006 Blackwell Publishing Ltd, Freshwater Biology, 51, 742-755
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Fig. 1 Diel cycle of main prey items in diets of the round goby collected on 16/17 May, 28/29 June, 30/31 July, and 22/23 August 1998
from the Flint River. The mean number eaten per fish + standard error is plotted on a logarithmic scale (1 = 280 fish). The horizontal

black bar along the bottom indicates night.

(F1233 =40.7, P <0.001; Fy233 =204, P <0.001,
respectively), with no significant date effect (F3,33 =
2.0, P >0.1) (Fig. 4). The regression had a positive
curvature coefficient (0.001), indicating the number of
chironomid pupae in the diet was greatest in the
evening and early morning.

The aNcova for heptageniid prey in the diet
revealed significant date, time and curvature (F3 33 =
79, P <0.001; Fyp33 = 18.4, P <0.001; Fy33 =158,
P <0.001, respectively). The by-date regressions
showed a nocturnal maximum near midnight with
a negative curvature coefficient, ranging from —0.001
to —0.004 (Fig. 5). The nocturnal peak was more
pronounced in May, June and July, when heptageniids
were more common in the diet.

Daphnia were present in the round goby diet in high
numbers only in May (Fig. 6), when there was a
significant time of day difference (ANOVA: Fg43 = 3.7,
P = 0.003), but with no apparent diel cycle because
peaks occurred during both day and night.

Benthic invertebrates

The most abundant benthic invertebrates found on
rock samples were chironomid larvae (82% by num-

© 2006 Blackwell Publishing Ltd, Freshwater Biology, 51, 742-755

ber), Neophylax (Trichoptera; 10%), hydropsychid
larvae (3%), Tricorythidae and Caenidae nymphs
(Ephemeroptera; 1%) and chironomid pupae (1%;
Table 2). There were no significant monthly differ-
ences (ANova 3,17 df, P> 0.05 or time-of-day
differences (ANOVA 6,17 d.f., P > 0.05) for chironomid
and hydropsychid larvae, chironomid pupae and
heptageniid nymphs in the benthic samples.

Drifting invertebrates

The most common invertebrates found in drift sam-
ples were Cyclopoida (51% of total drift), Daphnia
(38%), Calanoida (5%), Eubosmina (2%) and chirono-
mid pupae (2%; Table 2). Although the relative
abundance of chironomid and hydropsychid larvae
and heptageniid nymphs in the drift was low when
compared with the large number of zooplankton
present, their importance in the diet of the round goby
necessitated their examination in drift samples.

The number of chironomid larvae in the drift was
greater in July than May (ANOVA: F376 =38, P =
0.032). No significant time of day effect (ANOVA:
Fe16 = 1.2, P = 0.366) was seen for chironomid larvae
in the drift (Fig. 7a). Hydropsychid larval abundance
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Fig. 2 Chironomidae larvae in diets of the round goby from the Flint River on a diel basis by date (16/17 May, 28/29 June, 30/31 July,
and 22/23 August 1998). For all graphs, horizontal black bars along the bottom indicate night. Points are the mean number per
stomach = standard deviation (1 = 10 fish). Curves represent the regression curve for each month where t = time factor, t* =
curvature factor. ANCOVA results: date F5,74 = 23.4, P < 0.001; time F; 574 = 48.7, P < 0.001; curvature F; 574 = 35.6, P < 0.001.

in the drift was greater in July than in May or June
(ANOvaA: F315 = 4.5, P < 0.025). Although there was a
significant time-of-day effect (ANOva: Fg15 =3.7,
P < 0.025), the Tukey test did not detect any sig-
nificant pairwise differences (Fig. 7b). The trend was
for hydropsychid larvae to be more frequent in the
drift at night than during the day. Chironomid pupae
in the drift were greater in abundance in July and
August than in May (ANOVA: F515 = 3.4, P < 0.05).
On a diel basis, the number of chironomid pupae in
the drift tended to be greater at night than at other
times (ANOVA: Fg15 = 4.9, P < 0.01; Fig. 7c). Hepta-
geniid nymphs in the drift were greater in abundance
in July and August than in May (ANOVA: F3 15 = 5.23,
P < 0.05) and were more common in the drift at night
than during the day (ANOVA: Fg15 = 10.71, P < 0.001;

Fig. 7d). Daphnia numbers in the drift were greater in
May and July than June and August (ANOVA: F515 =
4143, P < 0.001). Daphnia also showed a significant
time-of-day effect (ANOvA: Fgq5 =2.78, P < 0.05),
with a small increase at night, but a Tukey pairwise
comparison test did not detect any significant differ-
ences among specific times (Fig. 7e).

Discussion

Our study of the diel feeding of the invasive round
goby is of general interest for two reasons. First, the
family Gobiidae is extremely speciose, with 1875
described species (Nelson, 1994). Most of these species
are marine, so the nature of the invasion of a
freshwater stream by the round goby may be of a

© 2006 Blackwell Publishing Ltd, Freshwater Biology, 51, 742-755
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Fig. 3 Hydropsychidae larvae in diets of the round goby from the Flint River on a diel basis by date (16/17 May, 28/29 June, 30/31
July, and 22/23 August 1998). For all graphs, horizontal black bars along the bottom indicate night. Points are the mean number per
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15.8, P < 0.001; time F; 573 = 12.9, P < 0.001; curvature F; 573 = 21.4, P < 0.001.

different character that an invasion by a member of a
more typically freshwater family. Second, the round
goby is one of a growing number of Ponto-Caspian
invaders in North America, so our investigation is
pertinent to the concept of an ‘invasional meltdown’
whereby one invader facilitates the success of other
invaders (Simberloff & Von Holle, 1999). Before
addressing these broader issues, we consider our
results in the context of the study area.

In the absence of zebra mussels as a potential prey,
the diet of the round goby in the Flint River appears to
be similar to that of native North American stream
benthic fishes such as darters and sculpins, which
prey primarily on aquatic insects and other arthro-
pods. Types of prey chosen and patterns of occurrence
in the diet can reveal much about the feeding

© 2006 Blackwell Publishing Ltd, Freshwater Biology, 51, 742-755

behaviour of a predator (Laughlin & Werner, 1980).
In lotic systems interpretation is complicated by
nocturnal drift by some prey species. A prey that is
benthic in habit may be captured either from the
substrate or in the water column whilst drifting.
Types of prey items found in the round goby diet
indicate that they were primarily benthic insect feed-
ers in the Flint River. However, items in the round
goby diet did not proportionally match items that were
available in benthic samples. In fact, some items found
in the diet (e.g. Daphnia) did not occur in the benthos,
but were found in the drift. Hence it appears that the
round goby was not feeding exclusively on benthic
prey. Prey of the round goby also varied on a diel
basis. Round goby diet breadth, shown both tempor-
ally (diurnal and nocturnal feeding) and spatially
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(prey taken from the benthos and drift), indicates that
the round goby may act functionally in multiple ways
in the Flint River. Understanding the functional
feeding of round gobies, instead of only what they
eat, permits deeper examination of potential compe-
tition with other species and impacts on the environ-
ment (Matthews, 1998).

During the day, the round goby fed primarily on
chironomid and hydropsychid larvae, most likely
whilst these were attached to rocks. These prey taxa
drift primarily at night (Tanaka, 1960; Bergey & Ward,
1989) and our own drift samples showed a similar
pattern. Both hydropsychids and many chironomid
larvae build shelters and/or feeding structures that
are exposed to the current and occupy these structures
during both day and night.

Two prey taxa, chironomid pupae and heptageniid
nymphs, were found in the diet primarily at night,
indicating that active feeding is still occurring after
nightfall. Chironomid pupae generally emerge at
dusk, bursting from their pupal cases, leaving the
substrate and floating to the surface for adult eclosion
(Palmen, 1955). Because the number of chironomid
pupae in the diet increased immediately at dusk, yet
the peak in drift appeared after dusk, it appears that
round gobies fed on this prey as they were leaving, or
preparing to leave, the substrate.

Heptageniid nymphs are photonegative and hide
beneath rocks during the day. They move to the tops
of rocks to forage at night (Lyman, 1945; Elliott, 1968),

at which time they are more exposed to predation. In
the Flint River, an increase was seen in the number of
heptageniid nymphs in the drift at night, coinciding
with this behaviour. The increase in heptageniids in
the diet at night indicates that round gobies fed on
these prey when the nymphs were most exposed,
either atop rocks or in the water column.

Probably the clearest indication that round gobies
will feed on drift during day or night is the occurrence
of Daphnia in their diet. Zooplankton were abundant
only in drift samples, presumably flowing downstream
from the Holloway Dam impoundment. Their irregular
diel pattern in May drift samples is probably a conse-
quence of emigration from the upstream impoundment
during nocturnal vertical migration, compounded by
the time needed to drift to our study site. This effect
could be complicated further by temporary residency
in upstream pools. Based on this observation, feeding
on heptageneiids and / or chironomid pupae while they
are adirftis very likely and itis unclear whether they are
captured from benthic surfaces.

Similar feeding on zooplankton escaping from a
lake was reported for the white sucker (Catostomus
commersoni) by Saint-Jacques, Harvey & Jackson
(2000). Although white suckers are morphologically
adapted for benthic feeding, zooplankton comprised
over half of their diet. It was suggested that white
suckers used this resource when benthic prey
decreased in abundance or availability. Zooplankton
may serve a similar function for round gobies in the
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Flint River. Variation in feeding behaviour, including
the use of prey from both the benthos and drift, in
response to diel and seasonal prey availability, has
also been recorded for the pumpkinseed sunfish
(Lepomis gibbosus; Collins & Hinch, 1993).

© 2006 Blackwell Publishing Ltd, Freshwater Biology, 51, 742-755

Although Daphnia were not always the most common
zooplankton found in the drift, they were the most
numerous in the diet. This may be due in part to the
relatively larger size and behaviour of Daphnia.
Cladocerans have a higher capture probability than
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copepods, allowing planktivores to capture cladocer-
ans with more success (Drenner, Strickler & O’Brien,
1978). The ability of copepods to avoid capture may
account for their absence in the round goby diet.
Using the fish functional groups proposed by
Matthews (1998), the round goby is both a benthic-
picker, at least by day and drift-feeder and possibly
benthic-picker by night. Therefore, the greatest diet
overlap and potential for competition, would occur
with other benthic-pickers, such as darters and scul-
pin. However, our Flint River site lacks a diverse
native benthic fish assemblage. Whilst Leonardi &
Gruhn (2001) report that mottled sculpin (Cottus
bairdi) and several darter species (Etheostoma spp.)
can be found in the Flint River system, only blackside
darters and stonecats were found during this study.
Although this limits the ability to compare diets
directly, prey choice of the round goby indicates the
potential for diet overlap with native benthic fish.

During the day, the round goby chose prey that
were abundant, exposed and active. This is similar to
Etheostoma darters, which feed on a variety of benthic
invertebrates, including larval chironomids, mayflies
and stoneflies (Smart & Gee, 1979; Greenberg, 1991).
Etheostoma are presumably visual feeders and forage
primarily during the day (Roberts & Winn, 1962;
Greenberg, 1991). At night, round gobies fed on prey
that were conspicuously active, indicating that they
are attracted by prey movement. The round goby has
been shown to feed effectively at night presumably
using its lateral line system (Jude et al., 1995). Cottus
bairdi and other sculpins feed nocturnally on benthic
invertebrates (Hoekstra & Janssen, 1985; Greenberg,
1991). Hoekstra & Janssen (1985) concluded that
mottled sculpin use their lateral line system to detect
prey at night and demonstrated that blinded fish
could locate inert objects moving in an artificial
stream.

© 2006 Blackwell Publishing Ltd, Freshwater Biology, 51, 742-755



Catfishes of the genus Noturus also feed at night on
a variety of aquatic invertebrates (Becker, 1983).
However, French & Jude (2001) reported that
although diets of round gobies and northern madtoms
(N. stigmosus) were similar in areas of the St Clair
River, which flows from Lake Huron to Lake Erie, less
potential for competition may exist. In the dark,
Noturus species can detect prey using their well
developed chemosensory and electrosensory systems.
There may be very interesting trophic interactions
between round gobies and catfishes. Although stone-
cats were present in the Flint River, an insufficient
number was collected for diet comparison with round
gobies.

Additionally, because the round goby feeds from
the drift, there is potential for diet overlap with
epibenthic Percina darters, whose diet includes midge
and caddisfly larvae and baetid and heptageniid
nymphs (Smart & Gee, 1979; Greenberg, 1991).
According to 1997 Michigan DNR data, blackside
darters were the most frequent fish found at a
monitoring site 1-km upstream from our site (Leo-
nardi & Gruhn, 2001). In our 1997 and 1998 sampling,
blackside darters accounted for 6% and 2%, respect-
ively, of the total catch at the study site.

The success of the round goby in the Flint River
may be due in part to the absence of a diverse benthic
fish assemblage. It has been shown that biological
assemblages with higher species diversity are less
susceptible to invasion (Lodge, 1993; Tilman, 1997;
Cohen & Carlton, 1998). Studies indicate that this may
be because of a more complete and effective use of
resources and strong interspecific interactions (Case,
1990; Stachowicz, Whitlach & Osman, 1999). Redund-
ancy of species in the same trophic level, such as in a
rich benthic fish assemblage, leads to lower invasibil-
ity and a lower likelihood of replacement of native
fish (Naeem & Li, 1997). Additionally, in aquatic
systems, invasion occurs more readily in areas that are
impacted by humans (Ross, 1991). The section of the
Flint River studied flows through farmland with a
forested riparian zone and lies between two dams, so
there have been anthropogenic impacts (Leonardi &
Gruhn, 2001). Additionally there is a history of fish
invasions and stocking programs. These factors also
may have facilitated the establishment of round
gobies.

Our study clearly documents that, despite morphol-
ogy indicative of being a feeding specialist, the round

© 2006 Blackwell Publishing Ltd, Freshwater Biology, 51, 742-755
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goby in fact has a diverse feeding capability and can
be included as an example of an invader with a broad
diet along with the other characteristics listed by
Ricciardi & Rasmussen (1998). Indeed, the abundance
of round gobies in the Flint River suggests that the
success of the round goby invasion is not necessarily
contingent on zebra mussels. Hence citing their
success as evidence of an ‘invasional meltdown’, the
situation in which one species facilitates the invasion
of other species (Simberloff & Von Holle, 1999), must
be done with caution. The round goby invaded the
Great Lakes basin shortly after zebra mussels and was
discovered in the St Clair River, between Lakes Huron
and Erie, near where zebra mussels were first
discovered. Because the round goby typically has
been found in areas with abundant zebra mussels and
because zebra mussels form a substantial portion of
their diet in such places (Jude et al., 1995; French &
Jude, 2001; Janssen & Jude, 2001) it has been argued
that zebra mussels facilitate round goby success as
well as that of other invasive species (Ricciardi, 2001).

The family Gobiidae is the most speciose marine
family, with at least 1875 species. It's ranking is
comparable with the most speciose freshwater family,
the Cyprinidae, with about 2000 species (Moyle & Cech,
2000). Gobiids are extremely adaptable, frequently
adapting to freshwater especially on oceanic islands.
This ability to adapt to new environments has probably
fostered the unusual degree of speciation. The round
goby may be a prime example of gobiid adaptability;
despite specialisations for feeding on bivalves (Ghed-
ottiet al., 1995) they are successfully being sustained on
amainly insect diet in the Flint River. A wide breadth of
dietis a frequently cited quality of a successful invasive
species (Ricciardi & Rasmussen, 1998).

It has been argued that a diverse native population
can minimise or deter an invasion (Tilman, 1997;
Stachowicz et al., 1999). As the round goby expands
its range we may learn whether a diverse ensemble of
Etheostoma darters, perhaps in concert with sculpins,
can prevent or minimise a round goby invasion or
whether the round goby will extirpate many of these
species.
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