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aged to rapidly invade the Laurentian Great Lakes, the Baltic Sea and many rivers in

uted to adult life stages, despite their poor swimming capacity. However, the swim-
ming capacity of early life stages of round goby has not been considered before. We
therefore quantified critical swimming performance (U_,), sprint swimming perfor-

mance (U ), burst swimming speeds and swimming behaviours in early juvenile

sprint:
round goby that ranged between 10 and 25mm in body length. The average U
U

spectively, with the capacity of these early juveniles ranging between 41 and 79% of

crit’
sprint and burst speeds of these fish were an impressive 0.22, 0.34 and 0.67 m/s re-
what has been documented for adults. Notably, fish spent more time actively swim-
ming as current speed increased, while station holding decreased. Taken together,
our findings highlight that despite their small size, early juvenile round goby are not
simply passively moved by currents but have movement capacities that approach that
of the much larger adults. Our study emphasizes the need to consider the swimming
capacity of all life stages as this information will better predict dispersal and range
expansion and will help to design mitigation efforts to potentially prevent the spread

of this and other invasive species.
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1 | INTRODUCTION from its natal habitat to a new location where it will likely settle and

reproduce (Croteau, 2010), a phenomenon that can occur at various
The swimming performance or movement capacity of a species af- life stages. Whereas dispersal of adult fish is usually considered to be
fects not only their prey-predator interactions, but also their disper- an active process, dispersal in early life stages (i.e. larvae or juveniles)
sal ability, reproduction and ultimately their fitness (Cano-Barbacil has traditionally in fishes been considered more passive and a re-

et al., 2020; Plaut, 2001). Dispersal is the movement of an individual sult of water movements (Hayden & Miner, 2009; Zens et al., 2017).
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Given this traditional view and the additional difficulty of studying
dispersal in small-sized individuals, the movement of early life stages
of fishes are often overlooked. However, emerging studies in this re-
search area have shown that even very small, young fish can exhibit
clear active behaviours that can modify or enhance their ability to
disperse (Faillettaz et al., 2018; Zens et al., 2017).

Invasive species serve as an excellent model to study the mecha-
nisms that underlie movement and dispersal because the invasion of
new environments is often facilitated by their ability to move. While
the initialintroduction of many invasive species to new environments
has historically been a result of anthropogenic activities, the subse-
quent secondary spread of many invasive species is usually a result
of their own natural dispersal tendencies (Alford et al., 2009; Fraser
et al., 2015). The high success of many invasive fish species can be
attributed to their strong dispersal abilities (Rehage & Sih, 2004).

Round goby (Neogobius melanostomus) are benthic, euryhaline
fish native to the Black and Caspian Seas and an invasive species
in parts of North America and Europe. In North America, they were
first detected in the St. Clair River (Jude et al., 1992), but have since
spread to all five Laurentian Great Lakes and some other inland wa-
tersheds (Charlebois et al., 2001; Johansson et al., 2018). Round goby
were introduced to this region as well as to the Baltic Sea, Rhine and
Danube Riversinthe 1990s, presumably through the uptake of young
via the ballast water of transatlantic ships (Charlebois et al., 2001;
Jude et al., 1992; Kornis et al., 2012). The young emerge from eggs
fully developed resembling the adults, therefore are considered to
lack a true larval stage (Marsden et al., 1996) and are referred to
as ‘early juveniles’ (Hayden & Miner, 2009). These fish, which hatch
from eggs about 5mm (TL) in size (Leslie & Timmins, 2004) typically
reach maturity at sizes greater than 60 mm (Gutowsky & Fox, 2012).
Their aggressive behaviour, diverse diet, short spawning cycles and
high pollution tolerance are all thought to have contributed to their
success as an invader (Charlebois et al., 2001; McCallum et al., 2014).
The greatest concern with the round goby lies in the threat they
place on biodiversity, as they proliferate quickly, outcompete native
species for resources (Kornis et al., 2012) and are thought to be a
vector for contaminant and disease transfer (McCallum et al., 2014).
Knowledge of the movement patterns of round goby is crucial to
inform conservation and management efforts focused on controlling
their spread.

Previous studies on adult round goby have assessed their

swimming capacity using critical swimming speed (U__..) and sprint

crit
speed (Usprint) tests in a swim tunnel (Egger et al., 2020; Tierney
etal, 2011). While U

assesses sprint speed over shorter time intervals. Similar to many

it Measures prolonged swimming ability, Ug, ..,

other benthic species, round goby utilize a ‘burst- and-hold’ swim-
ming mode, adhering closely to the substrate with their fused pelvic

fins. Consequently, as argued by others, U__. tests likely reflect their

crit

station holding ability, whereas U tests provide a better measure

sprint
of swimming ability due to shorter speed increment intervals (Egger
et al., 2020; Tierney et al., 2011).

U_.and U

lack of ecological relevance, as fish rarely encounter conditions in

erit sprint €XPeriments have often been criticized for their

natural environments where current speeds increase in set incre-
ments like those in swim tunnels (Plaut, 2001). However, swim tun-
nel experiments are useful in illuminating ecologically relevant traits
like how routine activity and body size might influence swimming
abilities (Plaut, 2001). Another measure of swimming capacity that
is often tested alongside the other metrics is known as burst swim-
ming capacity, which is the fastest speed an individual can achieve
in a single burst of motion while in still water. Previous studies based
on these methods have demonstrated the upstream capabilities
of adult round goby. For example, Egger et al. (2020) showed that
orit SPeeds of 0.54 +0.10m/s, which is
comparable to the native European bullhead (Cottus gobio), another

adult round goby can achieve U

benthic species that similarly demonstrates a ‘burst-and-hold’ swim-
ming pattern. These authors also showed that round goby in fact
have a higher capability to disperse upstream than bullheads (Egger
et al., 2020). This may be in part due to their swimming behaviour,
which in adults mainly composed of holding onto the substrate
(Gilbert et al., 2016).

To date, there have been no studies solely focused on the
swimming capacity of juvenile round goby. Adult round goby may
have a higher swimming capacity compared to juveniles because
they have a much greater body mass that is capable of supporting
higher metabolic rates and energy usage (Rubio-Gracia et al., 2020).
Alternatively, adults could have a lower swimming capacity or moti-
vation compared to juveniles because they often enter a more sed-
entary phase of life during reproduction. Juvenile Atlantic salmon
‘smolts’, for example, were found to have a higher swimming capac-
ity than post-spawning adult ‘kelts’ (Booth et al., 1997). Comparisons
of swimming capacity between juveniles and adults could reveal
possible changes in swimming behaviour across ontogeny, as disper-
sal and active movement may be particularly concentrated during a
particular life stage for round goby.

In this study, we aimed to fill the knowledge gap about swim-
ming capacity of the earliest life stages. To do so, we examined the
movement capacity of early juvenile round goby smaller than 25 mm
U

Additionally, we scored the behaviour of each fish in the swim tun-

(SL) using three different measures: U and burst speed.

crit’ “sprint

nels as they swam against different current speeds. While critical

swimming speed (U sprint speed (U and burst speed can

crit)’ sprint)

all provide valuable insights into an organism's locomotive abilities
and endurance, the success of dispersal is also intricately linked to
a variety of behavioural decisions and motivation. Rapid dispersal in
motile animals depends on shifts in locomotor performance (speed
and endurance) and dispersal behaviour (Llewelyn et al., 2010), with
factors such as rates of movement attempts and the duration of
swimming efforts playing crucial roles in determining dispersal suc-
cess (Castro-Santos, 2006; Silva et al., 2018). Hence, we extended
our investigation of the dispersal capacity of early juvenile round
goby beyond mere swimming performance to include swimming
tendencies. Quantifying these behavioural aspects associated with
movement propensity can serve as a proxy for understanding the
motivation and capacity of a fish species to disperse (Goerig &
Castro-Santos, 2017). We predicted that larger juveniles would have
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higher U
larger individuals have greater muscle mass to power swimming. For

it USprint and burst speeds than smaller juveniles because
the same reasons, we also predicted that larger juveniles would be
more active, perform more forward movements and that individual
fish that were faster on one measure of swimming performance
would also be faster on another.

2 | METHODS
2.1 | Fish collection and maintenance

Early juvenile round goby were collected using a seine net (6m
longx 1.5m high, with a 3mm mesh size) from La Salle Marina in
Burlington, Ontario between June 2022 and October 2022. The fish
were transported to the Aquatic Behavioural Ecology Laboratory
(ABEL) at McMaster University in Hamilton, Ontario in aerated
marine coolers (90cm longx40cm widex40cm high). The early
juveniles used in this study had a standard length ranging from
10 to 25mm and a total mass ranging from 0.01 to 0.33g. In the
laboratory, the juveniles were kept in 20-gallon aquariums (60cm
longx46cm widex 30cm high) housing a maximum of 20 individu-
als. Fish were kept on a 16:8h light:dark schedule, at water tempera-
tures of 20-21°C and were fed frozen cyclopods and ground up fish

flakes twice a day.

Ecology of 30of10
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2.2 | Experimental overview

Endurance trials and sprint trials were conducted consecutively
on the same fish in a swim tunnel (5L Loligo® swim tunnel) where
fish swam against a current that increased in speed increments of
0.03m/s until exhaustion (Figure 1a). The current was produced by
a motor (SEW-EURODRIVE) that spun a propeller, and the speed of
the current was modulated by a voltage controller that regulated
the electrical voltage powering the motor. A flowmeter was used
to measure the various flow speed levels; the time between the in-
creasing speed intervals were 5min for the endurance trials and 10s
for the sprint trials. Essentially, endurance trials measured swimming
capacity over the long term, whereas sprint trials measured swim-
ming capacity over the short term. Endurance trials measured an in-
dividual's critical swimming speed (U_,,) while the sprint speed trials
). A video camera (Sony FDR-AX53)
positioned above the swim tunnel recorded the entire length of each

measured sprint speed (U,
trial, and a mirror was positioned in the frame of the camera so the
swim tunnel chamber could be simultaneously observed from both a
top view and a side view.

Burst trials were conducted in still water in troughs (70cm long
x10cmwide x 10cm high) where fish were chased by a glass probe
until exhaustion (Figure 1b). These burst swim trials measured
the highest speed an individual could attain in a single swimming

‘burst’ in the absence of a current. A video camera (Sony FDR-AX53)

(b)

FIGURE 1 (a) Experimental set-up of swim tunnel trials. A motor (A) powered a propeller (B) that generated the current and a voltage
controller (C) modulated the voltage entering the motor. Individuals were placed in a confined testing chamber (D) where they swam against
the current. Arrows represent the direction of the current in the swim tunnel. (b) Experimental set-up of still water burst trials. Fish were
chased with a rod in a standardized fashion in a narrow trough until they reached exhaustion.
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positioned above the troughs recorded the entire length of each
trial, and again, a mirror was positioned in the frame of the camera
so the troughs could be simultaneously observed from both a top
view and a side view. Water temperature was maintained at 20-21°C
in all trials and experiments. The same individual was tested in both
endurance and sprint trials, whereas still water burst trials were per-
formed using a different set of individuals than those used in the en-
durance and sprint trials. At the end of the trials, we measured each
fish's total mass (g) on an electronic scale (Mettler Toledo AB204-S)
to the nearest 0.001g, and total length (mm) and standard length
(mm) using digital callipers to the nearest 0.01 mm. The mean stan-
dard length +standard deviation (SD) of the fish used for the U
and USprint trials (Experiments 1 and 2) was 18.04 +4.11mm (n=63),
while the mean standard length+SD for the fish used in the burst
speed trials (Experiment 3) was 18.28 +3.69 mm (n=74).

2.3 | Experiment1:U
speed) trials

oit (critical swimming

U
et al. (2011) for adult round goby. Prior to the start of the experi-

it trials were modified following a protocol used by Tierney
ment, juvenile fish were allowed to acclimate to the swim tunnel for
30min. Once the acclimation period was over, the trial began with
the current set to a speed of 0.04 m/s. Thereafter, the speed was in-
creased by stepwise increments of 0.03m/s every 5min. During the
trials, if a fish remained near the screen at the back of the chamber
and refused to swim forward, it was stimulated to move by gently
touching its tail once with a long glass rod. The trial continued if
the fish swam in response to the stimulation, but if after three at-
tempts to stimulate the fish to move, the fish did not respond, it was
considered to have reached exhaustion, that speed was recorded,
and the trial was consequently terminated by turning off the motor.
U_.. was determined according to Brett's methodology (1964):
U= Ve+Vx(t; / t), where U
speed, V; is the speed of the last fully completed step (m/s), V, de-

crit

crit it represents the critical swimming

notes the speed increment of each step (0.03m/s), t; represents the
time completed on the last step and t; stands for the duration of each

step (5min).

2.4 | Experiment2:U
speed) trials

sprint (SPrint swimming

When a U
recover in the swim tunnel chamber before beginning the U
trials. USprint
The protocol was identical to that of the endurance trials, except

it trial ended, each individual fish was given 30min to

sprint

trials followed a protocol used by Starrs et al. (2011).

that stepwise increases of 0.03m/s in current speed occurred every
10s rather than every 5min. The highest swimming speed that the
fish attained was recorded, as well as the trial start and end time,
and the duration of each trial. U
as U

sprint Was calculated similar to U_;;
=V+V,x(t;/t), where V, is the speed of the last fully

sprint

completed step (m/s), V, denotes the speed increment of each step
(0.03m/s), t;; represents the time completed on the last step and t,

stands for the duration of each step (10 s).

2.5 | Experiment 3: Still water burst trials

Prior to the start of the trial, fish were introduced into a small en-
closure at one end of the trough to acclimate for 30 min (Figure 1b).
Eight individuals were run consecutively in separate troughs, with
the start time staggered 2min apart. Once the acclimation period
was over, the enclosure was opened and then removed, allowing the
individual to access the entire length of the trough. Fish were chased
down the length of the trough by moving a probe in a standardized
manner along the trough's bottom behind them. A~5cm distance
was maintained between the probe and the fish's tail. When the
fish no longer responded to the moving probe, the individual was
deemed to have reached exhaustion and the trial was terminated.
The trial start time and end time, and the duration were recorded.
As explained above, the burst speed trials were recorded using two
adjacent video cameras, both of which captured a top view of the ex-
perimental arena produced by a mirror positioned above the trough.
One camera filmed the entire length of the trial in real time while
a second slow-motion camera filmed only the fish's first burst in
each trial and was used to measure their burst speed. Recordings on
the slow-motion camera were controlled through the Edge Imaging

smartphone application.

2.6 | Video behavioural analyses

Slow-motion recordings of still water burst trials were used to
measure the fastest burst speed (m/s). Video recordings of endur-
airand U
Observation Research Interactive Software (BORIS version 7.9.1)

ance and sprint trials (U ) were uploaded to Behavioural

sprint
and were scored for three separate movement behaviours: (1) active
swimming (a combination of swimming forward: when the fish used
all fins to move towards the front of the tank against the current,
and any upward swimming: when the fish moved towards the wa-
ter's surface), (2) sliding back (when the fish moved with the current
towards the back of the tank) and (3) station holding (when the fish
stayed in place by actively gripping the bottom of the tank with its
fused pelvic fin). Using the analysis tool in BORIS, the time intervals
of each speed step were inputted to calculate the length of time
spent performing each behaviour and were converted to percent-
age of the trial time based on the length of the trial. Behavioural
analysis was conducted on the endurance and sprint trial videos for
45 juvenile round goby trials of the 63 fish trials run (18 trials were
excluded due to the lack of sufficient clarity in recorded videos for
detailed behavioural measures). Following Gilbert et al. (2016), the
critical substrate holding velocity (U, ) was calculated as the last
flow speed that fish spent more than 50% of time station holding

during the U__. trials.

crit

85UB017 SUOUWIOD 2A11E1D) 8{cedl|dde 8Ly Ag peusenob a2 safole YO 8sn JO SaIn1 10} AIq1T8UIUQ AB]IM UO (SUO N IPUCO-PUE-SWSIL0 A8 | Ake.q 1 ul|uo//:Sdy) SUONIPUOD pue SWis | 8U1 89S *[6202/2T/0T] uo ArigiTauluo A(Im ' 00 Akeidi AisieAIuN B1sewo - sullsed [B61S Aq 0T8ZT" HO/TTTT 0T/I0p/wod" A& 1m Arelq ijput|uo//sdny woly pepeojumoqd ‘T 'S202 ‘€£90009T



CHOW ET AL.

2.7 | Statistical analyses

All statistical analyses were performed using R (version 4.3.2, R
Core Team, 2024). Prior to conducting any statistical analysis, the
data were visually assessed for normality and homogeneity of vari-
ance using histograms and quantile-quantile graphs. Additionally,
Shapiro-Wilk and Bartlett tests were performed to formally test for
normality and homogeneity of variances, respectively. The swimming
speed data (U_;,, U
tions (swimming, station holding, sliding) were analysed using gener-
alised additive models (GAMs) with a Gaussian distribution. GAMs
were individually applied to explore the relationships between each

sprint? U, .i¢» burst speed) and behavioural observa-

individual swimming metric (e.g. sprint, endurance, and burst capaci-
ties) and behaviour, with body size (standard length) as the predic-
tor variable. The choice of using GAMs was motivated because by
employing smooth functions they are well suited to capture com-
plex non-linear relationships and account for potential non-linearity
in the data (Swartzman et al., 1995). These models were assessed
for goodness of fit through diagnostic checks, including evaluating
residual normality and employing AIC (Akaike Information Criterion)
for model comparison. The percentage of time that individuals per-
formed each behaviour was compared across different water veloci-
ties using linear mixed-effects models, with water velocity as a fixed
effect and fish ID as a random effect to account for the repeated

Ecology of 50f 10
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measures. Only the first five velocities were used in this analysis
since some fish did not reach higher velocities. Model fitting and
interpretation were conducted using the ‘mgcv’ package in R (ver-
sion 4.3.2). R-squared (R?) values were used to assess the direction
and strength of relationships between variables, while a significance
level of a=.05 was set to determine significant correlations. The dif-

ference between U, ,,and U_,, was assessed using a paired t-test.

crit

3 | RESULTS

Early juvenile round goby had an average U_;, of 0.22+0.06 m/s
(10.2+ 2.6 body lengths (BL)/s), a mean USprint of 0.34+0.08m/s
(16.3+4.6 BL/s) and a mean burst speed of 0.66+0.02m/s
(30.7+1 BL/s). U_,, values ranged from 0.11 to 0.39m/s (5.2 to
15.8 BL/s), Ui, ranged from 0.19 to 0.60m/s (9.3 to 29.9 BL/s)
and burst speed ranged from 0.22 to 1.13m/s (10.1 to 43.8 BL/s).
Body size measured as standard length was positively corre-
lated with U, USprint and burst speed, meaning that larger fish

moved faster (Figure 2a-c). However, albeit significant, U . and

cri
burst speed only demonstrated a modest relationship with stand-
ard length (GAMs, U_.. R?=0.17, p<.01; burst speed R2=0.29,
p<.001) and USprint demonstrated a fairly weak relationship with

standard length (R>=0.08, p=.03).

crit
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FIGURE 2 (a) U, (m/s), (b) USprint (m/s), (c) burst speed (m/s), (d) relative U_, (BL/s=Body Lengths per second), (e) relative USprint (BL/s)

and (f) relative burst speed (BL/s) as a function of standard length (mm). The blue lines represent generalized additive model (GAM) smoother
fitted to the data, with a shaded blue area denoting the 95% confidence interval. Points represent individual data observations.
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When body length was controlled for, we found that juveniles'
relative U_, and Usprint were negatively correlated with their stan-
dard length (Figure 2d,e), suggesting that smaller fish actually had
a higher relative swimming capacity given their overall smaller
body sizes. The strength of this negative correlation was moderate
(GAMs, U_,, R?=0.22, p<.001, Figure 2d; U, . R?=0.35, p<.001,

Figure 2e) and there was no clear negative correlation between

crit?

burst speed and standard length once body mass was controlled
(R2=O.O2, p=.29, Figure 2f). Absolute U__.. and U
positively correlated with each other (R?=0.73, p<.001; Figure 3),

it sprint Were strongly,

so juvenile round goby with a high U__. tended to also have a high

crit

sprint®
041 R2=0.73 .
p <0.001
0.3
E
5
=)
0.2
°
0.1

0.2 0.3 0.4 0.5 0.6
Usprint (m/s)

FIGURE 3 Scatter plot illustrating the correlation between U,
(m/s) and USprint (m/s). The blue lines represent generalized additive
model (GAM) smoother fitted to the data, with a shaded blue area
denoting the 95% confidence interval. Points represent individual
data observations.

Early juvenile round goby spent the majority of their U . and
U

respectively), holding on to the substrate with their fused pelvic fins.

sprint trials in a stationary position (44% and 38% of the trial time
Average critical station holding speed (U, ;) was 0.14+0.01m/s and
it was not correlated with fish body size (GAM, R?=0.11, p=.67).
U, g Was clearly lower than U, (-36%; t,,=6.72,p <.001). Juveniles
trials and 36% of U
tively swimming, while spending less time sliding back (19% in both
U_.. and USprint ]
body size was also correlated to duration of swimming (Figure 4a-c).
Larger fish spent more time actively swimming in the U_., (GAM,
R*=0.44, p=.003) and U__ . trials (GAM, R?=0.26, p<.001). The

time spent station holding significantly decreased with fish size in

spent on average 28% of the U trials ac-

crit sprint

crit trials). Like the case for Uit sprint and burst speed,

sprint

U, trials (GAM, R%?=0.27, p=.04), however this negative correlation
: 2
sprint trials (GAM, R“=0.08, p=.06).
Sliding did not show a clear correlation with body size during U
(GAM, R?=0.02, p=.38) or U, . trials (GAM, R*=0.01, p=.47).
The swimming behaviour of early juvenile round goby changed

was not statistically clear in the U

crit

as water velocity increased. Station holding declined during the
later faster current steps (linear mixed-effect model; Ui F=12.99,
p<.001; Usprint: F=130.22, p<.001), while active swimming and
sliding both showed the opposite trend, each increasing in relation
to water velocity (linear mixed-effect models; U_;,: F=4.65, p=.03;

F=59.71,p<.001; U :F=115.31, p<.001; F=11.99, p<.001).

sprint®

4 | DISCUSSION

Previous studies that have assessed the swimming capacity of
round goby have mainly focused on adults and researchers have
overlooked juvenile movement, which may be due to the assump-
tion that juveniles simply move passively with currents (Janac
et al., 2013; Lechner et al., 2016). However, our study demonstrates

that juveniles have a strong swimming capacity; not only can they
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FIGURE 4 Scatter plots showing the relationships between the ratio of (a) holding, (b) swimming and (c) sliding behaviours relative to
the length of fish during the endurance trials. The blue lines represent generalized additive model (GAM) smoother fitted to the data, with a
shaded blue area denoting the 95% confidence interval. Points represent individual data observations.
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swim and hold their position against considerable moving currents
for extended periods of time, but some of the juveniles in this study
achieved speeds close to the swim speeds that are typical of adults
(Egger et al., 2020; Tierney et al., 2011).

As observed in other species, body size was a good predic-
tor of swimming capacity in the juvenile round goby tested, with
body length positively correlating with U_, USprint and burst speed
(Hogan et al., 2007; Mateus et al., 2008; Ojanguren & Brana, 2003;
Rubio-Gracia et al., 2020). Similar to what has been reported for
adult round goby, juveniles showed a ‘burst-and-hold’ swimming
style, with short periods of active swimming followed by attempts
to station hold (Egger et al., 2020; Hoover et al., 2003; Tierney
et al., 2011). Larger juvenile round goby actively swam for longer
periods of time compared to smaller juveniles and the smallest ju-
veniles spent more time station holding. In this study, early juvenile
round goby spent the majority of the time (43%) station holding and
performed this behaviour throughout the trials. Adult round goby in
a study by Gilbert et al. (2016) also spent most of the trial time (66%)
station holding. These results are in contrast with another study on
adult round goby where holding behaviour occurred only 23% of the
time and was limited to only the earlier, lower current speeds (Egger
et al., 2020). This contrast between study results is most likely due
to methodological differences since in the present study on juveniles
and the one done by Gilbert et al. (2016) on adults, swimming was
stimulated as soon as the fish touched the rear grid of swim tunnel,
but Egger et al. (2020) instead allowed resting at the rear end of the

swim tunnel during U__. trials. As the current became stronger, ju-

crit
veniles began to swim more. Under particular environmental condi-
tions, like fast flowing water, remaining in place by using their pelvic
fin for suction may be an energy-saving strategy that is favoured
over active swimming by small juveniles.

As mentioned above, some juveniles were capable of achiev-
ing speeds recorded for adult round goby by Tierney et al. (2011),

who clocked average adult U_.. speeds at 0.35+0.01m/s, aver-

crit
age USprint speeds at 0.65+0.02m/s, and average burst speeds at
0.97+0.08m/s. Our juveniles also matched the speeds recorded
by Egger et al. (2020) for adult round goby averaging around
0.54+0.10m/s for U_;, and 0.43+0.14m/s for U
ming behaviour, differences in methodology between the two pre-
and U

values reported by Tierney et al. (2011) versus Egger et al. (2020).

sprint: As with swim-

vious adult-focused studies may explain the different U sprint

For example, there were differences in the stepwise flow speed
sprint trials (e.g. 0.10m/s vs. 0.03m/s

trials), the specific order that the experiments were run and

increment used in U_,;, and U
for U

the type and frequency of stimulation (physical contact with an

crit

object vs. an electrified grid) used to motivate fish to swim when
they touched the rear grid of the testing chamber. Early juveniles
in our study demonstrated similar movement patterns to those re-
ported by Tierney et al. (2011) where burst speeds were the highest,
followed by USprint speeds and then U_;, speeds. These similarities
may be attributed to our experimental protocols and stepwise in-
crements which were similar in magnitude to those used in Tierney

et al. (2011). In addition, average U, , for juveniles in the present
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study was much lower than U_; compared to what has been re-
ported by Gilbert et al. (2016) for adult round goby (-36% compared
to -18%). This suggests that juveniles rely on behaviours other than

station holding more than adults do to achieve U__.. This difference

crit’
between adults and juveniles appears to be more related to the in-
creased sliding behaviour in juveniles (19% in this study compared
to only 6% in adults), rather than differences in active swimming
(28% for both juveniles and adults). This increased reliance on sliding
behaviour may reflect juveniles' need to conserve energy while still
maintaining their position in flowing waters. The similar rates of ac-
tive swimming between juveniles and adults suggest that while both
life stages employ this strategy, juveniles additionally use sliding to
cope with their lower holding capacities.

Although larger juvenile round goby tended to achieve higher
absolute swimming speeds, smaller juveniles achieved higher rel-
ative swimming speeds. We observed that once body length was
accounted for, smaller juveniles in fact swam faster than larger juve-
niles. The inverse relationship between absolute and relative swim-
ming speed is a common pattern among fishes (e.g. He et al., 2013;
Mateus et al., 2008) and is a result of allometric growth. As body
size increases, the relative values of surface area and muscle mass
scale up so that absolute swimming speed increases but relative
swimming speed decreases (Cai et al., 2020). Studies have also
shown that swimming speed is limited by tail beat frequency and
that smaller fish can achieve higher tail beat frequencies than larger
fish (Bainbridge, 1958; Wardle, 1975).

The strong positive correlation between U_;,

and USprint highlights
the remarkable repeatability of individual swimming performance,
suggesting that fish that excel in sustained swimming capacity likely
exhibit strong sprinting performance as well. The high correlation be-
tween the two measures underscores the consistency and predict-
. and U

have been argued to provide different measures of swimming capac-

ability of swimming abilities within individuals. U tests

cri sprint

ityas U is thought to be a better suited measure for benthic spe-

sprint
cies sincpe it forces the individual to swim for more of the trial while
U_;; trials best capture a fish's maximum sustained swimming speed
(Egger et al., 2020; Tierney et al., 2011). In the context of fish disper-
sal and passage through instream structures, Starrs et al. (2011) argue
that USprint provides the more relevant measure. The swimming mode
that a fish exhibits while migrating through turbulent water is more
similar to the speeds and times observed in sprint swimming than sus-
tained swimming tests, particularly for small-bodied, benthic fishes
(Egger et al., 2020). In contrast, Crawford et al. (2023) have recently
argued that there are no real differences between the swimming
tests, even for benthic

speeds obtained from U__. tests versus U

crit sprint
species that demonstrate station holding behaviour like the round
goby. However, our findings show that early juvenile round goby had
than U

sures may capture different aspects of swimming performance. To

much higher U . values which suggests that these mea-

sprint cri

fully test the claim about the relevancy of U, versus USprint mea-
sures, more species need to be tested beyond the two used in the
Crawford et al. (2023) study (the Tnanga, Galaxias maculatus and the
banded kokopu, Galaxias fasciatus).
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4.1 | Implications for round goby dispersal and
invasion potential

Studies that have assessed the upstream dispersal patterns of
round goby have suggested a ‘bigger is better’ hypothesis; where
round goby at the invasion front (i.e. newly established areas) are
expected to typically be larger fish and be in better body condition
than individuals in longer established areas. This bigger is better
idea contradicts the theory that upstream movement is a result
of weak or juvenile individuals being driven out of high-density
areas due to high intraspecific competition (Brandner et al., 2013,
2018). However, a more recent study by Slapansky et al. (2020)
demonstrated a contrary result. Following a stimulated coloni-
zation event (after releasing a larger number of adult individuals
from a single point), smaller, mostly male goby moved further
and were often the first colonizers in uninvaded areas (Slapansky
et al., 2020). This concentrated release of individuals resulted in
higher movement rates than are typically observed in established
populations, where upstream movement dominates (Slapansky
et al., 2020). The surprisingly high capacity of early juveniles to
attain swimming speeds typical of adults as demonstrated in our
study suggests that juvenile round goby have the capacity to lead
and contribute significantly to range expansion of this species and
be present at the invasion fronts. Furthermore, the unexpectedly
strong swimming abilities observed in early juvenile round goby
may be linked to their unique life history strategies and behav-
iours. While adult round goby are typically benthic, closely associ-
ated with the substrate (Kornis et al., 2012), juvenile round goby
have been shown to exhibit diel vertical migration, where they can
move between different water depths (Hayden & Miner, 2009;
Hensler and Jude, 2007). This behavioural flexibility may contrib-
ute to the development of robust swimming abilities in juvenile
round goby, which in turn could give them the ability to navigate

diverse aquatic environments.

4.2 | Implications for round goby management
strategies

Not only do our findings expand what we know about the move-
ment of juvenile round goby, but they can also inform strategies to
manage the spread of round goby more effectively. The eradica-
tion of invasive species is not considered practical for species, such
as the round goby, that have already spread so far and wide (Green
& Grosholz, 2020). Exclusion barriers like dams, culverts, and fish
passes have been used to restrict the spread of aquatic invasive
species, but barriers can have unintended negative consequences
for native species by fragmenting habitats and excluding native
species (Cooney & Kwak, 2013; Jones et al., 2021). Current strat-
egies focus on designing barriers that selectively block invasive
species while providing passage to native species. A goal of man-
agement is to design barriers that restrict the upstream dispersal
of round goby via flow rates while protecting native species (Egger

et al., 2020; Tierney et al., 2011). Egger et al. (2020) demonstrated
that round goby were incapable of passing a vertical slot fish pass
with a hydraulic barrier but that two native European benthic spe-
cies, the European bullhead (Cottus gobio) and the gudgeon (Gobio
gobio), were able to pass such barriers. A related study using the
same three species demonstrated that passage of round goby was
prevented at flow speeds of 0.97-1.04m/s but gudgeon and bull-
head were able to pass the hydraulic barrier (Wiegleb et al., 2022).
In areas that largely contain juvenile round goby, prevention for
spread might include implementing barriers with flow rates that
and/or Usprint
of native species. Future studies are needed that

exceed the U
U_..and/orU

crit sprint
compare the swimming capacity of juvenile native species with the

crit of juvenile round goby, but not the

capacity of juvenile round goby and facilitate the effective design

of these juvenile specific barriers.
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