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SUMMARY

1. Studies with marine fishes indicate that exposure to elevated partial pressures of CO, (pCO,)
related to climate change have negative consequences for fish behaviour. Freshwater fishes may
experience similar increases in pCO, due to a number of different mechanisms, but there is a paucity
of information on how freshwater fishes may respond to exposure to elevated pCOs.

2. To define the effects of elevated pCO, on a free-swimming freshwater fish, 19 adult largemouth
bass (Micropterus salmoides) were tagged with acoustic transmitters, held in water with pCO, levels of
either ~10 000 patm or ambient pCO, (<100 patm) for 5 days and released into a naturalised,
earthen-bottom pond outfitted with an acoustic telemetry array.

3. Findings indicate that largemouth bass not exposed to elevated levels of pCO, decreased
movement over 35% during the daylight periods; however, fish exposed to elevated levels of pCO,
did not exhibit this pattern. This difference in diel movement patterns between fish exposed to
elevated pCO, and fish not exposed was not detectable after 11 days.

4. Changes in home range size and daily distance travelled were not observed. However, based on
an assessment of position estimates after the completion of the telemetry monitoring portion of the
study, space use differed for fish exposed to elevated pCO..

5. Exposure to elevated pCO, therefore can have consequences for some movement behaviours of
freshwater fish and this may influence a variety of ecological processes including energetics, foraging
and predator—prey dynamics. CO,-induced alterations to behaviour should recover upon a return to

ambient water.
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Introduction

Wild freshwater fishes are exposed to a variety of natu-
rally occurring and anthropogenic stressors that can
impact a range of behaviours. For instance, natural stres-
sors, such as winter (e.g. cold temperature, low dis-
solved oxygen), result in a reduction in swimming
speeds and habitat selection away from anoxic areas
(Hanson et al., 2007; Hasler et al., 2009b), while anthro-
pogenic stressors, such as thermal effluent, can cause
increased activity when temperatures rise (Cooke &

Schreer, 2003). Quantifying the behavioural and physio-
logical impacts of stressors in wild fishes in a field set-
ting is challenging, but monitoring the behavioural
responses of wild fishes using electronic tags (.e.
telemetry) can offer insight into the behavioural conse-
quences of stressors (Cooke ef al., 2004). Following expo-
sure to an environmental stressor, fishes presumably
will exhibit avoidance behaviours (Beitinger, 1990) or
experience compensatory changes (e.g. acclimatisation)
(Thorstad et al., 2007; Hasler et al., 2009a). Furthermore,
short-term exposures to stressors that are sub-lethal can
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result in a return to typical behaviours in fishes once the
stressor is eliminated (Bauer & Schlott, 2006).

A natural stressor that has the potential to impact fish
behaviour is elevated carbon dioxide (CO,). Over the
past several decades, CO, in the atmosphere has
increased, which, in turn, has led to a rise in the amount
of CO, in the ocean (IPCC, 2007). This increase in ocea-
nic CO,; partial pressure (pCO,) has been shown to have
a number of negative consequences for fish in marine
systems, including increased activity and heightened
aerobic scope (Jutfelt et al., 2013, Rummer et al., 2013;
Green & Jutfelt, 2014; Ou ef al., 2015; Sundin & Jutfelt,
2015) that can translate into population-level impacts,
particularly if reproductive output or survival of juve-
nile fish are impacted (Munday et al., 2010). Future
pCO; levels in fresh water have not been well defined
(Hasler et al., 2016), but evidence to date suggests some
freshwater systems could experience a rise in pCO, simi-
lar to that of the marine environment (Phillips et al.,
2015). For example, pCO, can vary naturally (Maberly,
1996), and fish may also be exposed to high pCO, due to
non-physical fish barriers (Noatch & Suski, 2012), or in
hatcheries (Carmichael ef al., 1984). To date, few ecologi-
cally relevant studies have focused on freshwater fishes
exposed to elevated pCO,, making it difficult to predict
the biological consequences of a projected rise in fresh-
water pCO, on either individuals or populations (re-
viewed by Hasler et al., 2016). Should the observed
changes in marine fishes exposed to elevated pCO, also
occur in freshwater fishes, freshwater fish populations
might be similarly at risk for reduced recruitment and
high mortality (Munday et al., 2010). Therefore, fully
understanding how elevated pCO, may influence fresh-
water fishes is important for ensuring productive fish
populations.

In this study, we sought to quantify the effect of expo-
sure to elevated pCO, on the movement patterns of
largemouth bass (Micropterus salmoides: Centrachidae),
an ambush and pursuit predator (Howick & O’Brien,
1983) that will form groups (Hasler et al., 2007) and ter-
ritories (Hasler & Wisby, 1958). Specifically, we aimed to
quantify differences in movement behaviours (e.g. mini-
mum distance travelled across days and within days)
and spatial distribution (e.g. home range) of largemouth
bass exposed to either elevated pCO,, or not, and
released into a pond equipped with an acoustic teleme-
try array. Given that elevated pCO, has been shown to
alter typical behavioural patterns in marine fish species,
we hypothesised that upon release into the pond, fish
earlier exposed to elevated pCO, may demonstrate a
period of increased activity and larger home range size

like has been found in marine studies (Devine, Munday
& Jones, 2012), and that movement patterns would differ
between the two treatment groups.

Methods
Study animals

Nineteen wild-caught largemouth bass, habituated to
experimental ponds for over a year and then collected
during pond draining (total length =404 + 33 mm;
mean + SD), had an acoustic transmitter surgically
implanted into their body cavity (120 s burst rate,
85 x 47 mm [d x 1], 6.0 g, M-Series, Lotek Wireless
Inc., Newmarket, ON). The surgery followed procedures
outlined in Bridger & Booth (2003). Briefly, fish were
anaesthetised using a solution of 150 mg L™ of tricaine
mesylate (MS-222) buffered with 300 mg L' of sodium
bicarbonate. Once fish loss equilibrium, they were
removed from the solution and maintained during sur-
gery using a mixture of 10 mgL™' MS-222 and
20 mg L' sodium bicarbonate. The surgery occurred on
a wetted v-slot trough and consisted of an approxi-
mately 15 mm incision slightly off centre from the ven-
tral mid-line behind the pelvic girdle, where the
transmitter was inserted. The incision was closed using
2-3 sutures (3/0 PDS 1II, absorbable monofilament
sutures, Ethicon Inc., Somerville, NJ). Surgeries lasted
less than 5 min, and postoperative fish were held in one
of two 300 L tanks of recirculating pond water for 24 h
to monitor recovery and ensure they were active and
swimming upright prior to separation into the treatment
tanks.

Twenty-four hour post-surgery, fish were haphazardly
placed into one of two 300 L tanks to ensure similar
sized fish were used in both treatments. Both tanks
received water from an adjacent, earthen-bottom pond
with natural vegetation. One tank exposed fish (N = 9)
to elevated pCO, levels using the common method of
bubbling CO, gas into the water through an airstone,
using water pH to maintain a target pCO, level (Pin-
point pH controller, American Marine Inc., Ridgefield,
CT) (e.g. Riebesell et al., 2010; Kates et al., 2012). A modi-
fied infrared CO, probe was used to monitor pCO,
[GMT221, 0-20%, Vaisala, Vantaa (Johnson et al., 2009)].
The second tank (N =10) received no supplementary
CO, addition, and remained at ambient pCO, levels.
Water quality in both tanks was monitored twice daily
over the treatment period (see Table 1, for mean values
and equipment used to make measurements), and the
tank with supplemental CO, had a pCO, level of
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Table 1 Water quality of the 300 L tanks recorded during the 5-day exposure period. Each parameter was sampled twice daily (morning
and afternoon) in each tank. For each value, means =+ standard deviations have been listed.

NHz* Alkalinity* Dissolved oxygen® Temperature’ CO, measured using CO, measured using
Tank (ppm) pH' (mg L™' CaCO;) (mgL™) Q) titration™ (mg L") infrared probe** (patm)
Ambient <0.1 88+ 02 171 + 16 78+ 03 21.0 + 14 746 + 1.4 <100
CO, treated  <0.1 75+02 172 +£ 14 74+ 04 20.5 + 0.7 28.8 &+ 2.7 10,160 £ 1752

*Colour disc test kit, Hach Company, Loveland, CO.

"pH meter, WTW pH 3310 meter with a SenTix 41 probe, Xylem, Rye Brook, NY.

iAlkalinity titration kit, Model AL-AP, Hach Company, Loveland, CO.

SDissolved oxygen meter, YSI 6600, YSI Instruments, Yellow Springs, OH.

1cO, titration kit, Model CA-23, Hach Company, Loveland, CO.
**Infrared CO, transmitter, GMT221 infrared CO, probe, Vaanta.

10,160 + 1752 patm (mean =+ SD). The ‘control” tank that
received no additional CO, had a pCO, level of
<100 patm (the lowest detectable limit of the probe). The
elevated level of pCO, chosen was based on previous
work showing exposure of largemouth bass to pCO,
levels in excess of 10 000 patm can reduce ventilation
rates, cause loss of equilibrium and induce physiological
changes (Kates et al., 2012), suggesting this may be the
maximum pCO, level to which fish can be exposed to
without inducing negative consequences. Furthermore,
the elevated level of pCO, represents realistically high
values that might be expected downstream of a release
point of a CO, barrier, and would be considered rare in
the context of current global freshwater lakes and rivers
(Cole et al., 1994; Butman & Raymond, 2011), but not
necessarily for future freshwater conditions, which are
unknown (Hasler et al., 2016). Fish were held at elevated
pCO, levels for 5 days (no loss of equilibrium or
changes in fish behaviour were observed in the holding
tank), which is a period of time that has been found to
induce alterations in fish behaviour in marine environ-
ments, though at levels lower than those used in this
study (e.g. <1000 patm, Ferrari ef al., 2011, Munday
et al., 2010; Heuer & Grosell, 2014). Following CO, expo-
sure, fish were released on 8 June 2015 into an earthen-
bottom pond containing natural vegetation, equipped
with a wireless telemetry array (see below). On 22
September 2015, the pond was drained to quantify fish
survival. This study was conducted in accordance with
University of Illinois Institutional Animal Care and Use
Committee protocol #14168.

Study site

Largemouth bass movements were monitored in a rect-
angular earthen-bottom pond (c. 53 m x 18 m x 2 m;
954 m? or 0.095 ha; mean pCO,, 800 patm (£200 [SD]) at

the Aquatic Research Facility at the University of Illi-
nois, Urbana-Champaign, USA (40°4’' 25.5066", —88°13'
13.1598"). Prior to the start of the study, the pond was
drained and most submergent and emergent macro-
phytes were removed as part of an annual servicing pro-
tocol. A wireless telemetry array consisting of six
hydrophones mounted to steel posts was then installed
(WHS 3000 series, Lotek Wireless Inc., Newmarket, ON).
The pond was re-filled with municipal water, and
tagged fish were added to the pond after chlorine off-
gassed (c. 2 weeks for chlorine to be <0.1 mg L™'; chlo-
rine test kit, Pocket Colourimeter II, Hach Company,
Loveland, CO). Fathead minnow (Pimephales promelas:
Cyprinidae) and bluegill (Lepomis macrochirus: Centrachi-
dae) were also released into the pond.

Positional data and trajectory calculation

After 35 days, on 13 July 2015, the hydrophones/data
loggers were removed from the pond and files were pro-
cessed using U-MAP software (Version 1.3.1, Lotek
Wireless Inc., Newmarket, ON) to obtain positional data.
Data for trajectory analysis and home range calculation
were manually assessed, and four positions per day for
each fish over a period of 15 days (9 June 2015-23 June
2015; note, the first day of monitoring was omitted from
analysis due to low accuracy in position estimates) were
selected (a total of 60 positions per fish) and included
single points nearest to the hours of 00:00:00 (represent-
ing 12:00 am midnight), 06:00:00, 12:00:00 and 18:00:00.
Thus, the four time periods monitored were as follows:
time period 1, 00:00:00-06:00:00; time period 2, 06:00:00—
12:00:00; time period 3, 12:00:00-18:00:00 and time per-
iod 4, 18:00:00-24:00:00. The reasons for focusing on a
small subset of position estimates for each fish were to
prevent potential erroneous positions from hindering the
comparison between the two treatment groups, and to
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reduce the likelihood of spatial and temporal autocorre-
lation from biasing the statistical models (Kie et al.,
2010). A low position dilution of precision (PDOP) was
also a requirement for positions to be included in the
data set (i.e. only position estimates close to 1 were
selected). PDOP is a measurement of the accuracy of an
obtained position, and an ideal PDOP is <1, an excellent
PDOP is <2 and a good PDOP is <5 (see Baktoft et al.,
2015, for further information related to PDOP and the
use of a similar hydrophone array). Furthermore, the
15 days observation period for movement behaviours
and home range calculation was chosen to represent a
length of time that would allow for the potential to
observe effects following the 5 days CO, exposure per-
iod and potential recovery from the exposure (Hamilton,
Holcombe & Tresguerres, 2013). Data beyond the
15 days period was only used to assess whether perfor-
mance of the hydrophone array differed between CO,-
exposed fish and unexposed fish. For this post hoc analy-
sis, the day when less than 10 position estimates (~1% of
possible transmissions) was determined for each fish.

Selected positional data (criteria described above)
were analysed using the program R (R Development
Core Team, 2010). The R package adehabitatLT (Calenge,
2006) was used to calculate the minimum distance trav-
elled (MDT) for each subsequent position per fish
(Calenge, Dray & Royer-Carenzi, 2009). Ninety-five per
cent kernel densities were calculated using the R pack-
age adehabitatHR (Calenge, 2006) and were used to
measure home range size.

Statistical analysis

Linear mixed effects models were used to define the
effects of different factors on the distance travelled for
individual fish (N = 19). For the entire 15 days data set,
individual fish (i.e. evaluation unit; Hurlbert, 2009)
nested in period and separately nested in day, were
treated as random effects (i.e. a within-subjects design),
resulting in random slopes and random intercepts. Main
effects, including treatment (factor), day (continuous)
and time period (factor), as well as the interactions of
time period x day, treatment x time period and treat-
ment x day were treated as fixed effects. To quantify
the potential for recovery following exposure to elevated
levels of pCO, (should any fixed factor be significant),
the data set was parsed into three 5 days period (given
visual observations in distance travelled and to allow for
an appropriate sample size). In these models, day and
fish ID, nested in time period, were treated as random

effects, while treatment, time period and

treatment x time period were included as fixed effects.
All models were fit using ‘Imer’ from the R package
Ime4 (Bates, 2010), and coefficients were estimated using
restricted maximum likelihood. To define the impor-
tance of fixed effects, we used the sim function (‘arm’
package in R) to generate N = 1000 posterior simulations
of each fixed effect. To determine significance of the
effects, we evaluated whether the resulting posterior dis-
tribution of effect estimates overlapped 0 at the 95%
level (i.e. distributions of fixed effects whose 95% credi-
ble intervals did not overlap 0 were said to be signifi-
cant). To complete multiple comparisons between levels
of significant factors, changes in means and 95% credible
intervals of simulated changes in model intercepts were
compared. Note that for log-linear models, changes in
model intercepts represent percent changes in the trans-
formed response variable. Means are presented +95%
credible interval.

A similar model as described above was also used to
quantify the effect of the treatment on space-use-related
metrics. Specifically, a linear mixed effects model with
individuals included as a random effect was used to
compare the home range size of the two treatment
groups across three temporal subsets (i.e. days 1-5, 6-10
and 11-15). Effect significance was determined as
described above. A Cox proportional hazard analysis
was used to compare the two groups of fish and the
dates when positional estimates (PDOP < 2) were fewer
than 10 positions per day. The Cox hazard analysis was
completed using the ‘survival’ package in R (Therneau,
2015) and included the entire 35-day data set.

Results

Exposure of largemouth bass to elevated pCO, resulted
in significant changes to some, but not all, of the
response variables assessed. Significant interaction
effects of treatment and time period on MDT were
found for time period 2 (06:00-12:00 hours) and time
period 3 (12:00-18:00 hours) (Table 2). The significant
interaction effect for CO, x time period 2 indicates that
MDT for CO,-treated fish during time period 2 com-
pared to time period 1 is different relative to largemouth
bass not exposed to elevated CO, (Fig. 1). The change in
the regression intercept is greater for largemouth bass
not exposed to elevated CO, than for CO,-treated fish
(Fig. 2a), as unexposed fish demonstrated a 37% (-73%,
—4%) decrease in movement during period 2, compared
to a 7% increase for CO,-treated fish (—28%, 44%)
(Fig. 2a). Likewise, MDT in unexposed largemouth bass
for time period 3 compared to time period 1 was 36%
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Table 2 Statistical outputs of linear mixed effects models using ran-
dom slopes and intercepts. Mean intercept and change in intercept
values and 95% credible intervals were calculated using posterior
simulations of each fixed effect. The intercept value represents the
baseline values (e.g. non-exposed fish, Day 1 or Period 1). Values for
factors represent the percent change in the model intercept associ-
ated with the factor. Values in bold represent significant factors.

95%
Credible
Response  Model Parameter Mean interval
Log Linear mixed  Intercept 1.86 1.28, 2.41
(MDT) effects model CO, —0.47 -1.19, 0.29
Day —0.03 —0.01, 0.08
Period 2 —0.37 —0.73, —0.04
Period 3 —0.36 —0.77, 0.00
Period 4 -0.23 —0.58, 0.10
CO, x Day 0.02 —0.04, 0.07
CO, x Period 2 0.46 0.12, 0.77
CO, x Period 3 0.36 0.03, 0.70
CO, x Period 4 0.22 —0.08, 0.53
Day x Period 2 0.01 —0.02, 0.05
Day x Period 3 0.02 —0.01, 0.06
Day x Period 4 0.00 —0.03, 0.03
Log(MDT) Linear mixed Intercept 1.98 1.54, 2.42
(Day effects model CO, —0.56 -1.13, —0.02
1-5) Period 2 —0.35 —0.73, 0.01
Period 3 —0.33 —0.76, 0.06
Period 4 -0.23 —0.59, 0.11
CO, x Period 2 0.51 0.01, 0.99
CO, x Period 3 0.48 —0.09, 1.01
CO, x Period 4 —0.18 —0.29, 0.66
Log(MDT) Linear mixed Intercept 2.08 1.60, 2.56
(Day effects model CO, —0.28 —0.98, 0.42
5-10) Period 2 —0.28 —-0.67, 0.12
Period 3 —0.23 —0.63, 0.16
Period 4 —0.22 —0.55, 0.11
CO, x Period 2 0.64 0.07, 1.19
CO, x Period 3 0.47 —0.09, 1.05
CO, x Period 4 0.44 —0.88, 0.95
Log(MDT) Linear mixed Intercept 2.29 1.93, 2.65
(Day effects model CO, -0.10 —-0.59, 0.38
10-15) Period 2 —0.14 —0.53, 0.24
Period 3 —0.03 —0.40, 0.35
Period 4 —0.25 —0.61, 0.10
CO, x Period 2 0.18 —0.34, 0.67
CO, x Period 3 0.13 —0.39, 0.66
CO, x Period 4 0.06 —0.43, 0.55
Home Linear mixed  Intercept 431.38  283.23, 580.84
range effects model CO, —38.82 —-215.51, 127.31
Days 6-10 116.43 —4.10, 237.03
Days 11-15 158.99 33.75, 284.27

(=77%, 0%) lower, while CO,-treated largemouth bass
had no change (—36%, 36%) (Fig. 2b). Taken together,
these two significant interaction effects indicate that
largemouth bass not exposed to elevated pCO, showed
a decrease in MDT between 06:00 and 18:00 hours,
whereas fish exposed to elevated pCO, do not have a
discernible change in MDT (Fig. 1). No significant
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Fig. 1 Minimum distance travelled (m) for each tagged largemouth
bass for each of the four distinct time periods (1, 00:00-06:00 hours;
2, 06:00-12:00 hours; 3, 12:00-18:00 hours; 4, 18:00-24:00 hours)
during the 15-day monitoring period. Local polynomial regression
fitting smooth lines represent the general trend observed for each
fish. Exposed refers to fish treated with elevated levels of CO,

(~10 000 patm) for 5 days. Not exposed refers to fish held at ambi-
ent levels of CO, for 5 days. Grey dots and lines represent fish not
exposed to elevated pCO, and black dots and lines represent fish
exposed to elevated pCO..

change in MDT per day was found between fish
exposed to elevated pCO, and unexposed fish (Table 2;
Fig. 3).

During days 1-5 and days 5-10, significant interaction
effects were found for the CO, x time period 2
(Table 2). For days 1-5, the change in MDT for time per-
iod 2 compared to time period 1 was greater in unex-
posed fish (a negative change in intercept of —0.35
(=0.73, 0.01) when compared to CO,-exposed fish
[change in intercept = 0.16 (—0.19, 0.52)] (Fig. 4a). Con-
versely, during days 5-10, the change in MDT during
time period 2 compared to time period 1 was greater for
largemouth bass exposed to elevated pCO, [change in
intercept = 0.36 (—0.02, 0.74)] compared to fish not
exposed to elevated pCO, [change in intercept = —0.28
(—0.67, 0.12)] (Fig. 4b). No significant effects were found
for the 11-15 days group (Table 2), suggesting that the
MDT for unexposed and exposed largemouth bass were
no longer different from one another.

The home range size of largemouth bass was unaf-
fected by pCO, exposure, but were larger after 11 days
(Table 2; Fig. 5). However, the ability of the acoustic
array to calculate positional estimates degraded 4 days
faster (95% confidence limit: 1.43, 13.42) for fish exposed
to elevated pCO, compared to unexposed fish (Cox pro-
portional hazard analysis, likelihood ratio test =7.25,
d.f. =1, P =0.0071), suggesting that after the 15 days
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Fig. 2 Change in the intercept estimate during (a) 06:00—

12:00 hours (time period 2) and (b) 12:00-18:00 hours (time period
3). Dots represent the mean change in the estimate and whiskers
represent the 95% credible intervals. Both mean and credible inter-
vals were calculated from estimates obtained using posterior simu-
lations of each fixed effect.

monitoring period, largemouth bass exposed to elevated
pCO, were using different parts of the pond. Note that
all fish were found alive when the pond was drained in
late September, 91 days after the completion of the
telemetry monitoring period, thus no dead fish were
included in the above data analyses.

Discussion

Exposure of largemouth bass to elevated pCO, for
5 days had a significant impact on the MDT following
release. More specifically, fish not exposed to elevated
pCO, showed 37% and 36% decrease in MDT between
06:00-12:00:00 and 12:00:00-18:00 hours, respectively,
whereas fish exposed to elevated pCO, did not have a
discernible change in MDT. Direct measures of field
activity (e.g. swimming speed and distance travelled)
have shown that largemouth bass typically increase
activity during daylight periods, likely due to foraging

and warmer temperatures relative to the nocturnal per-
iod (Demers et al., 1996; Hanson et al., 2007, 2008; Binder
et al., 2012). However, foraging requires ambush and
pursuit behaviour (Howick & O’Brien, 1983), which uti-
lises burst swimming (i.e. increased swimming speeds)
and anaerobic metabolism, and therefore periods of rest-
ing during the day are required for metabolic recovery
(Sherwood et al., 2002). The reduction in MDT during
the daylight observed in largemouth bass not exposed to
elevated pCO, in this study may be representative of
resting behaviour in largemouth bass after foraging,
which was also found in sparsely collected data using
radio telemetry where it was suggested that largemouth
bass exhibit short periods of increased distance travelled
followed by longer periods of sedentary movements
during the day (Winter, 1977), or due to cruising more
at night (Howick & O’Brien, 1983). Furthermore, our
study pond was small (<0.1 ha), meaning foraging fish
would not have to move far to locate prey items and
could have returned to their previous position to rest.
Regardless of what constitute typical diurnal movements
of wild largemouth bass, exposure to elevated pCO,
resulted in an absence of a diel pattern in MDT despite
the use of relatively few positions each day for each
fish.

The relatively higher MDT during the daytime exhib-
ited by largemouth bass exposed to elevated levels of
pCO, may have resulted from physiological and beha-
vioural changes that have been shown to occur in other
fishes exposed to elevated pCO,. Specifically, several
marine-focused studies have found that acidosis in the
blood caused by elevated pCO, results in increased
extracellular Cl1~ levels (Heuer & Grosell, 2014), and
thus, increased neuronal depolarisation due to altered
function of the neurotransmitter GABA and its receptors
(Hamilton ef al., 2013). The GABA pathway plays an
important function in the precise control of ciradian
rhythms and changes in GABA, levels can destabilise
typical diel patterns (Freeman ef al., 2013), which has
also been noted for marine organisms exposed to ocean
acidification (Kaniewska et al., 2015). Therefore, it is
plausiable that the fish in this study may have experi-
enced a disruption in their GABA pathway function
from exposure to high levels of pCO, and this may
explain the lack of typical diel activity patterns observed
in the MDT of fish exposed to elevated pCO, when com-
pared to fish not exposed to elevated pCO..

Differences between the diel movement patterns of
largemouth bass exposed and not exposed to elevated
pCO, were only found for days 1-5 and days 5-10 post-
release, and not for the 11-15 days grouping. The lack
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o
s 057 . movement pattern observed during the first 10 days (.e.
a L) 1-5 days, 5-10 days groups) were no longer detectable,
0.0 - -1 . . . .
5 — and fish were moving similar distances regardless of
o
c 05 ? treatment, indicating that animals likely recover from
) — elevated pCO, exposure. Recovery from exposure to ele-
g -1.0 ' ' vated pCO, levels has been shown in previous studies,
Bxposed  atment | oPosed as Hamilton et al. (2013) found that anxiety-related beha-
viours of juvenile Californian rockfish (Sebastes diploproa)
[
B 109 (b) Day 5t 10, CO, x time period 2 affected by CO, exposure returned to normal after
2 —_ returning to ambient seawater for 12 days. Interestingly,
o
s 059 It in our study, the observed difference between within-
a oo _ day movement patterns of exposed and unexposed fish
% ' ! were no longer detectable on 12 days after release (day
c 05 11 in model due to the initial release day being omitted
) - from the data set). A potential explanation for the recov-
g -1.01 : : ery is the changes in the GABA pathway induced by
Exposed Unexposed

Treatment

Fig. 4 Change in the intercept estimate for fish exposed and not
exposed to elevated pCO,. (a) Days 1-5 for 06:00-12:00 hours (time
period two) and (b) days 5-10 for 12:00-18:00 hours (time period
three). Dots represent the mean change in the estimate and whis-
kers represent the 95% credible intervals. Both mean and credible
intervals were calculated from estimates obtained using posterior
simulations of each fixed effect.

extended holding at elevated levels of pCO, returned to
the typical inhibitory function and normal neuronal
activity and diel behaviours commenced (Nilsson et al.,
2012; Hamilton et al., 2013). Future studies should more
closely examine diel patterns in activity and potentially
manipulate the GABA pathway using gabazine (an
antagonist of the GABA pathway) (Nilsson et al., 2012)
to gain a more complete understanding of how elevated
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Day 1to 5 Day 6 to 10 Day 11 to 15
1000 -

800 — . : . ' o

600 —

Home range (m?)

400 ' - -

200 5 : o =

Exposed not exposed  Exposed not exposed Exposed not exposed

Treatment group

Fig. 5 Home range size (m?) calculated using 95% kernel density
estimations of fish relocations during days 1-5 (left), days 6-10
(centre) and days 11-15 (right) for fish exposed and not exposed to
elevated pCOs,. Black dots represent medians, grey areas represent
the interquartile ranges (IQR) and dashed lines are whiskers and
represent 1.5 x IQR.

pCO, affects diel behaviours in fish and potential pre-
ventive solutions.

Space use assessed using both home range size and the
degradation of accurate position estimates indicated a
limited influence of elevated pCO, on largemouth bass
habitat use. Specifically, home range size did not change
regardless of exposure to elevated pCO, or not, likely due
to the pond being smaller than the typical size of large-
mouth bass home range (0.3-1.4 ha; Winter, 1977). How-
ever, space use may have been altered by exposure to
elevated pCO,, as the post hoc analysis of space use using
positional estimates after the 15 days monitoring period
revealed that fish exposed to elevated pCO, could not be
positioned by the system 4 days earlier than unexposed
fish (at least 1.3 days earlier based on the lower confi-
dence limit). Because the accuracy of position estimates is
strongly influenced by the position of the fish with
respect to the position of the hydrophone array (Baktoft
et al., 2015), the disproportionate reduction in position
estimates between treatment groups indicates that fish
exposed to elevated pCO, were likely spending the major-
ity of time during the latter part of the study (i.e. after
day 15) beyond the foot print of the array, likely in near
shore areas where spatial coverage was reduced due to
shallow water and vegetation. This measured difference
in habitat use may be related to a variety of factors
including exclusion by non-exposed fish (e.g. Hasegawa
et al., 2004), or a compensatory response to account for

the physiological changes noted above (e.g. recovery from
acidosis; Heuer & Grosell, 2014). Interestingly, there may
be a carryover effect (i.e. conditions in one period effect
an outcome in an subsequent period; e.g. Harrison et al.,
2011) of exposure to elevated pCO, that alters habitat use
by largemouth bass, which has also been found in wild
largemouth bass injected with the stress hormone, corti-
sol. O’Connor et al. (2010) found that largemouth bass
injected with cortisol several months prior were unable to
cope with anoxic conditions and died at a faster rate
than fish not artificially stressed; presumably because
stressed fish were using more anoxic habitats than non-
stressed fish. In the case of this study, the exposure to
elevated pCO, (a stressor known to increase cortisol in
fish; Kates et al., 2012) may have caused fish several
weeks after exposure to use poorer quality, peripheral
habitat in the pond. However, because we were unable to
assess the other movement metrics during this time per-
iod, it is difficult to fully assess the potential that elevated
pCO; has significant carryover effects on habitat selection.

Broadly, our results indicate that short-term exposure
(5 days) to elevated pCO, at a level of approximately
10 000 patm has limited impact on movement beha-
viours of largemouth bass, and changes that do occur in
diel movement patterns, appear to be corrected by
12 days following exposure. To our knowledge, no other
telemetry studies have characterised daily movement
and space use in free-ranging freshwater or marine
fishes exposed to elevated levels of pCO,, therefore mak-
ing comparisons to other studies is difficult. Fish
demonstrating irregular movement behaviours have
been found for some marine species observed using
underwater observation of externally tagged fish, and
fish moved further and had larger home ranges due to
abnormal searching and lack of homing ability (e.g.
Devine et al., 2012). The loss of a typical diel movement
pattern that was observed in this study may have conse-
quences for energetics, specifically if foraging success is
in some way impacted. However, we did not observe
any changes to daily movement, so it is unclear if fish
exposed to higher pCO, expended more total energy
each day. A potential reason for not finding changes in
daily movement may be due to freshwater fish being
adapted to a wider range of pCO, levels in comparison
to marine fishes (suggested in Hasler et al., 2016). For
example, in a global assessment of direct measurements
of pCO, in freshwater lakes, pCO, ranged from 100 patm
to over 4000 patm) (Cole et al., 1994), and wide diel and
episodic fluctuations have been found to increase pCO,
over 15-fold (Maberly, 1996). The findings of this study
may apply to future scenarios of freshwater pCO,, as

© 2016 John Wiley & Sons Ltd, Freshwater Biology, doi: 10.1111/fwb.12805



some systems, specifically the Laurentian Great Lakes,
may exhibit higher pCO, as a result of higher atmo-
spheric pCO, (Phillips et al., 2015). Furthermore, hatch-
ery-reared fish are often exposed to high pCO, to assist
with safe handling and because of crowding (Carmi-
chael et al., 1984). In general, further studies should be
completed to understand how freshwater fish behaviour
changes as pCO; rises, and are warranted given the sta-
tistical limitations imposed by the experimental design
used in this study (e.g., one treatment tank, one pond)
(Cornwall & Hurd, 2016). Studies specifically targeted at
understanding behaviours related to reproduction,
predator—prey dynamics and studies on sensitive species
should be prioritised. Given the findings from marine
studies on fish behaviour and rising pCO,, it will be
vital for the health of freshwater ecosystems to fully
understand the influence of pCO, on freshwater fishes

and their ecology.

Acknowledgments

Mitch Sisak and Johnny Marsili from Lotek Wireless
provided logistical support for the acoustic telemetry
array. Ian Buoyoucos, Justin Rondon, Michael Louison,
Shivani Adhikari and Jeff Stein from the Illinois Natural
History Survey and the University of Illinois provided
logistical support during fish collection. Lee Gutowsky
contributed valuable advice on statistical analyses. The
manuscript was greatly improved by the comments of
two anonymous reviewers. This work was supported by
the Illinois Department of Natural Resources, through
funds provided by the United States Environmental Pro-
tection Agency’s Great Lakes Restoration Initiative.

References

Baktoft H., Zajicek P., Klefoth T., Svendsen J.C., Jacobsen
L., Pedersen M.W. et al. (2015) Performance assessment of
two whole-lake acoustic positional telemetry systems — is
reality mining of free-ranging aquatic animals technologi-
cally possible? PLoS ONE, 10, e0126534.

Bates D. (2010) Lme4: Mixed-Effects Modeling With R.
Springer, Berlin.

Bauer C. & Schlott G. (2006) Reaction of common carp
(Cyprinus carpio, L.) to oxygen deficiency in winter as an
example for the suitability of radio telemetry for monitor-
ing the reaction of fish to stress factors in pond aquacul-
ture. Aquaculture Research, 37, 248-254.

Beitinger T.L. (1990) Behavioral reactions for the assessment
of stress in fishes. Journal of Great Lakes Research, 16, 495—
528.

Fish movement behaviours and elevated pCO, 9

Binder T.R., Nannini M.A., Wahl D.H., Arlinghaus R., Kle-
foth T. Philipp D.P. etal. (2012) Largemouth bass
selected for differential vulnerability to angling exhibit
similar routine locomotory activity in experimental
ponds. Transactions of the American Fisheries Society, 141,
1252-1259.

Bridger C.J. & Booth R.K. (2003) The effects of biotelemetry
transmitter presence and attachment procedures on fish
physiology and behavior. Reviews in Fisheries Science, 11,
13-34.

Butman D. & Raymond P.A. (2011) Significant efflux of car-
bon dioxide from streams and rivers in the United States.
Nature Geoscience, 4, 839-842.

Calenge C. (2006) The package “adehabitat” for the R soft-
ware: a tool for the analysis of space and habitat use by
animals. Ecological Modelling, 197, 516-519.

Calenge C., Dray S. & Royer-Carenzi M. (2009) The concept
of animals’ trajectories from a data analysis perspective.
Ecological Informatics, 4, 34—41.

Carmichael G.J., Tomasso J.R., Simco B.A. & Davis K.B.
(1984) Confinement and water quality-induced stress in
largemouth bass. Transactions of the American Fisheries
Society, 113, 767-777.

Cole JJ., Caraco N.F., Kling G.W. & Kratz T.K. (1994) Car-
bon dioxide supersaturation in the surface waters of
lakes. Science, 265, 1568-1570.

Cooke S.J., Hinch S.G., Wikelski M., Andrews R.D., Wolcott
T.G. & Butler P.J. (2004) Biotelemetry: a mechanistic
approach to ecology. Trends in Ecology & Ewvolution, 19,
334-343.

Cooke S.J. & Schreer J.F. (2003) Environmental monitoring
using physiological telemetry; a case study examining
common carp response to thermal pollution in a coal-
fired generating station effluent. Water, Air, & Soil Pollu-
tion, 142, 113-136.

Cornwall C.E. & Hurd C.L. (2016) Experimental design in
ocean acidification research: problems and solutions.
ICES Journal of Marine Science, 73, 572-581.

Demers E., McKinley R.S., Weatherley A.H. & McQueen
D.I. (1996) Activity patterns of largemouth and small-
mouth bass determined with electromyogram bioteleme-
try. Transactions of the American Fisheries Society, 125,
434-439.

Devine B.M., Munday P.L. & Jones G.P. (2012) Homing
ability of adult cardinalfish is affected by elevated carbon
dioxide. Oecologia, 168, 269-276.

Ferrari M.C.O., McCormick M.I, Munday P.L., Meekan
M.G., Dixson D.L., Lonnstedt O. et al. (2011) Putting prey
and predator into the CO, equation — qualitative and
quantitative effects of ocean acidification on predator-
prey interactions. Ecology Letters, 14, 1143-1148.

Freeman G.M. Jr, Krock RM., Aton S.J., Thaben P. &
Herzog E.D. (2013) GABA networks destabilize genetic
oscillations in the circadian pacemaker. Neuron, 78, 799—
806.

© 2016 John Wiley & Sons Ltd, Freshwater Biology, doi: 10.1111/fwb.12805



10 C. T. Hasler et al.

Green L. & Jutfelt F. (2014) Elevated carbon dioxide alters
the plasma composition and behaviour of a shark. Biology
Letters, 10, 20140538.

Hamilton T.J., Holcombe A. & Tresguerres M. (2013)
COy-induced ocean acidification increases anxiety in
Rockfish via alteration of GABA, receptor functioning.
Proceedings of the Royal Society B: Biological Sciences, 281,
20132509.

Hanson K.C., Cooke SJ., Suski C.D., Niezgoda G., Phelan
FJ.S., Tinline R. et al. (2007) Assessment of largemouth
bass (Micropterus salmoides) behaviour and activity at mul-
tiple spatial and temporal scales utilizing a 3-D whole-
lake ecological telemetry observatory. Hydrobiologia, 582,
243-256.

Hanson K.C., Hasler C.T., Cooke S.J., Suski C.D. & Philipp
D.P. (2008) Intersexual variation in the seasonal beha-
viour and depth distribution of a freshwater temperate
fish, the largemouth bass. Canadian Journal of Zoology, 86,
801-811.

Harrison X.A., Blount ].D., Inger R., Norris D.R. & Bearhop
S. (2011) Carry-over effects as drivers of fitness differ-
ences in animals. Journal of Animal Ecology, 80, 4-18.

Hasegawa K., Yamamoto T., Murakami M. & Maekawa K.
(2004) Comparison of competitive ability between native
and introduced salmonids: evidence from pairwise con-
tests. Ichthyological Research, 51, 191-194.

Hasler A.D. & Wisby W.J. (1958) The return of displaced
largemouth bass and green sunfish to a “home” area.
Ecology, 39, 289-293.

Hasler C.T., Butman D., Jeffrey J.D. & Suski C.D. (2016)
Freshwater biota and rising pCO,? Ecology Letters, 19, 98—
108.

Hasler C.T., Hanson K.C., Cooke S.J., Tinline R., Suski C.D.,
Niezgoda G. et al. (2007) Frequency, composition and sta-
bility of associations among individual largemouth bass
(Micropterus salmoides) at diel, daily and seasonal scales.
Ecology of Freshwater Fish, 16, 417-424.

Hasler C.T., Suski C.D., Hanson K.C., Cooke S.]J., Philipp
D.P. & Tufts B.L. (2009a) Effect of water temperature on
laboratory swimming perfromance and natural activity
levels of adult largemouth bass. Canadian Journal of Zool-
ogy, 87, 589-596.

Hasler C.T., Suski C.D., Hanson K.C., Cooke S.J. & Tufts
B.L. (2009b) The influence of dissolved oxygen on
winter habitat selection by largemouth bass: an integra-
tion of field biotelemetry studies and laboratory
experiments. Physiological and Biochemical Zoology, 82,
143-152.

Heuer RM. & Grosell M. (2014) Physiological impacts of
elevated carbon dioxide and ocean acidification on fish.
American Journal of Physiology: Regulatory, Integrative and
Comparative Physiology, 307, R1061-R1084.

Howick G.L. & O’Brien W.J. (1983) Piscivorous feeding
behavior of largemouth bass: an experimental analysis.
Transactions of the American Fisheries Society, 112, 508-516.

Hurlbert S.H. (2009) The ancient black art and transdisci-
plinary extent of pseudoreplication. Journal of Comparative
Psychology, 123, 434-443.

IPCC (2007) Climate Change 2007 — The Physical Science Basis
Working Group I Contribution to the Fourth Assessment
Report of the IPCC Intergovernmental Panel on Climate
Change. Cambridge University Press, Cambridge.

Johnson M.S,, Billett M.F., Dinsmore K.J., Wallin M., Dyson
K.E. & Jassal R.S. (2009) Direct and continuous measure-
ment of dissolved carbon dioxide in freshwater aquatic
systems—method and applications. Ecohydrology, 3, 68—
78.

Jutfelt F., Bresolin de Souza K., Vuylsteke A. & Sturve J.
(2013) Behavioural disturbances in a temperate fish
exposed to sustained high-CO, levels. PLoS ONE, 8,
e65825.

Kaniewska P., Chan CK.,, Kline D., Ling E.Y., Rosic N.,
Edwards D. et al. (2015) Transcriptomic changes in coral
holobionts provide insights into physiological challenges
of future climate and ocean change. PLoS ONE, 10,
e0139223.

Kates D., Dennis C., Noatch M.R. & Suski C.D. (2012)
Responses of native and invasive fishes to carbon diox-
ide: potential for a nonphysical barrier to fish dispersal.
Canadian Journal of Fisheries and Aquatic Sciences, 69, 1748—
1759.

Kie J.G., Matthiopoulos J., Fieberg ]J., Powell R.A., Cagnacci
F., Mitchell M.S. et al. (2010) The home-range concept: are
traditional estimators still relevant with modern telemetry
technology? Philosophical Transactions of the Royal Society
B: Biological Sciences, 365, 2221-2231.

Maberly S.C. (1996) Diel, episodic and seasonal changes in
pH and concentrations of inorganic carbon in a produc-
tive lake. Freshwater Biology, 35, 579-598.

Munday P.L., Dixson D.L., McCormick M.I., Meekan M.,
Ferrari M.C.O. & Chivers D.P. (2010) Replenishment of
fish populations is threatened by ocean acidifcation. Pro-
ceedings of the National Academy of Sciences of the United
States of America, 107, 12930-12934.

Nilsson G.E., Dixson D.L., Domenici P., McCormick M.I.,
Serensen C., Watson S.-A. et al. (2012) Near-future carbon
dioxide levels alter fish behaviour by interfering with
neurotransmitter function. Nature Climate Change, 2, 201—
204.

Noatch M.R. & Suski C.D. (2012) Non-physical barriers to
deter fish movements. Environmental Review, 20, 1-12.

O’Connor C.M., Gilmour K.M., Arlinghaus R., Hasler C.T.,
Philipp D.P. & Cooke S.J. (2010) Seasonal carryover effects
following the administration of cortisol to a wild teleost
fish. Physiological and Biochemical Zoology, 83, 950-957.

Ou M., Hamilton T.J., Eom J., Lyall EM., Gallup J., Jiang A.
et al. (2015) Responses of pink salmon to CO,-induced
aquatic acidification. Nature Climate Change, 5, 950-955.

Phillips J., McKinley G., Bennington V., Bootsma H., Pilcher
D., Sterner R. et al. (2015) The potential for CO,-induced

© 2016 John Wiley & Sons Ltd, Freshwater Biology, doi: 10.1111/fwb.12805



acidification in freshwater: a Great Lakes case study.
Oceanography, 25, 136-145.

R Development Core Team (2010) R: A Language and Envi-
ronment for Statistical Computing. R Foundation for Statisti-
cal Computing Vienna, Austria, Available at: http://
www.r-project.org/.

Riebesell U., Fabry V.J., Hansson L. & Gattuso ]J.-P. (2010)
Guide to Best Practices for Ocean Acidification Research and
Data Reporting. Publications Office of the European
Union, Luxembourg.

Rummer J.L., Stecyk J.A.W., Couturier C.S., Watson S.A.,
Nilsson G.E. & Munday P.L. (2013) Elevated CO,
enhances aerobic scope of a coral reef fish. Conservation
Physiology, 1, cot023.

Sherwood G.D., Kovecses J., Hontela A. & Rasmussen J.B.
(2002) Simplified food webs lead to energetic bottlenecks
in polluted lakes. Canadian Journal of Fisheries and Aquatic
Sciences, 59, 1-5.

Sundin J. & Jutfelt F. (2015) 9-28 days of exposure to ele-
vated pCO, reduces avoidance of predator odour but had

Fish movement behaviours and elevated pCO, 11

no effect on behavioural lateralization or swimming activ-
ity in a temperate wrasse (Ctenolabrus rupestris). ICES
Journal of Marine Science, 73, 620632, fsv101.

Therneau T. (2015) A Package for Survival Analysis in S. R
package version 2.38, http://CRAN.R-project.org/packa-
ge=survival.

Thorstad E.B.,, Qkland F., Aarestrup K. & Heggberget
T.G. (2007) Factors affecting the within-river spawning
migration of Atlantic salmon, with emphasis on human
impacts. Reviews in Fish Biology and Fisheries, 18, 345—
371.

Winter ].D. (1977) Summer home range movements and
habitat use by four largemouth bass in Mary Lake, Min-
nesota. Transactions of the American Fisheries Society, 106,
323-330.

(Manuscript accepted 22 June 2016)

© 2016 John Wiley & Sons Ltd, Freshwater Biology, doi: 10.1111/fwb.12805


http://www.r-project.org/
http://www.r-project.org/
http://CRAN.R-project.org/package=survival
http://CRAN.R-project.org/package=survival

