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Open ocean surface CO2 levels are projected to reach
approximately 800 µatm, and ocean pH to decrease by
approximately 0.3 units by the year 2100 due to anthropogenic
CO2 emissions and the subsequent process of ocean
acidification (OA). When exposed to these CO2/pH
values, several fish species display abnormal behaviour in
laboratory tests, an effect proposed to be linked to altered
neuronal GABAA receptor function. Juvenile blacksmith
(Chromis punctipinnis) are social fish that regularly experience
CO2/pH fluctuations through kelp forest diurnal primary
production and upwelling events, so we hypothesized that
they might be resilient to OA. Blacksmiths were exposed to
control conditions (pH ∼ 7.92; pCO2 ∼ 540 µatm), constant
acidification (pH ∼ 7.71; pCO2 ∼ 921 µatm) and oscillating
acidification (pH ∼ 7.91, pCO2 ∼ 560 µatm (day), pH ∼ 7.70,
pCO2 ∼ 955 µatm (night)), and caught and tested in two
seasons of the year when the ocean temperature was different:
winter (16.5 ± 0.1°C) and summer (23.1 ± 0.1°C). Neither
constant nor oscillating CO2-induced acidification affected
blacksmith individual light/dark preference, inter-individual
distance in a shoal or the shoal’s response to a novel object,
suggesting that blacksmiths are tolerant to projected future
OA conditions. However, blacksmiths tested during the winter
demonstrated significantly higher dark preference in the
individual light/dark preference test, thus confirming season
and/or water temperature as relevant factors to consider in
behavioural tests.
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1. Introduction
Atmospheric carbon dioxide (CO2) is rapidly increasing due to burning of fossil fuels, cement production
and land use changes [1]. Since the industrial revolution, the ocean has absorbed approximately 30%
of atmospheric CO2, which has raised CO2 levels in the surface ocean from approximately 280 to
approximately 400 µatm [2,3]. This has resulted in a reduction in ocean pH and a shift in carbonate
chemistry, a process called ocean acidification (OA) [2–4]. The current global surface ocean pH is already
0.1 units lower than the pre-industrial level, and the Intergovernmental Panel on Climate Change’s
IS92a ‘business as usual’ projection predicts a further CO2 increase to approximately 800 µatm and an
associated pH drop of 0.3–0.4 units by the year 2100 [4,5].

Numerous laboratory studies have found behavioural changes in response to future OA conditions
including improper reaction to predator, prey, parental and habitat cues [6–8]. Studies have also reported
decreases [9,10] and increases [11] in behavioural lateralization, impaired learning [12,13], increased
anxiety-like behaviour [14] and increased boldness [15] (reviewed in [16]). Field-based OA experiments
have additionally documented impaired predatory cue detection [7,17,18], homing ability [19] and
habitat preference [20]. Many of those effects seem to be at least partially due to altered movement of
Cl− ions through γ-aminobutyric acid type A (GABAA) receptors, because administration of the GABAA
antagonist gabazine restored the discrimination of olfactory cues [21], behavioural lateralization [9,10]
and learning [12] (reviewed in [22]). Additionally, the application of gabazine induced anxiety-like
behaviour in control fish to levels similar to fish exposed to OA conditions [14]. However, some
other studies have reported a lack of effect of OA-like conditions on fish subjected to tests on
behavioural lateralization, emergence from shelter, predator odour avoidance, foraging and anxiety-like
behaviour [23–26], suggesting fish species-specific responses to OA.

GABAA receptors are the major inhibitory mechanism in the central nervous system of vertebrate
animals, including marine fish [27,28]. A widespread approach to examining whether GABAA receptors
are functioning abnormally is through the testing of anxiety-like behaviour. These tests are based on
evidence that activation of GABAA receptors inhibits neural excitability, thus causing a reduction in
anxiety; conversely, anxiety is potentiated by GABAA receptor antagonist drugs [29,30]. The light/dark
preference test is a common test for anxiety-like behaviour in mice [31,32] and zebrafish [33], and
has recently been used also in other fish species [14,25,34,35]. In the light/dark preference test, an
organism is placed in a rectangular arena containing walls that are white on one-half of the arena
and dark on the other half. An anxious organism will have a tendency to seek the dark side of the
arena to hide from aversive stimuli, while a less anxious organism typically explores the light side
of the arena. The administration of pharmacological compounds can have a significant impact on
the behaviour of the organism in the light/dark preference test. For example, the GABAA agonists
diazepam, clonazepam, bromazepam and chlordiazepoxide decreased the time spent in the dark zone
in zebrafish [36,37]. Conversely, GABAA antagonists such as picrotoxin and gabazine increased the time
spent in the dark zone, and therefore anxiety, in mice [38], zebrafish [39] and splitnose rockfish (Sebastes
diploproa) [14]. As OA is proposed to alter GABAA receptor functioning [21,40,41], tests of anxiety-like
behaviour like the light/dark preference test are well suited to investigate this potential mechanism of
physiological change [14].

To date, most OA studies have investigated the effects of elevated CO2-induced acidification based on
global-scale surface ocean predictions, and have acclimated fish to constantly elevated CO2 (and thereby
reduced pH) levels. However, this situation does not adequately represent the large, natural variability
of coastal environments caused by near shore processes such as upwelling, water advection and primary
production [42–45]. Furthermore, in some instances, coastal CO2/pH changes can exceed the predicted
pH changes of the global surface ocean [45]. For example, in the La Jolla kelp forest (San Diego, USA),
pH at 7 and 17 m depths can range from 8.07 (pCO2 ∼ 246 µatm) to 7.87 (pCO2 ∼ 820 µatm) and from
7.80 (pCO2 ∼ 353 µatm) to 7.67 (pCO2 ∼ 1016 µatm), respectively [44]. Time-series data in the La Jolla kelp
forest have also shown diurnal pH fluctuation ranging from 8.2 to 7.8 [44]. However, to date there are
no reports of fish behavioural or physiological responses to current environmentally relevant CO2/pH
variability (although [15] tested the effects of fluctuating CO2 from 450 to 2000 µatm in freshwater).

Similarly, most studies on the effects of OA on fish have so far focused on individual behaviour,
yet roughly half of the world’s fish species live in shoals for part of their life and about one-quarter
of the world’s fish species live in shoals for their entire life [46]. Shoaling is defined as any group of
fish that remain together for social reasons [47,48]. Unlike schooling, shoaling fish do not necessarily
display coordinated swimming [48]. Nonetheless, shoaling fish still benefit from enhanced predator
detection [49], foraging [50] and social learning [51,52]. In the laboratory, shoaling behaviour has also
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been proposed as an index of anxiety (reviewed in [36]). These studies, and others in banded killifish
(Fundulus diaphanus) [53], demonstrate that, in response to predatory cues or invasive stimuli, the shoal
will become tighter (i.e. nearest neighbour distance (NND) and inter-individual distance (IID) will
decrease). Conversely, pharmacological administration of anxiety-reducing (anxiolytic) drugs, some of
which alter GABAA receptors, results in shoal dispersion (i.e. increased NND and IID) [54,55]. To the
best of our knowledge, there have only been two studies on the effects of OA on shoaling behaviour: one
reported a decreased tendency to associate with familiar shoal-mates in blue-green puller damselfish
(Chromis viridis) [56], and the other described lower shoal cohesion in sand smelt (Atherina presbyter) [57].

Another understudied aspect of OA is the potential induction of differential effects on aquatic
organisms during different seasons. If the effects of OA on fish behaviour were indeed caused by
malfunction of neuronal functions as current models propose, such differential effects could exist due
to differences in temperature, hormonal or nutritional status among other factors.

To answer some of these questions, we used blacksmith (Chromis punctipinnis), a damselfish found
year-round in southern California waters [58,59]. Both juvenile and adult blacksmiths form loosely
oriented shoals when unthreatened, and tighten into well-oriented shoals when threatened [58,59].
Juvenile blacksmiths typically live within 15 m of the surface, hiding in the kelp while feeding on the
abundant plankton in the current [58]. Adult blacksmiths are found deeper in the water column, typically
among rocky reefs and kelp forests [58,59].

Thus, the current study has the following objectives: (i) examine the impacts of future pH/CO2 levels
on blacksmith individual behaviour; (ii) investigate the impacts of future pH/CO2 levels on blacksmith
shoaling behaviour; (iii) compare the effects of oscillating acidification versus constant acidification on
blacksmith individual and shoaling behaviour; and (iv) compare behavioural responses of blacksmiths
collected and tested in different seasons of the year.

2. Material and methods
Juvenile blacksmiths were caught from drifting kelp paddies off the shores of La Jolla, adjacent to the
Scripps Coastal Reserve (La Jolla, USA) in December 2014 and August 2015. Fish were collected and
tested in two experimental sets to determine whether seasonal variability and/or water temperature may
also affect blacksmith responses to CO2/pH. Blacksmiths from the same kelp paddies were habituated
together within the Scripps Institution of Oceanography (SIO) flowing seawater aquarium for at least
30 days prior to experimentation. Blacksmiths were fed daily with live brine shrimp nauplii and frozen
copepods. The initial behavioural measurements were performed in January 2015 (16.5 ± 0.1°C) on
blacksmiths caught in December 2014. A subsequent set of individual behavioural measurements and a
set of group behavioural measurements were performed in September 2015 (23.1 ± 0.1°C) on blacksmiths
caught in August 2015. Blacksmiths were randomly selected from the holding tanks (January: n = 47;
3.2 ± 0.58 cm; 0.48 ± 0.02 g; September: n = 105; 3.3 ± 0.21 cm; 0.39 ± 0.01 g). There were no significant
differences in length (January: F2,44 = 0.399; p = 0.674; September: F2,44 = 1.166; p = 0.321) or weight
(January: F2,48 = 0.838; p = 0.439; September: F2,48 = 0.987; p = 0.380) within treatments. Blacksmiths were
randomly assigned to control CO2/pH (January: pCO2 = 549 ± 5 µatm, 7.91 ± 0.00 pH units; September:
pCO2 = 530 ± 3 µatm, 7.93 ± 0.00 pH units), constant acidification (January: pCO2 = 983 ± 19 µatm,
7.68 ± 0.01 pH units; September: pCO2 = 859 ± 9 µatm, 7.74 ± 0.01 pH units) and oscillating acidification
(January: day: pCO2 = 587 ± 4 µatm, 7.89 ± 0.00 pH units; night: pCO2 = 1066 ± 66 µatm, 7.65 ± 0.03 pH
units; September: day: pCO2 = 532 ± 4 µatm, 7.93 ± 0.00 pH units; night: pCO2 = 845 ± 2 µatm, 7.75 ± 0.00
pH units) treatments (table 1, electronic supplementary material, figure S1). Testing took place after 7
(individual behaviour) or 11 days (group behaviour) of exposure to control, constant or oscillating CO2
acidification. This time frame was chosen because it is consistent and comparable with our previous
study on rockfish [14].

Seawater was continuously pumped from the Scripps Coastal Reserve into the header tanks, where
the IKS Aquastar system (Karlsbad, Germany) monitored and recorded the temperature and pH
values as well as manipulated the pH by bubbling CO2 gas into the three header tanks (electronic
supplementary material, figure S1). The control header tank was not manipulated, and therefore reflected
current local water conditions normally experienced by juvenile blacksmiths. Each header tank supplied
water to three 20 l experimental tanks (0.3 l min−1) housing six blacksmiths each, and was covered with
a transparent fibreglass lid to limit atmospheric exposure and slow CO2 degassing. Experimental tanks
were randomly arranged and located on a shelf directly below the header tanks (see more details in ‘Data
analysis’).
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Table 1. Water chemistry during January 2015 and September 2015 experiments. pHnbs, alkalinity, salinity and temperature were
measured as described in Material and methods. pCO2, Ω aragonite and Ω calcite were calculated using CO2SYS. Data presented as
mean± s.e.m.)

oscillating acidification

control constant acidification day night

January 2015
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

pHnbs 7.91± 0.00 7.68± 0.01 7.89± 0.00 7.65± 0.03
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

alkalinity (µmol kgSW−1) 2234.04± 0.27 2232.81± 2.30 2233.99± 0.78 2233.70± 0.00
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

salinity (PSU) 33.4± 0.1 33.4± 0.1 33.4± 0.1 33.4± 0.1
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

pCO2 (µatm) 549± 5 983± 19 587± 4 1066± 66
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Ω aragonite 1.90± 0.01 1.19± 0.02 1.80± 0.02 1.10± 0.06
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Ω calcite 2.95± 0.02 1.85± 0.03 2.80± 0.02 1.70± 0.09
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Temp (°C) 16.5± 0.1
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

September 2015
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

pHnbs 7.93± 0.00 7.74± 0.01 7.93± 0.00 7.75± 0.00
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

alkalinity (µmol kgSW−1) 2235.40± 2.02 2234.60± 1.33 2234.40± 1.85 2245.00± 0.00
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

salinity (PSU) 33.5± 0.3 33.5± 0.3 33.5± 0.3 33.5± 0.2
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

pCO2 (µatm) 530± 3 859± 9 532± 4 845± 2
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Ω aragonite 2.48± 0.02 1.73± 0.02 2.50± 0.03 1.80± 0.01
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Ω calcite 3.79± 0.04 2.64± 0.03 3.80± 0.04 2.70± 0.01
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Temp (°C) 23.1± 0.1
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Additional pH measurements on header and experimental tanks were performed daily using a HACH
portable pH probe (HQ40d with pH probe PHC101) to confirm proper electrode function and ensure that
pH levels in the header tanks matched those in the animal tanks. Furthermore, discrete water samples
were taken on the first, middle and last day of exposure and analysed for total alkalinity, salinity and
pH in the Dickson laboratory (SIO; table 1). These discrete water samples were used to validate the
IKS pH electrode measurements and calculate pCO2, Ωaragonite and Ωcalcite using CO2SYS (v.2.1), with
dissociation constants from Mehrbach et al. [60] as refitted by Dickson & Millero [61] (see also [62])
(table 1) [60–62]. Lighting was maintained in a 12 L : 12 D cycle using an automatic timer. In the oscillating
acidification treatment, the IKS system triggered the CO2/pH switch two hours before the light/dark
switch (electronic supplementary material, figure S1).

2.1. General behavioural testing protocol
All testing took place between the hours of 6.00 and 18.00. Recordings were captured by a FireWire 400
Color Industrial Camera with a Tamron CCTV lens (2.8–12 mm, f/1.4), and the videos were analysed
with Ethovision XT motion tracking software system (v.10, Noldus, Leesburg, VA, USA). The arenas
were placed in an enclosed testing chamber with even lighting. The arena was rotated 180° every four
trials throughout the testing to compensate for any unintentional visual or auditory stimuli. All subjects
were gently coaxed into a 500 ml container with their respective treatment water and transferred into
a 30.5 × 15.3 cm area surrounded by white walls to allow the fish to acclimate to the conditions inside
the testing chamber and arena. After 15 min, each blacksmith (or shoal of blacksmiths) was released
into the centre of the testing arena. Testing began immediately afterwards and was recorded by an
overhead camera. All blacksmiths were tested in their respective water treatment, and blacksmiths in
the oscillating CO2/pH treatment were tested in control CO2/pH seawater as this was the condition
experienced during the day, which was when behavioural testing took place. Blacksmiths were not fed
for 24 h prior to behavioural testing [14]. Four blacksmiths from control, three from constant acidification
and three from oscillating acidification treatments (all from different holding tanks) died during the
exposure period from undetermined causes. Therefore, group behavioural testing was conducted with
five blacksmiths in all cases.
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2.2. Individual behaviour: light/dark preference test
The light/dark preference test was similar to earlier studies on zebrafish [63], splitnose rockfish [14] and
black perch (Embiotoca jacksoni) [34]. The testing arena (30.5 cm × 15.3 cm × 19.0 cm) had black or white
plastic walls (electronic supplementary material, figure S2), and was filled to a height of 7 cm with the
respective treatment water. The bottom of the arena was white in both the light and dark zones to allow
for motion tracking throughout the arena. The colour of the floor, white or black, has been previously
shown to have no effect on light or dark zone preference in the light/dark preference test [63]. After
seven days of treatment exposure, individual blacksmiths were placed into the arena for 15 min and the
duration spent in the dark zone was quantified. Blacksmiths in the September experiment were returned
to their experimental tanks for subsequent group behaviour testing.

2.3. Group behaviour: shoaling test
The shoaling test was based on previous studies on zebrafish [64,65]. The testing arena was a white,
plastic, circular arena filled with 6 cm of the respective treatment water (electronic supplementary
material, figure S2). After 11 days of treatment exposure, a shoal of five blacksmiths from the September
experiment were simultaneously placed into the arena and recorded for 15 min. IID (the average distance
of an individual fish to all other shoal mates) and time near the wall (thigmotaxis, 3.3 cm from the arena
wall) were quantified. Each shoal of five blacksmiths constituted one sample, and a total of six shoals
per treatment were analysed. The size of the thigmotaxic zone was based on the average body length of
blacksmith (3.3 cm).

2.4. Group behaviour: novel object test
After 15 min of recording in the shoaling test (described above), a novel object was placed in the centre
of the arena and fish behaviour was further recorded for another 15 min (electronic supplementary
material, figure S2). The novel object was a multicoloured Lego figurine (5 cm tall) to avoid innate colour
preference [14,15]. IID and time spent close to the novel object (both 3.3 and 6 cm radius) were analysed.
These distances were chosen based on the average length of fish in this study and the radius used in
previous novel object studies [14]. To the best of our knowledge, this was the first time the novel object
test has been combined with a shoaling test. The rationale was that the novel object may be perceived as
either predatory [66] or shelter-like stimuli [14], and this response may be altered by OA-like conditions.

2.5. Data analysis
Experimental tank effect was considered a random factor and nested in each treatment, which satisfies
the experimental design guidelines proposed by Cornwall & Hurd [67]. Data were pooled when
tank effect was determined to be conservatively not significant at p ≥ 0.250 (electronic supplementary
material, table S1) [68]. The Shapiro–Wilk and Levene tests were used to evaluate the assumptions
of normality and homogeneity (electronic supplementary material, table S1). Individual light/dark
preference test behaviour was analysed using two-way analysis of variance (ANOVA) with month of the
year (January, September) and pH treatments (control, constant acidification, oscillating acidification) as
variables. One-sample t-tests were also used in the light/dark preference test parameters to compare
time spent in a particular zone to 450 s (half of the duration of the test), as commonly used in these
types of study [6,14,35]. Shoaling and novel object test behaviours were analysed with one-way ANOVA.
All statistical analyses were completed using R (v. 0.98.1103) [69] and the R-package ‘car’ [70]. Unless
otherwise noted, all values are given as mean ± s.e.m.

3. Results
3.1. Individual behaviour: light/dark preference test
We first examined whether constant or oscillating acidification affected individual blacksmith light/dark
preference (January: n = 15, 16, 16 and September: n = 17, 17, 17; control, constant acidification,
oscillating acidification, respectively). Two-way ANOVA detected significant seasonal effect (January
versus September experiments) on dark preference (F1,92 = 7.9540, p = 0.0059), but no significant
effect of CO2/pH (control, constant acidification, oscillating acidification) (F2,92 = 0.3557, p = 0.7017) or
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Figure 1. Control, constant acidification and oscillating acidification-exposed Chromis punctipinnis were individually placed in the
light/dark preference test arena and their location recorded for 900 s. In January (n= 15–16), fish from all three treatments spent
significantly more time in the dark zone than 450 s (‡p< 0.0001 in all cases), while in September (n= 17) they did not. Time spent in
the dark zone was significantly affected by season (January versus September; F1,92 = 7.9540, p= 0.0059), but it was not significantly
affected by CO2/pH treatments (F2,92 = 0.3557, p= 0.7017). There were no significant interaction effects (F2,92 = 0.4629, p= 0.6309).
Data presented as mean± s.e.m.

interaction effect (F2,92 = 0.4629, p = 0.6309; figure 1). Similarly, one-sample t-test indicated that all three
pH treatment groups in the January experiments spent significantly more than 450 s in the dark zone
(p < 0.0001 for all three pH treatments), whereas none of the CO2/pH treatment groups in the September
experiments had a significant preference for either the light or the dark zone (p = 0.1018, p = 0.6549,
p = 0.2309 for control, constant acidification and oscillating acidification, respectively).

3.2. Group behaviour: shoaling test
We next examined whether constant or oscillating acidification affected blacksmith’s shoaling behaviour
(n = 6 shoals per treatment), with each data point representing a shoal of five fish. One-way ANOVA
indicated no significant effect of constant or oscillating acidification on either thigmotaxis (F2,15 = 0.621,
p = 0.551) or IID (F2,15 = 0.502, p = 0.615; figure 2).

3.3. Group behaviour: novel object test
Finally, we analysed the behaviour of a group of five blacksmiths after the introduction of a novel object
(n = 6 shoals per treatment). One-way ANOVA found no significant differences in constant or oscillating
acidification in either time near the object (6 cm radius; F2,15 = 0.159, p = 0.855) or IID (F2,15 = 0.312,
p = 0.737; figure 3). There were also no significant differences (F2,15 = 0.283, p = 0.758) when a 3.3 cm
radius was used to analyse time near the object.

4. Discussion
A common limitation of laboratory studies is that the experimental conditions do not mimic the
conditions experienced by fishes in the wild. With this in mind, we added two variables not commonly
implemented in OA studies; oscillating acidification to replicate the natural variability encountered in
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Figure 2. Control, constant acidification and oscillating acidification-exposed Chromis punctipinniswere placed into a shoaling test arena
in groups of five and their locations recorded for 900 s (n= 6 shoals per treatment). (a) Time near walls was not affected by CO2/pH
treatments (F2,15 = 0.621, p= 0.551). (b) Inter-individual distance was also not affected by CO2 treatments (F2,15 = 0.502, p= 0.615).
Data presented as mean± s.e.m. This test was only performed on the September groups.

kelp forests and seagrass beds, and testing of group behaviour to examine the natural social behaviour
that is observed in most fish species. However, neither individual nor group behaviour were affected
by either constant or oscillating acidification, suggesting that blacksmiths are resilient to environmental
CO2/pH variability and to near-future OA scenarios, at least in relation to the parameters tested. On
the contrary, the season in which blacksmiths were caught and tested did affect individual blacksmith
behaviour, which warrants further investigation.

The lack of effect of OA conditions on blacksmith light/dark preference is in contrast with our
earlier study on splitnose rockfish, in which exposure to constant acidification induced a significant dark
preference [14]. The aforementioned rockfish study and the current blacksmith study are comparable,
because both collected fish from drifting kelp paddies offshore of La Jolla, California, exposed them to
similar CO2/pH conditions and quantified fish behaviour using the same light/dark preference test.
Constant and oscillating acidification also did not affect the group behaviour parameters tested on
blacksmith in this study. These results have important caveats. Firstly, although the means of IID and
thigmotaxis from control and treatments were not statistically different from each other and there were
no obvious trends, the low number of replicates (n = 6) affects the statistical power. However, because
each replicate was a shoal of five fish, and because there were three experimental conditions, our sample
size of n = 6 for each condition involved the use of 90 fish. Thus, increasing the number of replicates
represents a challenge both in terms of infrastructure and testing logistics. Additionally, the lack of
information about blacksmith group behaviour and relevant experimental tests makes it difficult to
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Figure 3. Immediately after the shoaling test, a novel objectwas placed into the arena and shoal behaviourwas recorded for 900 s (n= 6
shoals per treatment). (a) Time near novel object was not affected by CO2/pH treatments (F2,15 = 0.159, p= 0.855). (b) Inter-individual
distance to conspecifics was also not affected by CO2/pH treatments (F2,15 = 0.312, p= 0.737). Data presented as mean± s.e.m. This
test was only performed on the September groups.

assess the relevance of the results for real-world conditions. These limitations clearly indicate that there
is a need for more research and resources dedicated to OA studies.

One mainstream hypothesis behind OA-induced behavioural changes in fish is altered
intracellular/extracellular bicarbonate and chloride gradients which change GABAA receptor function
as a side effect of blood acid–base regulation [21,40,41] (reviewed in [22]). As fish accumulate HCO3

− to
buffer blood pH, Cl− concentration is proposed to be reduced in an equimolar amount, and reverse the
flux of Cl− across GABAA receptors [21]. Thus, GABA-induced GABAA receptor opening could result in
neuronal depolarization instead of hyperpolarization, which could explain the alteration in behaviours.

Multiple studies have reported alterations in fish anxiety-like behaviour in response to elevated CO2
levels. In addition to the above-mentioned increased anxiety in rockfish [14], OA-exposed marine three-
spined stickleback (Gasterosteus aculeatus) spent significantly less time near the novel object, similarly
suggesting increased anxiety [10]. CO2 acidification also induced an alteration in anxiety-like behaviour
in pink salmon in freshwater; however, in this case, anxiety was decreased in the novel-approach
test [15]. However, exposure to elevated CO2 levels did not affect the behaviour of several other fish
species subjected to similar tests. For example, OA-like conditions did not significantly affect predator
avoidance [23], behavioural lateralization or boldness [24] in juvenile Atlantic cod (Gadus morhua), and it
also did not affect anxiety-like behaviour in red drum (Sciaenops ocellatus) [25].

These species-specific differences have been attributed to a variety of potential causes, from different
iono-regulatory mechanisms and capacity, to different life-history traits [15], such as living in a marine,
estuarine or freshwater environment, living in the open ocean, kelp forest, mangrove or reef, or being



9

rsos.royalsocietypublishing.org
R.Soc.opensci.4:170283

................................................
a migratory species (reviewed in [41]). The lack of effect of OA on blacksmith behaviour in the current
study could be due to a variety of not mutually exclusive reasons. For example, blacksmiths may be able
to regulate the acid/base status of their internal fluids, so OA-relevant elevations in CO2 levels do not
affect neuronal function, or they may be able to regulate neuronal membrane potential to offset potential
effects of OA on the chemistry of their internal fluids (reviewed in [41]). Exploring these mechanisms in
fish species whose behaviour is altered by OA-like conditions, and comparing them to species that are
resilient could provide valuable insights on the potential effects of OA on fish in the wild. However, this
is not a trivial task, as it requires measuring the concentrations of HCO3

− and Cl− inside neurons and
in cerebrospinal fluid. This has never been done in any fish, and is extremely challenging because the
putative changes in ion concentrations are small and likely to be affected by the sampling procedures
(reviewed in [41]).

Another interesting and unexpected finding from our study was the significantly different anxiety-
like behaviour measured in both control and OA conditions in experiments in January (winter) compared
to the experiments in September (late summer). Both sets of experiments were conducted under identical
illumination and diet conditions; however, seawater temperature was approximately 6.50°C higher in
the summer. Thus, the difference in dark preference between winter and summer could have been due
to temperature. However, several other potentially relevant parameters were not measured, such as
hormonal levels, and cannot be ruled out. Regardless, the observed differences in control behaviours
between the two seasons strengthens the finding that the OA-like conditions tested here have no effect
on blacksmith because there was no effect of OA on anxiety-like behaviour in either season. However,
effects of OA on other aspects of blacksmith behaviour, most notably olfactory discrimination, have not
been investigated here and will constitute the basis for future research.

Blacksmith responses in the current study also differed from studies on tropical damselfish that
have found a variety of behavioural impairments in response to OA-like conditions, including
altered behavioural lateralization (yellowtail demoiselle, Neopomacentrus azysron) [21], altered olfactory
abilities (Pomacentrus wardi [18]; Dascyllus aruanus and P. moluccensis [71]) and impaired learning of
olfactory cues (P. amboinensis [12,13]). Interestingly, the ability to sense anti-predator cues after OA-
like treatments was considerably different in four congeneric species of damselfish (P. moluccensis,
P. amboinensis, P. nagasakiensis and P. chrysurus) [72]. Because these fish shared similar ecology and
life history, the authors concluded that their differential resilience to OA-like conditions may be
due to unidentified physiological differences [72]. The differential response to OA-like conditions
between blacksmith (a temperate damselfish) and tropical damselfishes may be explained by the
same rationale. However, variability in life stages and ecological habitats make a direct comparison
to our study difficult. Furthermore, performing light/dark and shoaling tests on tropical damselfish
species, or olfactory discrimination tests on blacksmith, is necessary for direct comparisons between
species.

In summary, the behaviour of juvenile blacksmith was not affected by CO2-acidified conditions
previously demonstrated to affect juveniles of a sympatric rockfish species. These results suggest these
two fish species are not equally susceptible to the predicted future OA, and identify blacksmith and
splitnose rockfish as a potential ‘winner’ and ‘loser’ species, respectively. However, this possibility
should be experimentally confirmed by other behavioural and physiological tests, which would ideally
combine laboratory and field studies.

Ethics. All experiments were approved by the SIO-UCSD animal care committee under protocol no. S10320 in
compliance with the IACUC guidelines for the care and use of experimental animals. All animals were collected
under permit (#SCP13227) issued by the California Department of Fish and Wildlife.
Data accessibility. The datasets supporting this article are presented in the text, table, figures and electronic
supplementary material.
Authors’ contributions. T.J.H. and M.T. conceived the study. All authors designed the experiments, analysed results and
wrote the manuscript. G.T.K. performed the experiments. All authors gave their final approval for the publication.
Competing interests. The authors declare no competing interests.
Funding. G.T.K. is supported by the San Diego Fellowship and the National Science Foundation Graduate Research
Fellowship Program (NSF-GRFP). This study was funded by UCSD Academic Senate Award, NSF (EF #1220641) and
an Alfred P. Sloan research Fellowship Grant (BR2013-103) to M.T., and Natural Sciences and Engineering Research
Council (NSERC) Discovery grant to T.J.H. (04843).
Acknowledgements. We thank Phil Zerofski (SIO) for collecting the fish and helping with aquarium matters, and Radha
Karra, Mikayla Ortega, Yuzo Yanagitsuru and Dr Cristina Salmerón Salvador (Tresguerres laboratory, SIO) for their
help with fish care and data collection. Dr Stuart Sandin (SIO), Lynn Waterhouse (SIO) and Dr Carlos Luquet
(CONICET-Argentina) provided valuable assistance with statistical analyses. We are grateful to Carlsbad Aquafarm
(Carlsbad, CA) for donating aquarium supplies.



10

rsos.royalsocietypublishing.org
R.Soc.opensci.4:170283

................................................
References
1. Raupach MR, Marland G, Ciais P, Le Quere C,

Canadell JG, Klepper G. 2007 Global and regional
drivers of accelerating CO2 emissions. Proc. Natl
Acad. Sci. USA 104, 10 288–10 293. (doi:10.1073/
pnas.0700609104)

2. Caldeira K, Wickett ME. 2003 Oceanography:
anthropogenic carbon and ocean pH. Nature 425,
365. (doi:10.1038/425365a)

3. Sabine CL. 2004 The oceanic sink for anthropogenic
CO2. Science 305, 367–371. (doi:10.1126/science.
1097403)

4. Orr JC et al. 2005 Anthropogenic ocean acidification
over the twenty-first century and its impact on
calcifying organisms. Nature 437, 681–686.
(doi:10.1038/nature04095)

5. Meehl GA et al. 2007 Global climate projections. In
Climate Change 2007: Contribution of Working Group
I to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change,
pp. 747–846. Cambridge, UK: Cambridge University
Press.

6. Cripps IL, Munday PL, McCormick MI. 2011 Ocean
acidification affects prey detection by a predatory
reef fish. PLoS ONE 6, e22736. (doi:10.1371/journal.
pone.0022736)

7. Dixson DL, Munday PL, Jones GP. 2010 Ocean
acidification disrupts the innate ability of fish to
detect predator olfactory cues. Ecol. Lett. 13, 68–75.
(doi:10.1111/j.1461-0248.2009.01400.x)

8. Munday PL, Dixson DL, Donelson JM, Jones GP,
Pratchett MS, Devitsina GV. 2009 Ocean acidification
impairs olfactory discrimination and homing ability
of a marine fish. Proc. Natl Acad. Sci. USA 106,
1848–1852. (doi:10.1073/pnas.0809996106)

9. Domenici P, Allan B, McCormick MI, Munday PL.
2012 Elevated carbon dioxide affects behavioural
lateralization in a coral reef fish. Biol. Lett. 8, 78–81.
(doi:10.1098/rsbl.2011.0591)

10. Jutfelt F, de Souza KB, Vuylsteke A, Sturve J. 2013
Behavioural disturbances in a temperate fish
exposed to sustained high-CO2 levels. PLoS ONE 8,
e65825. (doi:10.1371/journal.pone.0065825)

11. Green L, Jutfelt F. 2014 Elevated carbon dioxide
alters the plasma composition and behaviour of a
shark. Biol. Lett. 10, 20140538. (doi:10.1098/rsbl.
2014.0538)

12. Chivers DP et al. 2014 Impaired learning of predators
and lower prey survival under elevated CO2: a
consequence of neurotransmitter interference. Glob.
Change Biol. 20, 515–522. (doi:10.1111/gcb.12291)

13. Ferrari MCO, Manassa RP, Dixson DL, Munday PL,
McCormick MI, Meekan MG. 2012 Effects of ocean
acidification on learning in coral reef fishes. PLoS
ONE 7, e31478. (doi:10.1371/journal.pone.0031478)

14. Hamilton TJ, Holcombe A, Tresguerres M. 2014
CO2-induced ocean acidification increases anxiety in
rockfish via alteration of GABAA receptor
functioning. Proc. R. Soc. B 281, 20132509.
(doi:10.1098/rspb.2013.2509)

15. Ou M Hamilton TJ, Eom J, Lyall EM, Gallup J, Jiang
A. 2015 Responses of pink salmon to CO2-induced
aquatic acidification. Nat. Clim. Change 5, 950–955.
(doi:10.1038/nclimate2694)

16. Clements J, Hunt H. 2015 Marine animal behaviour
in a high CO2 ocean.Mar. Ecol. Prog. Ser. 536,
259–279. (doi:10.3354/meps11426)

17. Ferrari MCO, Dixson DL, Munday PL, McCormick MI,
Meekan MG, Sih A. 2011 Intrageneric variation in
antipredator responses of coral reef fishes affected
by ocean acidification: implications for climate
change projections on marine communities. Glob.
Change Biol. 17, 2980–2986. (doi:10.1111/j.1365-
2486.2011.02439.x)

18. Munday PL, Dixson DL, McCormick MI, Meekan M,
Ferrari MCO, Chivers DP. 2010 Replenishment of fish
populations is threatened by ocean acidification.
Proc. Natl Acad. Sci. USA 107, 12 930–12 934.
(doi:10.1073/pnas.1004519107)

19. Devine BM, Munday PL, Jones GP. 2012 Homing
ability of adult cardinalfish is affected by elevated
carbon dioxide. Oecologia 168, 269–276.
(doi:10.1007/s00442-011-2081-2)

20. Devine BM, Munday PL. 2013 Habitat preferences of
coral-associated fishes are altered by short-term
exposure to elevated CO2.Mar. Biol. 160, 1955–1962.
(doi:10.1007/s00227-012-2051-1)

21. Nilsson GE, Dixson DL, Domenici P, McCormick MI,
Sørensen C, Watson S-A. 2012 Near-future carbon
dioxide levels alter fish behaviour by interfering
with neurotransmitter function. Nat. Clim. Change
2, 201–204. (doi:10.1038/nclimate1352)

22. Heuer RM, Grosell M. 2014 Physiological impacts of
elevated carbon dioxide and ocean acidification on
fish. AJP Regul. Integr. Comp. Physiol. 307,
R1061–R1084. (doi:10.1152/ajpregu.00064.2014)

23. Jutfelt F, Hedgärde M. 2013 Atlantic cod actively
avoid CO2 and predator odour, even after long-term
CO2 exposure. Front. Zool. 10, 81. (doi:10.1186/1742-
9994-10-81)

24. Jutfelt F, Hedgärde M. 2015 Juvenile Atlantic cod
behavior appears robust to near-future CO2 levels.
Front. Zool. 12, 1–7. (doi:10.1186/s12983-015-0104-2)

25. Lonthair J, Ern R, Esbaugh AJ. 2017 The early life
stages of an estuarine fish, the red drum (Sciaenops
ocellatus), are tolerant to high pCO2. ICES J. Mar. Sci.
74, 1042–1050. (doi:10.1093/icesjms/fsw225)

26. Heinrich DDU, Watson S-A, Rummer JL, Brandl SJ,
Simpfendorfer CA, Heupel MR. 2016 Foraging
behaviour of the epaulette shark Hemiscyllium
ocellatum is not affected by elevated CO2. ICES J.
Mar. Sci. 73, 633–640. (doi:10.1093/icesjms/fsv085)

27. Shin LM, Liberzon I. 2010 The neurocircuitry of fear,
stress, and anxiety disorders.
Neuropsychopharmacology 35, 169–191.
(doi:10.1038/npp.2009.83)

28. Stewart A et al. 2011 Pharmacological modulation of
anxiety-like phenotypes in adult zebrafish
behavioral models. Prog. Neuro-Psychopharmacol.
Biol. Psychiatry 35, 1421–1431. (doi:10.1016/j.pnpbp.
2010.11.035)

29. Enna SJ. 1984 Role ofγ-aminobutyric acid in
anxiety. Psychopathology 17, 15–24. (doi:10.1159/
000284073)

30. Nestoros JN. 1984 GABAergic mechanisms and
anxiety: an overview and a new neurophysiological
model. Can. J. Psychiatry 29, 520–529. (doi:10.1177/
070674378402900614)

31. Bourin M, Hascoët M. 2003 The mouse light/dark
box test. Eur. J. Pharmacol. 463, 55–65. (doi:10.1016/
S0014-2999(03)01274-3)

32. Kalueff AV, Keisala T, Minasyan A, Kumar SR,
LaPorte JL, Murphy DL. 2008 The regular and

light-dark Suok tests of anxiety and sensorimotor
integration: utility for behavioral characterization in
laboratory rodents. Nat. Protoc. 3, 129–136.
(doi:10.1038/nprot.2007.516)

33. Maximino C, de Brito TM, da Silva Batista AW,
Herculano AM, Morato S, Gouveia A. 2010 Measuring
anxiety in zebrafish: a critical review. Behav. Brain
Res. 214, 157–171. (doi:10.1016/j.bbr.2010.05.031)

34. Hamilton TJ, Morrison RA, Palenik B, Tresguerres M.
2014 Exposure to bloom-like concentrations of two
marine Synechococcus cyanobacteria (strains CC9311
and CC9902) differentially alters fish behaviour.
Conserv. Physiol. 2, 1–9. (doi:10.1093/
conphys/cou020.)

35. Maximino C, Marques de Brito T, Dias CAGDM,
Gouveia A, Morato S. 2010 Scototaxis as anxiety-like
behavior in fish. Nat. Protoc. 5, 209–16. (doi:10.1038/
nprot.2009.225)

36. Maximino C et al. 2012 A comparison of the
light/dark and novel tank tests in zebrafish.
Behaviour 149, 1099–1123. (doi:10.1163/1568539X-
00003029)

37. Sackerman J et al. 2010 Zebrafish behavior in novel
environments: effects of acute exposure to
anxiolytic compounds and choice of Danio rerio line.
Int. J. Comp. Psychol. 23, 43–61. (doi:10.2964/jsik.
kuni0223)

38. Heredia L, Torrente M, Colomina MT, Domingo JL.
2014 Assessing anxiety in C57BL/6 J mice: a
pharmacological characterization of the open-field
and light/dark tests. J. Pharmacol. Toxicol. Methods
69, 108–114. (doi:10.1016/j.vascn.2013.12.005)

39. Wong K et al. 2010 Analyzing habituation responses
to novelty in zebrafish (Danio rerio). Behav. Brain
Res. 208, 450–457. (doi:10.1016/j.bbr.2009.12.023)

40. Nilsson GE, Lefevre S. 2016 Physiological challenges
to fishes in a warmer and acidified future.
Physiology 31, 409–417. (doi:10.1152/physiol.
00055.2015)

41. Tresguerres M, Hamilton TJ. 2017 Acid–base
physiology, neurobiology and behaviour in relation
to CO2-induced ocean acidification. J. Exp. Biol. 220,
2136–2148. (doi:10.1242/jeb.144113)

42. Delille B, Borges A, Delille D. 2009 Influence of giant
kelp beds (Macrocystis pyrifera) on diel cycles of
pCO2 and DIC in the sub-Antarctic coastal area.
Estuar. Coast. Shelf Sci. 81, 114–122. (doi:10.1016/
j.ecss.2008.10.004)

43. Fabry VJ, Seibel BA, Feely RA, Orr JC. 2008 Impacts
of ocean acidification on marine fauna and
ecosystem processes. ICES J. Mar. Sci. 65, 414–432.
(doi:10.1093/icesjms/fsn048)

44. Frieder CA, Nam SH, Martz TR, Levin LA. 2012 High
temporal and spatial variability of dissolved oxygen
and pH in a nearshore California kelp forest.
Biogeosciences 9, 3917–3930. (doi:10.5194/bg-9-
3917-2012)

45. Hofmann GE et al. 2011 High-frequency dynamics of
ocean pH: a multi-ecosystem comparison. PLoS ONE
6, e28983. (doi:10.1371/journal.pone.0028983)

46. Shaw E. 1978 Schooling fishes: the school, a truly
egalitarian form of organization. Am. Sci. 66,
166–175.

47. Kennedy GJA, Pitcher TJ. 1975 Experiments on
homing in shoals of the Europeanminnow, Phoxinus
phoxinus (L). Trans. Am. Fish Soc. 104, 454–457.

http://dx.doi.org/10.1073/pnas.0700609104
http://dx.doi.org/10.1073/pnas.0700609104
http://dx.doi.org/10.1038/425365a
http://dx.doi.org/10.1126/science.1097403
http://dx.doi.org/10.1126/science.1097403
http://dx.doi.org/10.1038/nature04095
http://dx.doi.org/10.1371/journal.pone.0022736
http://dx.doi.org/10.1371/journal.pone.0022736
http://dx.doi.org/10.1111/j.1461-0248.2009.01400.x
http://dx.doi.org/10.1073/pnas.0809996106
http://dx.doi.org/10.1098/rsbl.2011.0591
http://dx.doi.org/10.1371/journal.pone.0065825
http://dx.doi.org/10.1098/rsbl.2014.0538
http://dx.doi.org/10.1098/rsbl.2014.0538
http://dx.doi.org/10.1111/gcb.12291
http://dx.doi.org/10.1371/journal.pone.0031478
http://dx.doi.org/10.1098/rspb.2013.2509
http://dx.doi.org/10.1038/nclimate2694
http://dx.doi.org/10.3354/meps11426
http://dx.doi.org/10.1111/j.1365-2486.2011.02439.x
http://dx.doi.org/10.1111/j.1365-2486.2011.02439.x
http://dx.doi.org/10.1073/pnas.1004519107
http://dx.doi.org/10.1007/s00442-011-2081-2
http://dx.doi.org/10.1007/s00227-012-2051-1
http://dx.doi.org/10.1038/nclimate1352
http://dx.doi.org/10.1152/ajpregu.00064.2014
http://dx.doi.org/10.1186/1742-9994-10-81
http://dx.doi.org/10.1186/1742-9994-10-81
http://dx.doi.org/10.1186/s12983-015-0104-2
http://dx.doi.org/10.1093/icesjms/fsw225
http://dx.doi.org/10.1093/icesjms/fsv085
http://dx.doi.org/10.1038/npp.2009.83
http://dx.doi.org/10.1016/j.pnpbp.2010.11.035
http://dx.doi.org/10.1016/j.pnpbp.2010.11.035
http://dx.doi.org/10.1159/000284073
http://dx.doi.org/10.1159/000284073
http://dx.doi.org/10.1177/070674378402900614
http://dx.doi.org/10.1177/070674378402900614
http://dx.doi.org/10.1016/S0014-2999(03)01274-3
http://dx.doi.org/10.1016/S0014-2999(03)01274-3
http://dx.doi.org/10.1038/nprot.2007.516
http://dx.doi.org/10.1016/j.bbr.2010.05.031
http://dx.doi.org/10.1093/conphys/cou020.
http://dx.doi.org/10.1093/conphys/cou020.
http://dx.doi.org/10.1038/nprot.2009.225
http://dx.doi.org/10.1038/nprot.2009.225
http://dx.doi.org/10.1163/1568539X-00003029
http://dx.doi.org/10.1163/1568539X-00003029
http://dx.doi.org/10.2964/jsik.kuni0223
http://dx.doi.org/10.2964/jsik.kuni0223
http://dx.doi.org/10.1016/j.vascn.2013.12.005
http://dx.doi.org/10.1016/j.bbr.2009.12.023
http://dx.doi.org/10.1152/physiol.00055.2015
http://dx.doi.org/10.1152/physiol.00055.2015
http://dx.doi.org/10.1242/jeb.144113
http://dx.doi.org/10.1016/j.ecss.2008.10.004
http://dx.doi.org/10.1016/j.ecss.2008.10.004
http://dx.doi.org/10.1093/icesjms/fsn048
http://dx.doi.org/10.5194/bg-9-3917-2012
http://dx.doi.org/10.5194/bg-9-3917-2012
http://dx.doi.org/10.1371/journal.pone.0028983


11

rsos.royalsocietypublishing.org
R.Soc.opensci.4:170283

................................................
(doi:10.1577/1548-8659(1975)104<454:EOHISO>
2.0.CO;2)

48. Pitcher TJ. 1983 Heuristic definitions of fish shoaling
behaviour. Anim. Behav. 31, 611–613. (doi:10.1016/
S0003-3472(83)80087-6)

49. Pitcher T. 1979 Sensory information and the
organization of behaviour in a shoaling cyprind fish.
Anim. Behav. 27, 126–149. (doi:10.1016/0003-
3472(79)90133-7)

50. Baird TA, Ryer CH, Olla BL. 1991 Social enhancement
of foraging on an ephemeral food source in juvenile
walleye pollock, Theragra chalcogramma. Environ.
Biol. Fishes 31, 307–311. (doi:10.1007/BF00000697)

51. Ryer CH, Olla BL. 1991 Information transfer and the
facilitation and inhibition of feeding in a schooling
fish. Environ. Biol. Fishes 30, 317–323. (doi:10.1007/
BF02028847)

52. Brown C, Laland KN. 2003 Social learning in fishes: a
review. Fish Fish. 4, 280–288. (doi:10.1046/j.1467-
2979.2003.00122.x)

53. Hoare DJ, Couzin ID, Godin JGJ, Krause J. 2004
Context-dependent group size choice in fish. Anim.
Behav. 67, 155–164. (doi:10.1016/j.anbehav.
2003.04.004)

54. Tsubokawa T, Saito K, Kawano H, Kawamura K,
Shinozuka K, Watanabe S. 2009 Pharmacological
effects on mirror approaching behavior and
neurochemical aspects of the telencephalon in the
fish, medaka (Oryzias latipes). Soc. Neurosci. 4,
276–286. (doi:10.1080/17470910802625215)

55. Gebauer DL, Pagnussat N, Piato ÂL, Schaefer IC,
Bonan CD, Lara DR. 2011 Effects of anxiolytics in
zebrafish: similarities and differences between
benzodiazepines, buspirone and ethanol.
Pharmacol. Biochem. Behav. 99, 480–486.
(doi:10.1016/j.pbb.2011.04.021)

56. Nadler LE, Killen SS, McCormick MI, Watson S,
Munday PL. 2016 Effect of elevated carbon dioxide
on shoal familiarity and metabolism in a coral reef
fish. Conserv. Physiol. 4, cow052. (doi:10.1093/
conphys/cow052)

57. Lopes AF, Morais P, Pimentel M, Rosa R, Munday PL,
Goncalves EJ. 2016 Behavioural lateralization and
shoaling cohesion of fish larvae altered under ocean
acidification.Mar. Biol. 163, 243. (doi:10.1007/
s00227-016-3026-4)

58. Limbaugh C. 1964 Notes on the life history of two
Californian omacentrids: Garibaldis, Hypsypops
rubicunda (Girard), and Blacksmiths, Chromis
punctipinnis (Cooper). Pacific Sci. 18,
41–50.

59. Love M. 2011 Certainly more than you want to know
about the fishes of the Pacific coast. Santa Barbara,
CA: Really Big Press.

60. Mehrbach C, Culberson CH, Hawley JE, Pytkowicz
RM. 1973 Measurement of the apparent dissociation
constants of carbonic acid in seawater at
atmospheric pressure. Limnol. Oceanogr. 18,
897–907. (doi:10.4319/lo.1973.18.6.0897)

61. Dickson AG, Millero FJ. 1987 A comparison of the
equilibrium constants for the dissociation of
carbonic acid in seawater media. Deep Sea Res. Part
A Oceanogr. Res. Pap. 34, 1733–1743. (doi:10.1016/
0198-0149(87)90021-5)

62. Lewis E, Wallace DWR. 1998 CO2SYS DOS program
developed for CO2 system calculations. Oak Ridge,
TN: Carbon Dioxide Information Analysis Center, Oak
Ridge National Laboratory, US Department of
Energy.

63. Holcombe A, Howorko A, Powell RA, Schalomon M,
Hamilton TJ. 2013 Reversed scototaxis during
withdrawal after daily-moderate, but not

weekly-binge, administration of ethanol in
zebrafish. PLoS ONE 8, e63319. (doi:10.1371/journal.
pone.0063319)

64. Wright D, Krause J. 2006 Repeated measures of
shoaling tendency in zebrafish (Danio rerio) and
other small teleost fishes. Nat. Protoc. 1, 1828–1831.
(doi:10.1038/nprot.2006.287)

65. Miller N, Gerlai R. 2007 Quantification of shoaling
behaviour in zebrafish (Danio rerio). Behav. Brain
Res. 184, 157–166. (doi:10.1016/j.bbr.2007.07.007)

66. Johnson A, Hamilton TJ. 2017 Modafinil decreases
anxiety-like behaviour in zebrafish. PeerJ 5, e2994.
(doi:10.7717/peerj.2994)

67. Cornwall CE, Hurd CL. 2015 Experimental design in
ocean acidification research: problems and
solutions. ICES J. Mar. Sci. 73, 572–81. (doi:10.1093/
icesjms/fsv118)

68. Quinn GP, Keough MJ. 2002 Experimental design and
data analysis for biologists, vol. 277. Cambridge, UK:
Cambridge University Press.

69. R Development Core Team. 2013 R: a language and
environment for statistical computing. Vienna,
Austria: R foundation for statistical computing.

70. Fox J, Weisberg S. 2011 An {R} companion to applied
regression, 2nd edn. Thousand Oaks, CA: Sage.

71. Munday PL, Cheal AJ, Dixson DL, Rummer JL,
Fabricius KE. 2014 Behavioural impairment in reef
fishes caused by ocean acidification at CO2 seeps.
Nat. Clim. Change 4, 487–492. (doi:10.1038/
nclimate2195)

72. Ferrari MCO, McCormick MI, Munday PL, Meekan
MG, Dixson DL, Lonnstedt Ö. 2011 Putting prey and
predator into the CO2 equation—qualitative and
quantitative effects of ocean acidification on
predator-prey interactions. Ecol. Lett. 14, 1143–1148.
(doi:10.1111/j.1461-0248.2011.01683.x)

http://dx.doi.org/10.1577/1548-8659(1975)104%3C454:EOHISO%3E2.0.CO;2
http://dx.doi.org/10.1577/1548-8659(1975)104%3C454:EOHISO%3E2.0.CO;2
http://dx.doi.org/10.1016/S0003-3472(83)80087-6
http://dx.doi.org/10.1016/S0003-3472(83)80087-6
http://dx.doi.org/10.1016/0003-3472(79)90133-7
http://dx.doi.org/10.1016/0003-3472(79)90133-7
http://dx.doi.org/10.1007/BF00000697
http://dx.doi.org/10.1007/BF02028847
http://dx.doi.org/10.1007/BF02028847
http://dx.doi.org/10.1046/j.1467-2979.2003.00122.x
http://dx.doi.org/10.1046/j.1467-2979.2003.00122.x
http://dx.doi.org/10.1016/j.anbehav.2003.04.004
http://dx.doi.org/10.1016/j.anbehav.2003.04.004
http://dx.doi.org/10.1080/17470910802625215
http://dx.doi.org/10.1016/j.pbb.2011.04.021
http://dx.doi.org/10.1093/conphys/cow052
http://dx.doi.org/10.1093/conphys/cow052
http://dx.doi.org/10.1007/s00227-016-3026-4
http://dx.doi.org/10.1007/s00227-016-3026-4
http://dx.doi.org/10.4319/lo.1973.18.6.0897
http://dx.doi.org/10.1016/0198-0149(87)90021-5
http://dx.doi.org/10.1016/0198-0149(87)90021-5
http://dx.doi.org/10.1371/journal.pone.0063319
http://dx.doi.org/10.1371/journal.pone.0063319
http://dx.doi.org/10.1038/nprot.2006.287
http://dx.doi.org/10.1016/j.bbr.2007.07.007
http://dx.doi.org/10.7717/peerj.2994
http://dx.doi.org/10.1093/icesjms/fsv118
http://dx.doi.org/10.1093/icesjms/fsv118
http://dx.doi.org/10.1038/nclimate2195
http://dx.doi.org/10.1038/nclimate2195
http://dx.doi.org/10.1111/j.1461-0248.2011.01683.x

	Introduction
	Material and methods
	General behavioural testing protocol
	Individual behaviour: light/dark preference test
	Group behaviour: shoaling test
	Group behaviour: novel object test
	Data analysis

	Results
	Individual behaviour: light/dark preference test
	Group behaviour: shoaling test
	Group behaviour: novel object test

	Discussion
	References

