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ARTICLE INFO ABSTRACT

Fish can respond to stimuli from the internal or external environment with activation of the hypothalamo-
pituitary-interrenal (HPI) axis and the secretion of cortisol. Stimuli that activate the HPI axis of fish include short
Fish term air exposure and increases in water temperature. The present study was conducted to determine how
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Xa“?““" quickly cortisol concentrations increase in goldfish subjected to an increase in water temperature, and to
A‘eatmg compare the response to an increase in water temperature with responses to other stimuli. Plasma cortisol
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Temp;amre concentrations varied widely between individual goldfish, with concentrations ranging from 9.1 to 516.0 ng/mL

in goldfish on the day of arrival from the supplier. Mean cortisol concentrations in undisturbed goldfish were low
(4.5 = 1.0 ng/mL). Mean cortisol concentrations in fish exposed to air for 3 min and in fish that experienced
chasing for 10 min were markedly elevated 15min after the beginning of the stimuli (132.6 * 31.0 and
121.1 = 23.9ng/mL respectively). Mean cortisol concentrations in fish that experienced an increase in water
temperature rose to 22.2 *= 7.6 ng/mL after 15 min, declined to < 10 ng/mL at 30 and 60 min then increased
and were elevated (79.0 = 10.8 ng/mL) at 240 min. Cortisol measurements can be used to indicate the re-
sponsiveness of fish to changes in water temperature and goldfish will be a convenient study species for the
development of studies of plasticity in responses of fish to increases in water temperature that are happening due

to climate change.

1. Introduction

Fish are ectothermic and their body temperature depends on the
temperature of the water in which they live. Some species of fish such
as trout, salmon and other salmonids are stenothermal and have a re-
latively narrow temperature tolerance range, whereas other species of
fish are eurythermal and can tolerate a wide range of water tempera-
tures. The ability of fish species to adjust to changes in water tem-
perature will be a key factor in determining the likelihood that species
can cope with the general increases in water temperature in the oceans,
rivers and lakes that are starting to happen as a result of climate
change. It is therefore important to consider how fish respond to
changes in water temperature, and how these responses vary within and
between species.

Fish respond to stimuli from the external environment that are
perceived to be a threat or potential threat (emotional stressors) with
activation of the hypothalamo-pituitary-interrenal (HPI) axis and the
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secretion of cortisol (Cockrem, 2013a). Cortisol is a glucocorticoid
hormone with metabolic, behavioural and other actions that help fish
cope with stimuli that activate the HPI axis. The HPI axis can also be
activated when fish experience physical stressors such as short term air
exposure or increases in water temperature (see review by Pankhurst
(2011)). Fish are sensitive to stressors and can have prolonged cortisol
responses after exposure to stressors for periods as short as 15s (Fast
et al., 2008).

Variable relationships between plasma cortisol concentrations and
water temperature have been reported for different species of fish.
Cortisol concentrations did not differ between juvenile chinook salmon
(Oncorhynchus tshawytscha) acclimated to 7.5 or 21 °C and did not differ
between juvenile cutthroat trout (Salmo clarki clarki) acclimated to 9 or
23°C (Barton and Schreck, 1987; Strange et al., 1977). Cortisol was
lower in killifish (Fundulus heteroclitus) and Channel catfish (Ictalurus
punctatus) acclimated to higher water temperatures compared with fish
acclimated to lower water temperatures (killifish 61 + 19ng/mL at
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—1°Cand 2 *+ 1ng/mL at 20 °C, (Paxton et al., 1984); Channel catfish
53 + 6ng/mL at 10°C and 20 = 5ng/mL at 30 °C, (Strange, 1980)).
Conversely, cortisol was higher in Arctic charr (Salvelinus alpinus) ac-
climated to higher water temperatures (2.4ng/mL at 10.3°C and
11.5ng/mL at 18.1 °C; Lyytikdinen et al., 2002).

Goldfish (Carassius auratus) are a convenient study species and
cortisol responses to a variety of stimuli have been reported for of
goldfish. Cortisol responses to an increase in water temperature have
not previously been measured in goldfish. The present study was con-
ducted to determine how quickly cortisol concentrations increase in
goldfish subjected to an increase in water temperature, and to compare
the response to an increase in water temperature with responses to
other stimuli. Whilst individual variation in glucocorticoid responses
has been widely documented in other vertebrate groups (Cockrem,
2013a), there are few reports of the magnitude of such variation in fish.
Further objectives of the study were to measure plasma cortisol con-
centrations in undisturbed goldfish and to determine the magnitude of
variation in cortisol responses of individual fish.

2. Materials and methods
2.1. Study animals and blood sample collection

2.1.1. Fish

Wakin strain goldfish (Carassius auratus) were purchased from
commercial goldfish suppliers (Aqua shop RARE, Kobe, Japan). The fish
were reared in outdoor ponds and were from one to 3years of age.
Goldfish were caught in their home pond, held in large containers of
water and then after several hours placed in water in a large plastic bag
for transport overnight to the laboratory. After arrival the fish were
caught in their transport bag, placed in clean water and then moved to a
fish tank. There were 6-8 fish in each tank.

The fish tanks were 60 x 30 X 29 cm and were filled with 52 L of
water. The water was tap water that had been conditioned with a
commercial goldfish water conditioner (Tetra, Kanagawa, Japan).
Water was continuously recirculated separately for each tank by
pumping water from the tank through a foam and mesh filter. Sheets of
dark plastic were placed between the tanks so that fish could not see
fish in other tanks. The air temperature in the fish room was held at
19-22°C and the daily lighting schedule was 12h light:12h dark.
Water temperatures in the fish tanks were continuously measured with
digital thermometers (Tetra, Tokyo, Japan) and were the same as the
air temperature in the room. Fish were provided from the day of arrival
with pelleted food (Hikari Baby Gold, Hyogo, Japan) several times
daily. The amount of food was adjusted from day to day to ensure that
all the food was consumed within several minutes on each feeding
occasion. Food was provided on the morning of each experimental day.

2.1.2. Blood sample collection

Blood samples for the measurement of cortisol were collected from
goldfish. All fish in each tank were caught with a scoop net and together
placed into an anaesthetic solution (MS-222, Ethyl 3-aminobenzoate
methanesulfonate, Sigma-Aldrich; concentration of 1 g/L). When op-
ercular movements had ceased the euthanised fish were removed from
the MS-222 solution and blood was collected into heparinised capillary
tubes after the caudal vein was cut. The time from removal from the
tank to the completion of blood sample collection varied from 2.1 to
7.1 min in experiment 1 and from 1.3 to 6.0 min in experiment 2 (mean
times 4.2 = 0.3min and 3.6 * 0.1 min). Fish were weighed after the
blood sampling. Blood samples were kept cool on ice for up to 2h be-
fore being centrifuged and plasma withdrawn and frozen at —80 °C.

The study was conducted in accordance with the guide for the care
and use of laboratory animals of the National Research Council
(National Research Council (US) Committee for the Update of the Guide
for the Care and Use of Laboratory Animals, 2011).
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2.2. Experiment design

Two experiments were conducted with goldfish. The aim of ex-
periment one was to determine how long goldfish must be kept after
arrival for them to become acclimatised to the experimental tanks and
have low cortisol concentrations and hence could be used in experi-
ments. Goldfish arrived in a plastic bag in a cardboard box after over-
night travel from Kobe, Japan. The behaviour of the fish changed
markedly over the several days after arrival. Initially, the fish were
wary of people, whereas by six days after arrival the fish would swim
towards a person, presumably seeking food, when a person approached
their tank. Six fish were sampled at the time of arrival. The other fish
were then transferred in groups of 6 to four tanks in the fish room. All
fish in each tank were caught and sampled either 1, 2, 4 or 6 days after
arrival.

The aim of experiment two was to measure cortisol responses of
goldfish to each of three stimuli. The stimuli were exposure to air for
3 min, chasing in their home tank for 10 min, and a 10 °C increase in
water temperature over one hour. Fish were sampled at least six days
after arrival from the supplier. The experiment was conducted over a
period of five weeks using two batches of fish from the supplier. Five
fish from the first batch were sampled on the first sampling day and
four fish from the second batch were sampled on the last sampling day.
Cortisol concentrations in these fish were combined and used as the
0 min concentrations for comparison with cortisol concentrations in fish
sampled in the three stimulus groups. Groups of fish were sampled 15,
30, 60, 120 and 240 min after the start of each stimulus. Sample sizes
(4-6 fish per group) differed between treatment groups as occasionally
the blood sample collection was not successful.

Fish that were exposed to air were caught in a net and the net held
at the water surface so that the upper bodies of the fish were exposed to
air. The second group of fish were subjected to continuous gentle stir-
ring of the water with a small net for 10 min. The net was moved
throughout the tank so that fish were kept moving and not able to avoid
the net during the period of stirring. Four fish tank water heaters
(Kotobuki Microdial, Osaka, Japan) were placed in each tank one day
before the water temperature stimulus. The heaters steadily increased
the water temperature after they were switched on, with a 10 °C in-
crease in temperature over one hour. The higher water temperature was
maintained ( * 0.5 °C) until fish were removed for sampling. The initial
water temperature and the temperature at the time of sampling for each
sampling time were: 15 min 19.1-22.1 °C, 30 min 21.6-27.5 °C, 60 min
20.9-31.1°C, 120 min 21.2-31.1 °C and 240 min 19.3-31.1 °C.

2.3. Plasma cortisol assay

Cortisol concentrations in goldfish plasma diluted in assay buffer
were measured by enzyme immunoassay (ELISA) using kits from Enzo
Life Sciences (catalogue number ADI-901-071). The 100 ng/mL cortisol
standard provided with each kit was diluted in assay buffer to a con-
centration of 10 ng/mL. Standard curves were prepared by serial dilu-
tion of the 10ng/mL standard in assay buffer to give cortisol con-
centrations from 10 to 0.156 ng/mL for the standard curve. The kit
protocol for the ELISA was followed apart from the preparation of the
standard curve. The limit of detection of the cortisol assay was de-
termined as the hormone concentration at the mean minus two stan-
dard deviations from the zero hormone point on the standard curves.
The assay limit of detection, expressed as ng cortisol per mL plasma,
was 2.34ng/mL. Control solutions of cortisol in assay buffer were
prepared with cortisol concentrations that gave approximately 20%,
50% and 80% bound on the standard curve. The inter-assay coefficients
of variation for these control solutions were 8.5, 11.2 and 15.8%, and
the intra-assay coefficients of variation were 11.5, 13.6 and 12.8%.
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2.4. Statistics

Data were analysed using Prism (GraphPad Software, LA Jolla, CA).
Relationships between the time taken to collect blood samples and
cortisol concentrations were determined by Spearman correlations.
Plasma cortisol concentrations were log transformed before analyses of
variance were conducted. One way ANOVA was used to compare mean
cortisol concentrations between sampling times (0, 1, 2, 4 and 6 days)
with post hoc comparisons between days made with Holms-Sidak
multiple comparison tests. Mean cortisol concentrations were compared
between stimuli and sampling times using two way ANOVA.
Comparisons between stimuli were made with Tukey's multiple com-
parisons tests, and comparisons between sampling times with Dunnett's
multiple comparisons tests. Data are presented as individual values or
as mean * S.E.

3. Results
3.1. Experiment one

Goldfish were initially very wary when first placed in a tank after
arrival from the supplier. The fish moved away when their tank was
approached by a person. This wariness diminished over the following
two days, and by day 3 the fish would swim towards a person to seek
food. Food was provided in the tank several times each day and goldfish
began to eat on the day after arrival. The mean body mass of goldfish at
the time of sampling was 12.6 + 0.4 g and the range of body masses
was 9.2-18.6 g.

There was no correlation between sample collection time and cor-
tisol concentrations on the day of arrival and no correlation between
body weight and cortisol concentrations on the day of arrival (data not
shown). Cortisol concentrations in goldfish on the day of arrival from
the supplier varied from 9.1 to 516.0 ng/mL and were high in four of six
fish (Fig. 1A). Concentrations varied from 2.2 to 36.8 ng/mL on days 1,
2 and 4, whereas concentrations on day 6 were consistently low
(< 7.5ng/mL). Mean cortisol concentrations changed with time (one
way ANOVA; F, »5 =7.439, P = 0.0004). Mean concentrations de-
creased from the day of arrival (152.0 = 77.4ng/mL) to the next day
(9.6 £ 2.0ng/mL; P < 0.01), and did not change significantly from
day to day thereafter (Holms-Sidak multiple comparisons). Mean con-
centrations on day 6 were 4.8 + 0.9 ng/mL.

3.2. Experiment two

The mean body mass of goldfish at the time of sampling was
11.0 += 0.3 g and the range of body masses was 4.5-24.8 g. There was
no correlation between sample collection time and cortisol concentra-
tions in blood samples from undisturbed fish sampled at 0 min, and no
correlation between body weight and cortisol concentrations in these
fish (data not shown). Individual plasma cortisol concentrations for all
fish are shown in Fig. 2. Cortisol concentrations were low
(0.34-9.07 ng/mL) in undisturbed fish sampled at 0 min.

A two-way ANOVA showed that there were significant overall ef-
fects of time and stimulus on plasma cortisol concentrations, and a
significant interaction (Fs, o1 = 32.50, P < 0.0001; F, o = 28.57,
P < 0.0001; Fqp01 = 11.46, P < 0.0001 respectively; see Fig. 3).
Mean cortisol concentrations differed between fish exposed to an in-
crease in water temperature and fish that experienced air exposure or
chasing (P < 0.0001 in both cases), and did not differ between fish
that experienced air exposure and fish that experienced chasing.

Cortisol concentrations varied considerably between individual fish
exposed to air for 3 min, with coefficients of variation from 49.8% to
93.9% at different sampling times. Concentrations were elevated
(> 40ng/mL) in all fish exposed to air and then sampled 15, 30 or
60 min after the beginning of the air exposure. Maximum cortisol
concentrations at these times were 255.6, 145.1 and 285.6 ng/mL
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Fig. 1. Individual (A) and mean ( = S.E., B) plasma cortisol concentrations in
goldfish in relation to time after arrival from supplier. Significant differences in
mean cortisol concentrations between successive pairs of days are indicated by
asterisks (P < 0.01).

respectively. Cortisol concentrations at 120 min were lower than at the
preceding times, whereas concentrations at 240 min varied from 25.1 to
161.2ng/mL. Mean cortisol concentrations in undisturbed fish were
4.5 = 1.0ng/mL. Mean cortisol concentrations in fish exposed to air
for 3 min were markedly increased 15 min after the beginning of air
exposure (132.6 = 31.0ng/mlL; Fig. 3). Concentrations remained ele-
vated at 30 and 60 min and were then lower, whilst still above initial
concentrations, at 120 and 240 min. Mean cortisol concentrations were
higher than at 0 min at sampling times other than 120 min in fish that
experienced air exposure (P < 0.0001).

Cortisol concentrations in fish that were chased for 10 min varied
from 21.7 to 456.5 ng/mL at sampling times between 15 and 120 min
after the beginning of stirring, and from 1.5 to 42.1 ng/mL at 240 min.
Coefficients of variation ranged from 32.4% to 92.8% at different
sampling times. Mean cortisol concentrations in fish that experienced
chasing for 10 min were also elevated 15 min after the beginning of the
chasing (121.1 *= 23.9ng/mL). Concentrations remained elevated at
30, 60 and 120 min then declined at 240 min. Mean cortisol con-
centrations were higher than at 0 min at all sampling times from 15 min
onwards in fish that experienced chasing (P < 0.05 at 240 min and
P < 0.0001 at other times).

Cortisol was elevated (23.0-44.3 ng/mL) 15 min after an increase in
water temperature began in 3 fish, whereas concentrations remained
low (2.8 and 8.6 ng/mL) in two other fish. Concentrations varied from
1.2 to 15.6 ng/mL at 30 and 60 min, then from 8.2 to 60.4 ng/mL at
120 min and from 52.7 to 115.4ng/mL at 240 min. Coefficients of
variation in fish that experienced an increase in water temperature
ranged from 77.4% to 136.96% at 15, 30, 60 and 120 min, whereas the
coefficient of variation at 240 min was 33.5%. Mean cortisol con-
centrations in fish that experienced an increase in water temperature
rose to 22.2 + 7.6 ng/mL after 15 min then declined to < 10 ng/mL at
30 and 60 min. Mean concentrations increased at 120 min and were
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Fig. 2. Individual plasma cortisol concentrations in goldfish exposed to air for
3 min (A), chased in their home tank for 10 min (B), or subjected to an increase
in water temperature of 10° over one h (C). The y-axis scale differs between the
temperature graph and the air and chase graphs. Cortisol concentrations in five
fish sampled on the first sampling day and four fish sampled on the last sam-
pling day were combined and used as the 0 min concentrations for comparison
with cortisol concentrations in fish sampled in the three stimulus groups.

elevated (79.0 = 10.8 ng/mL) at 240 min. Cortisol concentrations at
15, 120 and 240 min were higher than concentrations at 0 min in fish
that experienced increased water temperatures (P < 0.05).

4. Discussion

This study has shown that goldfish have low plasma cortisol con-
centrations (< 5ng/mL) when undisturbed, and that cortisol increases
within minutes when goldfish are exposed to a stressor and can reach
very high concentrations (> 500ng/mL). It has also shown that
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Fig. 3. Mean ( = S.E.) plasma cortisol concentrations in goldfish exposed to air
for 3min (— @ —), chased in their home tank for 10 min (--- O ---), or sub-
jected to an increase in water temperature of 10 °C during one h (--- [J --)
Cortisol concentrations in five fish sampled on the first sampling day and four
fish sampled on the last sampling day were combined and used as the O min
concentrations for comparison with cortisol concentrations in fish sampled in
the three stimulus groups. Sample sizes were 4-6 in the treatment groups.

goldfish have rapid cortisol responses both to emotional stressors (sti-
muli from the external environment that are perceived to be a threat or
potential threat) such as chasing and to physical stressors such as in-
creasing water temperature. The increase in cortisol concentrations as
the water temperature rose over one hour by 10 °C is the first report of
the time course of a cortisol response of goldfish to an increase in water
temperature.

4.1. Individual variation in cortisol concentrations in goldfish

There was a very wide range of plasma cortisol concentrations in
individual goldfish, as seen in other species of fish and in animals of
other vertebrate groups (Cockrem, 2013a). Some fish had cortisol
concentrations of < 10ng/mL whereas other fish had concentra-
tions > 500 ng/mL on the day of arrival at the laboratory after over-
night transport from the supplier. These results show large individual
variation in the extent to which individual goldfish perceived the ex-
perience of removal from an outdoor pond, confinement with other
goldfish in a bag and overnight transport from the supplier to the la-
boratory to be a stressor.

Variation in glucocorticoid responses in animals has a genetic basis
and is also due to differences in early life experiences (Cockrem,
2013a). Genetic variation in cortisol responses in fish has been de-
monstrated by the selection of lines of rainbow trout with relatively low
or high cortisol responses to 3 h of confinement (Pottinger and Carrick,
1999). Individual differences in cortisol responses of fish reflect dif-
ferences in the sensitivity of the fish to environmental cues. These
differences are associated with individual differences in personality,
where personality is an individual characteristic of an animal that de-
termines both behavioural and physiological responses to environ-
mental stimuli (Cockrem, 2013b).

The association between physiological and behavioural responses in
fish is shown by consistent behavioural differences between low and
high cortisol response fish, with low response fish showing a proactive
personality and high response fish a reactive personality (Martins et al.,
2011; Overli et al., 2007).

Whilst individual cortisol concentrations have not previously been
reported in goldfish, individual cortisol concentrations in goldfish in
the current study can be compared with concentrations measured in
other species of fish. Cortisol concentrations in rainbow trout
(Oncorhynchus mykiss) after 1h of confinement varied from 8.0 to
327.7 ng/mL (Pottinger et al.,, 1992). Largemouth bass (Micropterus
salmoides) sampled 25min after 3min of air exposure had cortisol
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Table 1
Plasma cortisol measurements in goldfish.

Treatments Cortisol (mean * S.E) Reference

Mean cortisol concentration in initial sample < 10ng/mL
Stirring for 10 min

Air exposure for 3 min

Water temperature increase of 10 °C

Control 4.5 = 1.0ng/mL This study
15 min after start of stirring 121.1 * 23.9 ng/mL
15 min after start of air exposure 132.6 * 31.0 ng/mL

Transfer to new aquaria

Selenium in water

Potassium permanganate added to water
Transfer to new aquarium

Cortisol in food

Mean cortisol concentration in initial sample > 10ng/mL

Control

Control

Control
Air exposure

Catch, air exposure for 1 min then return to tank

Catch, air exposure and sham injection, return to

tank

3 min chasing followed by 2 min air exposure at
intervals of 8 h for 1 or 3 days

Catch, transfer to bucket with shallow water
Water temperature 22 °C or 32°C

Catch, transfer to tank with water temperature of

35°C

Catch, transfer to tank with water temperature of
35 °C, return to original tank after 10 min

Low water temperature

Low water temperature

Short and long photoperiods

Food restriction

Food restriction then refeeding

Starvation

High ammonia concentration in water

Hypoxia

Varying salinity

15 min after start of 3 °C water temperature increase 22.2 * 7.6 ng/mL
2h after start of 10 °C water temperature increase over 1h 79.0 + 10.8 ng/mL
Control ~ 8 *+ 3ng/mL

0.5h after some fish removed for initial samples ~ 14 + 4ng/mL

Fish moved to new aquaria

3h after transfer ~ 50 + 27 ng/mL; 24 h after transfer ~ 9 * 6ng/mL
Control ~5 + 1ng/mL

6 h of selenium treatment ~ 28 * 2ng/mL

3days of selenium treatment ~ 75 + 2ng/mL

Control ~ 8 + 3ng/mL

~0.5h of potassium permanganate treatment 130 = 25ng/mL

Fish moved to new aquarium with clean water

~80 = 12ng/mL 3h after transfer; ~40 * 12ng/mL 24h after transfer
Control ~ 6.7 ng/mL

3-21 days of cortisol treatment; mean cortisol ~ 50 to ~ 300 ng/mL

Diel rhythm in plasma cortisol, concentrations higher during dark than light periods
Lowest mean value ~140 * 120 ng/mL

Highest mean value ~560 *= 55ng/mL

Diel rhythm in plasma cortisol, concentrations higher during light than dark periods. Mean
cortisol ~49 * 9ng/mL during peak period and ~26 * 4ng/mL during low period
Control 58 + 3ng/mL

Control ~70 + 20ng/mL

1h after exposure to air for 1 min then return to tank ~315 * 40ng/mL

4 h after exposure to air for 1 min then return to tank and exposure to air again for 1 min at 1 and
2h ~520 * 30ng/mL

Control 70 + 19 ng/mL

16 min after 1 min air exposure 93 16 ng/mL

31 min after 1 min air exposure 72 16 ng/mL

41 min after 1 min air exposure ~71 * 18ng/mL

Control 16 + 2ng/mL

15 min after return to tank 94 * 11 ng/mL

Control ~19 * 2ng/mL

1 day of treatment. 12h after treatment ~120 + 15ng/mL; 2 days after

treatment ~90 *= 10ng/mL; 5 days after treatment ~50 + 10 ng/mL

3days of treatment. 12h after treatment ~210 *= 30 ng/mL; 2 days after

treatment ~110 *= 20 ng/mL after; 5 days after treatment ~75 + 10 ng/mL

Control 16 + 2ng/mL

15 min after transfer to bucket 103 * 17 ng/mL

Control fish at 22 °C 41.3, 96.5 and 66.7 ng/mL

32°C 10days 96.0 ng/mL; 14 days 106.7 ng/mL; 30 days 56.3 ng/mL

Control 16 + 2ng/mL

15 min after transfer from 20°C to 35°C 41 + 6ng/mL

Control 16 + 2ng/mL

25 min after transfer from home tank at 20 °C to new tank at 35 °C for 10 min then return to home
tank at 20°C 183 + 35ng/mL

Second experiment with same treatment

Control 19 * 10ng/mL

25min after transfer from 20 °C to 35 °C for 10 min 137 * 27 ng/mL

40 min after transfer from 20 °C to 35 °C for 10 min 163 + 24 ng/mL

75 min after transfer from 20 °C to 35 °C for 10 min 75 + 13ng/mL

4 weeks at 20°C 111.0 * 16.3ng/mL

4weeks at 1°C 7.0 = 1.0ng/mL

A large experiment with male and female goldfish held at 12 °C or 21 °C under LD8:16 or LD16:8
photoperiods. Samples collected every 4 h over 24 h

A wide range of patterns of cortisol concentrations over 24 h was seen in fish of different
reproductive states. Cortisol was generally higher in fish at 21 °C than in fish at 12 °C. Mean
cortisol concentrations varied from ~10ng/mL to > 300 ng/mL

Control ~15 = 6ng/mL

80% food restriction 1day ~10 *+ 2ng/mL; 8days ~54 + 9ng/mL

Control ~91 *+ 20ng/mL and ~83 * 18ng/mL

~130 + 20ng/mL after 50% food restriction for 10 days

~76 = 10ng/mL after refeeding for 7 days

Control ~36 * 3ng/mlL; starvation for one week ~34 *+ 2ng/mL (no effect of starvation on
mean cortisol)

4 days exposure to high ammonia concentration in water ~47 + 4 ng/mL (no significant
increase in cortisol at 3h, 12h or 24 h after start of exposure)

Control ~15 * 6ng/mL

1 day of hypoxia ~29 * 11 ng/mL; 8 days of hypoxia ~140 + 60ng/mL

*
+

22

Hoseini and
Tarkhani (2013)

Choi et al. (2015)

Hoseini and
Tarkhani (2013)

Bernier et al. (2004)

Cook et al. (1980)

Singley and Chavin
(1975)

Spieler (1974)
Dror et al. (2006)

Fryer (1975)

Fryer (1975)

Eslamloo et al.
(2014)

Fryer (1975)
Gandar et al. (2017)
Fryer (1975)

Fryer (1975)

Paxton et al. (1984)

Peter et al. (1978)

Bernier et al. (2012)

Azpeleta et al.
(2010)

Sinha et al. (2012)

Bernier et al. (2012)

Luz et al. (2008)

(continued on next page)
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Table 1 (continued)
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Treatments Cortisol (mean * S.E)

Reference

Control 8.1 = 3.6 ng/mL

3 weeks at 6% salinity 6.8 + 1.9ng/mL
3 weeks at 8% salinity 10.3 * 2.5ng/mL
3 weeks at 10% salinity 26.6 * 7.1 ng/mL

Exposure to predator Predator fish placed in tank

Control ~35 * 12ng/mL. After 6h ~250 = 30ng/mL; 12h ~220 * 25ng/mL

Kagawa and Mugiya
(2000)

Predator fish placed in tank with mesh screen between goldfish and predators
Control ~12 * 3ng/mL. After 2h ~70 = 6ng/mL; 6h ~10 * 1ng/mlL;

12h ~15 * 3ng/mL

Goldfish fish in tank that sat within larger tank into which predators were placed

Control ~75 * 20ng/mL. After 6h ~215 = 15ng/mL; 12h ~130 * 8ng/mL after 12h
Water from a tank containing predator fish circulated into goldfish tank

Control ~43 * 10ng/mL. After 6h ~28 * 14ng/mL; 12h ~40 *= 8ng/mL after 12h

Loud noise Control ~35ng/mL

Smith et al. (2004)

Exposure of fish to loud noise (160-170 dB) did not affect plasma cortisol concentrations
measured after 1-21 days of exposure to noise

Pesticide added to water

Control fish at 22 °C 41.3, 96.5 and 66.7 ng/mL

Gandar et al. (2017)

Pesticide for 6 h 90.1 ng/mL; pesticide for 4 days 138.1 ng/mL; pesticide for 16 days 57.0 ng/mL

Pond water contaminated by oil sand mining

Goldfish placed in cages in outdoor pond for 7 days

Control pond ~125 = 15ng/mL
Contaminated pond ~260 * 30ng/mL

Cortisol treatment (IP pellet) Control ~35 * 2ng/mL

Lister et al. (2008)

Bernier et al. (1999)

6 h of cortisol treatment ~500 ng/mL

Cortisol treatment (IP injection) Control 24.0 + 10.0 ng/mL

4 days of cortisol treatment at varying doses of cortisol ~70 to ~450 ng/mL

Saline, CRF, cortisol, and metyrapone treatment No control

2h after anaesthesia and ICV injection of saline ~7 * 3ng/mL
2h after anaesthesia and ICV injection of DMSO ~30 +
Control ~17 * 2ng/mL and ~7 * 2ng/mL

1.5h after anaesthesia and IP injection of saline ~80 =+

Saline and serotonin receptor agonist injection

Chasiotis and Kelly
(2012)
Kagawa and Mugiya
(2002)
10ng/mL

Lim et al. (2013)
15ng/mL

8h after anaesthesia and IP injection of saline ~15 * 3ng/mL

Melatonin injection

Control ~225 *= 40ng/mL and ~160 * 16 ng/mL
Daily IP melatonin for 7 days ~93 = 35ng/mL

Azpeleta et al.
(2010)

Daily ICV melatonin for 4 days ~175 = 20 ng/mL

Melatonin injection
Green light (530 nm wavelength)
Water temperature 22 °C or 30 °C

Control ~21 * 1ng/mL at 22°C
After unknown period of melatonin treatment ~16
After unknown period of green light treatment ~19

Jung et al. (2016)
1ng/mL
1ng/mL

+
=+

After unknown period at 30°C ~50 *= 3ng/mL
Diel rhythm in plasma cortisol, concentrations lower during dark than light periods, amplitude of
rhythm ~5ng/mL at 22 °C and ~20 ng/mL at 30 °C

Note: Mean and SE values preceded by ~ have been derived from figures in papers.

concentrations from 28.3 to 1029.9 ng/mL (Cook et al., 2011). The
highest individual concentration reported in a fish species is 1927 ng/
mL in the chub (Leuriscus cephalus; Pottinger et al., 2000).

4.2. Initial cortisol concentrations in goldfish

Fish are very sensitive to stressors. Plasma cortisol concentrations in
fish can increase within three minutes when a fish perceives a stimulus
to be threatening and cortisol can remain elevated 24 h after a stimulus
lasting only 5min (Cockrem, 2013a). Mean initial cortisol concentra-
tions in goldfish in the current study (4.5 *= 1.0ng/mL) are the lowest
mean cortisol concentrations reported for goldfish. Cortisol concentra-
tions < 10 ng/mL in control fish have been reported in four other stu-
dies of goldfish (see Table 1), whereas cortisol concentrations > 10 ng/
mL in control fish have been reported in more than 20 goldfish studies
(see Table 1). The highest reported mean control concentrations were
~225ng/mlL (Azpeleta et al., 2010).

Clearly the great majority of studies of cortisol in goldfish have been
confounded by the collection of initial or control blood samples in
conditions where the measured plasma cortisol concentrations did not
reflect cortisol concentrations in undisturbed fish. High cortisol con-
centrations in control samples mean that potential effects of any
treatment on cortisol concentrations would be obscured by the sam-
pling conditions. Goldfish are normally housed in tanks containing
several fish. Removal of one fish from tank is a stressor for the other
goldfish in the tank, so if goldfish are sequentially caught for sampling
cortisol will be elevated in fish remaining in the tank.
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4.3. Goldfish cortisol responses

Plasma cortisol concentrations have been measured in goldfish
subjected to a wide variety of stimuli (Table 1). The stimuli have in-
cluded air exposure, movement to a new tank, removal from water and
sham injection, addition of selenium, potassium permanganate, am-
monia, or pesticide to the water, changes in water salinity, changes in
water temperature, changes in oxygen content of water, food restric-
tion, starvation, exposure to loud noise, exposure to a predator, and
placement in water contaminated by oil sand mining.

4.3.1. Cortisol response to chasing

The current study is the first report of a cortisol response to chasing
in goldfish. Goldfish had a large and rapid cortisol response to chasing.
Mean plasma cortisol concentrations increased from 4.5 + 1.0 ng/mL
to 138.6 = 20.1 ng/mL 30 min after the start of a 10 min period of
chasing. The cortisol response of goldfish in the current study was
greater than responses of some other species of fish to chasing. Juvenile
turbot (Scophthalmus maximus) chased for 10 min lost equilibrium and
no longer responded to chasing. Mean cortisol in these fish increased
from 20 + 4to 75 * 9ng/mL at 30 min after the end of chasing (Van
Ham et al., 2003). Cortisol in fish chased for 15 min and then sampled
30 min from the start of chasing increased from 5.7 + 0.2ng/mL to
24.4 + 0.8ng/mL in rainbow trout (Olsen et al., 2008) and from
4.5 = 1.8ng/mL to 59.1 * 6.8 ng/mL in Atlantic cod (Gadus morhua)
at 30 min (Tintos et al., 2006).
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4.3.2. Cortisol response to air exposure

The magnitude of the cortisol response of goldfish to 3 min air ex-
posure was similar to the magnitude of the response to 10 min stirring.
Mean plasma cortisol concentrations increased from 4.5 + 1.0 ng/mL
to 132.6 *+ 31.0ng/mL 15 min after the start of 3 min air exposure and
increased further to 151.3 *+ 34.2ng/mL 1h after the start of ex-
posure. The mean response was smaller than a cortisol increase from
~70 = 20ng/mL to ~315 = 40ng/mL 1 h after exposure of goldfish
to air for 1 min (Dror et al., 2006), and greater than an increase from
70 = 19ng/mL to 93 + 16 ng/mL 16 min after 1 min exposure to air
(Fryer, 1975).

Other species of fish also have high cortisol responses to air ex-
posure for as little as 15s. Cortisol increased from 4 + 1ng/mL to
72 * 10 ng/mL after 1 h in Atlantic salmon (Salmo salar) exposed to air
for 15s (Fast et al., 2008), from 8.1 *= 0.7 ng/mL to 398.5 + 47.1ng/
mL in Sengalese sole (Solea senegalensis) exposed to air for 3 min (Silva
et al.,, 2010) and from 35 = 13ng/mL to 230 *+ 35ng/mL in red
porgy (Pagrus pagrus) exposed to air for 5min (Van der Salm et al.,
2006).

4.3.3. Cortisol responses to physical and emotional stressors

Stressors, stimuli that activate the HPA axis, can be classified as
physical or emotional (Cockrem, 2007). Physical stressors are signals
such as a fall in blood glucose concentrations that arise from the in-
ternal or external environment, cause disturbance of physical or che-
mical tissue parameters and do not involve perception that the signal is
a threat. Emotional stressors, also called psychological stressors, are
stimuli from the external environment that are perceived to be a threat
or a potential threat. Chasing of fish in a tank and exposure to a pre-
dator are emotional stressors to which goldfish have been exposed.
Goldfish cortisol responses to stirring (~120 to 180 ng/mL from 15 min
to 2h after 10 min chasing; current study) were a little lower than the
response to the presence of predator fish in a goldfish tank (control
~35 * 12ng/mL, ~250 * 30ng/mL after 6 h) and the response to
the sight of predators when a goldfish tank was placed in a larger tank
containing predator fish (control ~75 + 20ng/mL, ~215 = 15ng/
mL after 6 h; Kagawa and Mugiya, 2000).

Goldfish cortisol responses have been reported to physical stressors
that include short term air exposure, increases in water temperature,
reductions in water quality, changes in water salinity, food restriction,
starvation and hypoxia (see Table 1 for details). The published results
show that highest cortisol responses of goldfish to emotional stressors
are similar to the highest responses to physical stressors.

4.4. Cortisol and water temperature in goldfish

Goldfish have a wide range of temperature tolerances compared
with other fish species. A mean lower critical temperature of 0.3 °C at
an acclimation water temperature of 5°C (Ford and Beitinger, 2005)
and mean upper critical temperatures of 37.2 + 0.7 °C at an acclima-
tion water temperature of 12°C and 44.7 + 11.8°C at an acclimation
water temperature of 28 °C (Ferreira et al., 2014) have been reported
for goldfish. Plasma cortisol concentrations were lower in cold than in
warm acclimated goldfish (water temperatures 1 and 20 °C; cortisol
7 = 1 cf. 111 * 16ng/mL; Paxton et al., 1984). Similarly, the am-
plitude of a diel rhythm in plasma cortisol concentrations was lower at
22 than 30°C (~5 cf. 20 ng/mL; Jung et al., 2016). These results are
consistent with those from the current study in which cortisol was
higher in goldfish after several hours of exposure to increased water
temperatures.

Plasma cortisol concentrations in goldfish in the current study in-
creased from 18 ng/ml to 22.2 * 7.6 ng/ml when the water tempera-
ture increased by 3 °C over 15 min. The increase in cortisol 15 min after
an increase in water temperature in the current study is the earliest
reported increase in plasma cortisol in response to an increase in water
temperature in fish. Cortisol in Senegalese sole increased from ~7 to
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32ng/mL after an increase in water temperature over 1h from 18 to
24 °C (Benitez-Dorta et al., 2017). Rainbow trout that experienced an
increase in water temperature over 1.5h from 13 to 23 °C had a large
increase in cortisol from ~20 to 180 ng/mL after 30 min. Cortisol re-
mained high after 1 h at 23°C and was still high 5h after the water
temperature was lowered back to 13 °C (LeBlanc et al., 2012). Cortisol
in juvenile cutthroat trout increased from 20 + 5 to 71 * 8ng/mL
25min from the start of an increase in water temperature (Strange
et al., 1977).

5. Conclusions

Most species of fish are ectothermic so their body temperature
varies with changes in water temperature. The extent to which a species
of fish can show phenotypic plasticity and increase its critical thermal
maximum as the water temperature increases will determine the ability
of that species of fish to adjust to increasing water temperatures that are
happening due to climate change. Cortisol measurements can be used to
indicate the responsiveness of fish to changes in water temperature.
Goldfish have rapid cortisol responses both to emotional stressors such
as chasing and to physical stressors such as increasing water tempera-
ture and will be a convenient study species for the development of
studies of plasticity in responses of fish to changes in water tempera-
ture.
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