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We have limited understanding of how long chemical alarm cues persist after release.
We examined the effect of UV radiation and CO2 on persistence of ﬁsh alarm cues.
Alarm cues of coral reef ﬁsh degrade surprisingly quickly under natural conditions.
Anthropogenic changes have the potential to change rates of cue degradation.
Trait-mediated indirect interactions will be altered with a changing climate.
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a b s t r a c t
Habitat degradation takes various forms and likely represents the most signiﬁcant threat to our global biodiversity.
Recently, we have seen considerable attention paid to increasing global CO2 emissions which lead to ocean acidiﬁcation (OA). Other stressors, such as changing levels of ultraviolet radiation (UVR), also impact biodiversity but have
received much less attention in the recent past. Here we examine fundamental questions about temporal aspects of
risk assessment by coral reef damselﬁsh and provide critical insights into how OA and UVR inﬂuence this assessment. Chemical cues released during a predator attack provide a rich source of information that other prey animals
use to mediate their risk of predation and are the basis of the majority of trait-mediated indirect interactions in
aquatic communities. However, we have surprisingly limited information about temporal aspects of risk assessment because we lack knowledge about how long chemical cues persist after they are released into the environment. Here, we showed that under ambient CO2 conditions (~385 μatm), alarm cues of ambon damselﬁsh
(Pomacentrus amboinensis) did not degrade within 30 min in the absence of ultraviolet radiation (UVR), but were
degraded within 15 min when the CO2 was increased to ~905 μatm. In experiments that used ﬁlters to eliminate
UVR, we found minimal degradation of alarm cues within 30 min, whereas under ambient UVR conditions, alarm
cues were completely degraded within 15 min. Moreover, in the presence of both UVR and elevated CO2, alarm
cues were broken down within 5 min. Our results highlight that alarm cues degrade surprisingly quickly under
natural conditions and that anthropogenic changes have the potential to dramatically change rates of cue degradation in the wild. This has considerable implications for risk assessment and consequently the importance of traitmediated indirect interactions in coral-reef communities.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
On a global scale, habitat destruction is one of the “Big Five” drivers
of biodiversity loss (Anthony et al., 2008; Hoekstra et al., 2005; Rohr
et al., 2006; Salo et al., 2007). Loss of habitat, such as that which
would occur with deforestation and mining activities, is often a rapid
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process with dramatic consequences that are easy to observe. In contrast, habitat degradation effects are often more subtle, slower to appear
and/or harder to detect (Doak, 1995). The ubiquitous nature of habitat
degradation and its more subtle effects likely means that it represents
our most signiﬁcant threat to biodiversity. Coral reefs are one of the
most impacted and vulnerable ecosystems in the world. Indeed, nearly
30% of the world's coral reef ecosystems have already been destroyed or
severely degraded (Goreau et al., 2000) and 60% of them are now facing
extinction by 2030 (Carpenter et al., 2008; Wilkinson, 2002).
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Until recently, overﬁshing and pollution were thought to be the
two major drivers of degradation in coral reef ecosystems (Hughes
et al., 2003). However, climate change is an ever increasing concern.
In particular, ocean acidiﬁcation (OA) caused by an increase in global
emissions of CO2, sulphur oxide (SOx) and nitrogen oxide (NOx),
is front and centre, and has been linked to fundamental chemical
processes such as metal speciation (Miller and Frank, 2009) and fundamental biological processes, including metabolism, growth, calciﬁcation
and reproduction (Fabry et al., 2008; Hassellöv et al., 2013; Kroeker
et al., 2010; Widdicombe and Spicer, 2008). Whilst the vast majority
of OA work has focused on calcifying organisms, damselﬁshes have become the model system to study OA effects on ﬁshes (Ferrari et al.,
2011a, 2011b; Munday et al., 2010). We have considerable evidence
that ﬁshes exposed to elevated CO2 have impaired responses to risk
cues as a result of cognitive impairment (Chivers et al., 2014; Nilsson
et al., 2012). Fish exposed to elevated CO2 fail to respond to risk cues
and this is associated with higher mortality in the wild (Ferrari et al.,
2011a).
Another threat to coral reef ﬁsh communities, particularly in the
southern hemisphere, stems from stratospheric ozone depletion and
its consequences for elevated ultraviolet radiation (UVR). We have
seen limited work on understanding the effects of changing UVR in
the past decade, likely because UVR is seen as a less pressing threat to
our biodiversity. The implementation of the Montreal Protocol in 1989
is often touted by the United Nations as the single most successful international agreement, and has ameliorated much of the global ozone
depletion. However, it is difﬁcult to ascertain how consistent ozone
recovery will be, due to factors such as changes in cloud cover, air
pollutants and aerosols, all of which are inﬂuenced by climate change
(McKenzie et al., 2011). Compared to 1980, UV-B irradiance towards
the end of the 21st century is projected to be lower at mid to high
latitudes by between 5 and 20% respectively, and higher by 2–3% in
the low latitudes. This means that depending on where an organism
lives, it has seen considerable change in UVR and could continue to
see substantive changes over the next century. Changes in UVR at a
local scale are dramatically inﬂuenced by turbidity and dissolved organic
carbon, both of which have increased dramatically in costal marine
habitats (Wenger and McCormick, 2013).
Our work here addresses fundamental questions about temporal
dynamics of risk assessment in coral reef ﬁsh and provides critical
insights into how both OA and UVR can inﬂuence this assessment.
Prey animals have numerous sources of information available to assess
their risk of predation. However, with each source of information come
speciﬁc constraints. Visual cues, for example, provide information about
risk in real space and time. Prey can judge the size and distance from
predators and may even be able to determine the predator's motivation
to feed (Murphy and Pitcher, 1997). However, the prey actually needs to
be present at the correct time to acquire the information. In contrast,
chemical sources of information persist for some time after they are released, and consequently provide information even after the predator
has moved on from the area. However, the drawback of this information
source is the temporal and spatial disconnect with the source of risk.
When a prey animal detects a chemical cue that indicates risk, does it
know the age of the cue? Was the cue just recently released or was it
released minutes or hours or even days ago? Was the cue released in
the exact location where it is being detected or was it released at a
considerable distance and transported by air or water currents? There
are many hundreds of studies that have investigated the role of chemical information in risk assessment, but we know surprisingly little about
temporal aspects of assessment because we have only a rudimentary
understanding of how long chemical information sources persist
under natural conditions (Chivers et al., 2013; Ferrari et al., 2010;
Wisenden and Chivers, 2006). Understanding the availability of those
cues to prey species is crucial to understanding community dynamics.
Chemical cues are often the basis of trait-mediated indirect interactions,
which are quantitatively much more important than the direct
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consumptive effects of predators (Preisser et al., 2005). The detection
of risk-related chemicals has been shown to mediate many inducible
morphological defences, the timing of crucial ontogenetic switches,
and changes in life-history strategies, affecting growth rate, age at
maturation and a number of reproductive traits (Appleton and Palmer,
1988; Brönmark and Miner, 1992; Chivers et al., 2001; Hoverman
et al., 2005). They also mediate the expression of antipredator behaviours, as seen in habitat and food preference and mate choice (Lima,
1998; Stankowich and Blumstein, 2005). Any factors that will affect
the availability of these cues in the medium will also affect the number
of individuals that will detect and respond to these cues, with dramatic
implications for the existence, type, strength of many trait-mediated indirect interactions (Ferrari et al., 2010).
There are several sources of chemical information available to prey
for risk assessment, including predator odours, cues from injured conspeciﬁcs or heterospeciﬁcs (alarm cues), and disturbance cues released
from prey that have been disturbed by predators (Ferrari et al., 2010;
Kats and Dill, 1998; Vavrek et al., 2008; Wisenden et al., 1995). From a
temporal risk perspective, we know that some predator odour cues
may last for upwards of several days (Fraker, 2009; Peacor, 2006),
whilst alarm cues may last for hours (Wisenden et al., 2009) or may
be degraded within 30 min (Chivers et al., 2013; Ferrari et al., 2007b).
Chivers et al. (2013) were the ﬁrst to document that the rate of degradation of alarm cues, as measured by the response of ﬁsh to the degraded
cues (ﬁsh bioassay), was dependent on time of day. They showed that
alarm cue breakdown in ambon damselﬁsh (Pomacentrus amboinensis)
occurred within 30 min in mid-afternoon, but both early and late in the
day, the cues remained active for greater than this length of time. Peak
breakdown of cues early in the afternoon suggests that UVR, or other
abiotic factors (temperature, dissolved oxygen, pH, etc.) that ﬂuctuate
on a daily basis, may facilitate the degradation process. Moreover,
microbial activity in the water column and in the sand may peak in
early afternoon leading to faster degradation.
Here, we provide the ﬁrst empirical test of factors responsible for
variation in the rate of breakdown of chemical alarm cues and address
how anthropogenic change inﬂuences rates of breakdown. This information will allow us to understand temporal dynamics of risk assessment,
and even more critically how this assessment may be changing in impacted ecosystems. We examined the role of CO2 in inﬂuencing the rate of
breakdown of alarm cues, by supplementing our water with CO2 at levels
predicted to occur near the end of the century. We also test whether
levels of UVR inﬂuence the rate of degradation by allowing alarm cues
to degrade under natural conditions or under conditions of reduced UVR.
2. Methods
2.1. Fish collection, study species and maintenance
All experiments took place in October and November 2013, at
the Lizard Island Research Station, Great Barrier Reef Australia
(14°40′S, 145°28′E). We used light traps set at night to capture larval
P. amboinensis, measuring approximately 12–14 mm total length
(Meekan et al., 2001). Fish were captured approximately 100 m off
the fringing reef at the end of their pelagic phase just prior to settlement
to the reef. Fish were taken to the laboratory, held in 25-l ﬂow-through
tanks for a minimum of 4 days prior to the start of the experiment and
were fed ad libitum with newly hatched brine shrimp three times per
day. The ﬁsh grew to approximately 13–16 mm in total length prior to
being used as test animals and alarm cue donors in our experiments.
P. amboinensis is a common member of the reef community in the
Indo-Paciﬁc and inhabits the edge of the reef amongst patches of sand,
live and dead coral. Juveniles sustain high mortality immediately after
settlement in large part due to their inability to recognize predators
(Hoey and McCormick, 2004; Mitchell et al., 2011). Learning the identity
of local predators is facilitated through the coincidence exposure of the
ﬁsh to chemical alarm cues and unknown predator odours. Such learning
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leads to a marked increase in survival of these recently settled ﬁsh
(Chivers et al., 2014; Lonnstedt et al., 2012).
2.2. Preparation of alarm cues
Alarm cues were prepared in batches by euthanizing 12 donor ﬁsh
by cold shock and then making a series of 6 vertical cuts along both
sides of each ﬁsh. Afterwards the ﬁsh were rinsed in 60 ml of water
and the resulting solution was added to a plastic pail containing 16 l
of seawater and a coral sand substrate (4 cm thick) collected from the
ocean. It is somewhat difﬁcult to know whether the amount of alarm
cues released during a predator attack matches the concentrations we
used in our experiment. Here we added the equivalent of 144 cuts in
16 l of water. Depending on the relative size of the predator and prey,
and the size of the predator's mouth, the predator may take several
minutes to manipulate and consume the prey (Chivers et al., 1996;
Ferrari et al., 2007a). In such a case, there is likely more tissue damage
than we used in our experiment (Ferrari et al., 2007a). However, in
other cases, the prey may be swallowed with little damage. We used
this concentration of alarm cues following the methodology of Chivers
et al. (2013), who showed that P. amboinensis exhibited a strong avoidance of this concentration of cues (144 cuts per 16 l). In that study, ﬁsh
showed weaker, but still signiﬁcant, avoidance when exposed to 120 or
96 (but not 72) cuts in 16 l.
2.3. Behavioural assay
Our behavioural assay was a slight modiﬁcation of the methods of
Dixson et al. (2010), in which ﬁsh were tested using a 2-channel choice
ﬂume (13 cm × 4 cm). The ﬂume had a constant gravity-driven ﬂow of
100 ml min−1 per channel throughout all trials. Flow rates were measured using a ﬂow metre and a dye test ensured that the 2 channels
exhibited distinct and parallel water ﬂow, with no turbulence or eddies.
Prior to each trial individual ﬁsh were isolated in 100 ml plastic jars and
left to acclimate for 20 min. A ﬁsh was placed into the centre of the
downstream end of the choice ﬂume and acclimated for 2 min. In all
cases, juveniles were given a choice in the ﬂume chamber between a
water source (seawater) treated with alarm cues and an identical
water source without that cue. At the end of the acclimation period,
the position of the ﬁsh on either side of the chamber was recorded at
5-s intervals for 2 min. The side of the ﬂume receiving the alarm cue
solution was changed and 2 min later we again began recording the
position of the ﬁsh at 5-s intervals for 2 min. We summed the number
of times the ﬁsh spent on the alarm cue arm of the ﬂume during the
4 min of observations. Each ﬁsh was tested only once.
2.4. Experiment 1: the effects of elevated CO2 on alarm cue degradation
The goal of this experiment was to determine whether an elevation
in CO2 inﬂuences the rate of breakdown of alarm cues, as measured by
the ability of ﬁsh to avoid the cues. We prepared multiple batches of
fresh alarm cues (a total of 144 cuts from 12 donors in 60 ml of ocean
water) and introduced the cues into 16 l buckets that were placed in a
water bath (750 l) that had ocean water pumped directly into the
bath at a rate of 6 l/min. The water bath ensured that the temperature
proﬁle of the pails was similar to that of ambient ocean water at the
time of testing. Our protocol consisted of adding the alarm cue solution
to the pails and then gently stirring the water to ensure the stimulus
was evenly dispersed. We then immediately removed approximately
4 l of water for behavioural trials. We also removed the same amount
of water from an adjacent water pail that did not contain alarm cues,
to use as the other water source in the 2-choice ﬂume. At 30 min
post-injection, an additional 4 l of water was also removed from each
of the pails. By comparing the intensity of behavioural response of a
ﬁsh at 0 and at 30 min we could assess whether the alarm cues had
broken down. Thirty minutes was chosen as the endpoint because

Chivers et al. (2013) suggest that alarm cues of P. amboinensis may
breakdown within this time.
In this experiment we manipulated the level of dissolved CO2 by
dosing seawater with 100% CO 2 to a set pH, following standard
techniques (Gattuso et al., 2010). Seawater was pumped from the
ocean into 2 × 60 l tanks where it was diffused with ambient air (control)
or CO2 to achieve the desired pH (elevated-CO2 treatment). A pHcontroller (Aqua Medic, Germany) attached to the CO2 treatment tank
maintained pH at the desired level. A powerhead in the tank rapidly dissolved CO2 into the seawater and also served as a vigorous stirrer. Control
or elevated-CO2 seawater was used to ﬁll pails of water for immediate use
in the experiment. Seawater pHNBS (SevenGo Pro, Mettler-Toledo,
Switzerland) and temperature were recorded in each pail at the beginning and end of each 30 min trial. CO2 (in μatm) was calculated in
CO2SYS using total alkalinity data determined from analysis of water
samples by Gran titration (888 Titrando, Metrohm, Switzerland) to within 1% of certiﬁed reference material (Prof. A. Dickson, Scripps Institution
of Oceanography). We tested ﬁsh under 2 different CO2 conditions, equivalent to 385 μatm (ambient) or 905 μatm (elevated). There were 11 replicates per treatment and no ﬁsh was used more than once. The partial
pressure of CO2 (pCO2) on coral reefs ﬂuctuates on a daily basis due the
net effects of photosynthesis, respiration and calciﬁcation (Gagliano
et al., 2010; Ohde and van Woesik, 1999; Shamberger et al., 2011;
Shaw et al., 2013) and can increase several hundred μatm on a daily
basis (Shamberger et al., 2011). We chose a concentration of 905
μatm CO2 because it nearly matches the current end of the century
CO2 projections (Collins et al., 2013; Meinshausen et al., 2011) and
approaches what some ﬁsh could experience at night in a shallow reef
environment or a reef matrix. We conducted this experiment between
1700 and 1900 h in order to minimize UVR, given that UVR could be
one of the most important variables inﬂuencing the rate of degradation.
There was no direct sunlight hitting the pails at this time.
2.5. Experiment 2: the effects of UVR on alarm cue degradation
The goal of this experiment was to determine whether UVR inﬂuences the rate of breakdown of alarm cues. Our experiment took place
using the same general protocol as experiment 1. We manipulated
UVR by covering both the alarm cue and control seawater pails with a
2 mm thick Lexan polycarbonate sheet (SABIC Innovative Plastics,
Indiana, USA). We contrasted the response of the ﬁsh to water taken
from pails with reduced UV to pails that were open on the top and
had exposure to ambient UVR. The Lexan sheet did not inﬂuence the
temperature of the water (see results section). The experimental testing
occurred in a shaded location to avoid further break down of chemical
cues once the subsample of water had been removed from the pail for
testing. We conducted 10–11 trials per treatment, all between 1100
and 1400 each day, alternating the start of UV and reduced-UV trials
each day. We did not have access to a photometer during all of the trials,
and hence did not have the ability to determine the speciﬁc levels of
solar radiation for each trial. However, all days were free of all but
sporadic cloud cover. We measured the irradiance levels using a
200 micron cable and irradiance probe attached to a Jaz spectrophotometer (Ocean Optics, Florida, USA). We took a total of 10 replicate
measures in the presence and absence of the ﬁlter to provide an average
irradiance values.
2.6. Experiment 3: the interactive effects of UVR and CO2 on alarm cue
degradation
The goal of this study was to examine the interactive effects of UVR
and CO2 on degradation of alarm cues and to gain more insight into the
speed of alarm cue breakdown. We used a 2 × 2 design in which we manipulated UV level (ambient or reduced) and pCO2 (385 and 905 μatm).
Trials were completed between 1100 and 1400 when UV exposure is at
its maximum. The experiments followed the same protocol as the

previous experiments except that we eliminated the time zero testing,
given that we had established that ﬁsh show strong avoidance of alarm
cues at time zero, and instead collected data at 5 min post-injection and
again at 15 min post-injection. This was done in an attempt to tease
apart any interactive effects of UV and CO2. We completed between 9
and 10 trials per treatment.
2.7. Statistical analysis
Analyses of temperature, pH and pCO2 were carried out with
multiway ANOVAs, to investigate the change in the physico-chemical
properties of the water under different experimental conditions. Whilst
measurements were taken in both the water pail and the alarm cue pail,
the addition of alarm cues did not affect any of the variables (P N 0.9 for
all analyses and all variables), so pail was not reported. The results reported were taken from the pails containing the alarm cues only.
The number of scans (out of 48 scans) that the ﬁsh spent on the
alarm cue (AC) side of the ﬂume was computed into a proportion time
spent on the alarm cue side (#scanAC/48). This variable was used as
raw data in subsequent analyses. For each experiment, we used
multiway ANOVAs to investigate the effect of UV and/or elevated CO2
levels at different degradation times. To investigate if the ﬁsh signiﬁcantly avoided the AC side of the ﬂume, the response variable was compared to the 0.5 predicted value for no avoidance (the ﬁsh spent 50% of
their time in the AC side, meaning they did not signiﬁcantly avoid the
arm) using a one-sample t-test. Data met all assumptions of parametric
analyses.
3. Results
3.1. Experiment 1: the effects of elevated CO2 on alarm cue degradation
There was no difference in temperature between CO2 treatments
(F1,29 = 0.3, P = 0.6) or between sampling times (F1,29 = 0.1, P = 0.8).
No interaction were found between CO2 and time (F1,29 = 0.1, P = 0.8).
However, there was a signiﬁcant effect of CO2 treatment on both pH

Table 1
Water quality parameters measured during each of the three experiments. Values are
expressed as means (±SE).

Experiment 1
Time = 0 min
Ambient CO2
Elevated CO2
Time = 30 min
Ambient CO2
Elevated CO2
Experiment 2
Time = 0 min
Reduced UV
Ambient UV
Time = 30 min
Reduced UV
Ambient UV
Experiment 3
Time = 5 min
Reduced UV, ambient CO2
Reduced UV, elevated CO2
Ambient UV, ambient CO2
Ambient UV, elevated CO2

Temperature (°C)

pH
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.6
No avoidance

.5

.4

.3

.2

.1

.0

0 min

30 min

Time
Fig. 1. Mean (±SE) proportion of time spent in the alarm cue arm of the choice ﬂume for
ﬁsh exposed to ambient (grey bars) or elevated CO2 (black bars). Experiments were completed late in the day when UVR is at a minimum.

(F1,29 = 920, P b 0.001) and pCO2 (F1,29 = 660, P b 0.001), but not on
time (F1,29 = 0.5 and 0.4 respectively, both P N 0.4), nor was there any interaction between CO2 and time on those two variables (F1,29 = 0.1 and
0.1 respectively, both P N 0.7—Table 1).
The 2-way ANOVA revealed a signiﬁcant interaction between time
and CO2 (F1,40 = 361, P b 0.001, Fig. 1) on alarm cue potency, as indicated
by the avoidance response of the ﬁsh. At time 0, CO2 has no effect on the
alarm cue potency (F1,20 = 0.8, P = 0.37), but after 30 min, the alarm cue
in elevated CO2 was much more degraded than that in ambient CO2
(F1,20 = 584, P b 0.001). In fact, after 30 min, the alarm cue did not elicit
any avoidance, as the avoidance value does not differ from 0.5 (onesample t-test: t10 = 0.97, P = 0.36).
3.2. Experiment 2: the effects of UVR on alarm cue degradation

PCO2 (μatm)

28.3 (0.5)
28.3 (0.3)

8.20 (0.02)
7.87 (0.04)

383 (10)
935 (36)

28.3 (0.5)
28.2 (0.3)

8.20 (0.04)
7.88 (0.02)

375 (14)
914 (18)

30.2 (0.7)
30.3 (0.8)

Not available
Not available

Not available
Not available

31.0 (0.9)
31.0 (0.9)

Not available
Not available

Not available
Not available

29.6 (0.1)
29.5 (0.1)
29.7 (0.2)
29.6 (0.1)

8.19 (0.01)
7.89 (0.01)
8.19 (0.01)
7.89 (0.01)

391 (2)
903 (7)
392 (2)
904 (2)

Our irradiance measurements conﬁrmed that the Lexan sheets
removed almost all radiation below 400 nm (see Fig. 2).
140

UV

120

Irradiance µW/cm 2/s

Mean (SE)

Mean proportion time spent on AC side
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Natural spectrum

100

80

Filtered spectrum

60

40

20

0

Time = 15 min
Reduced UV, ambient CO2
Reduced UV, elevated CO2
Ambient UV, ambient CO2
Ambient UV, elevated CO2

300

29.8 (0.1)
29.8 (0.0)
29.8 (0.2)
29.7 (0.1)

8.19 (0.01)
7.89 (0.01)
8.19 (0.01)
7.89 (0.01)

386 (4)
892 (9)
388 (3)
885 (8)

400

500

600

700

800

Wavelength (nm)
Fig. 2. Irradiance at different wavelengths showing natural and ﬁltered spectra. Note that
UV radiation (wavelengths less than 400 nm) is removed in the ﬁltered spectra.

.6

.5

No avoidance

.4

.3

.1

.0

0 min

30 min

.5

No avoidance

.4
.3
.2
.1
.0
.6
.5
.4
.3
.2
.1
.0

Reduced UV

Time
Fig. 3. Mean (±SE) proportion of time spent in the alarm cue arm of the choice ﬂume for
ﬁsh exposed to ambient (black bars) or reduced UVR (grey bars). Experiments were completed during mid-day when UVR is at its peak.

Analyses of temperature revealed a signiﬁcant increase of temperature between time 0 and time 30 min (F1,30 = 5.6, P = 0.024), but no
effect of UVR (F1,30 = 0.1, P = 0.8), nor any UVR by time interaction
(F1,30 = 0.1, P = 0.9). Temperature increased from 30.3 °C (±0.7–SD)
to 31.0 °C (±0.9) in 30 min (Table 1). We did not have access to equipment to measure pH and pCO2 during this experiment.
The 2-way ANOVA revealed a signiﬁcant interaction between UVR
and time (F1,37 = 321, P b 0.001, Fig. 3). At time 0, the potency of
alarm cue was the same, regardless of the level of UV (F1,18 = 1.6,
P = 0.22). After 30 min, however, the alarm cue maintained under
the UVR ﬁlter was much more potent than that exposed to UVR
(F 1,18 = 382, P b 0.001). Unlike with CO 2, the alarm cue became
somewhat attractive after 30 min, with ﬁsh spending signiﬁcantly
more time in the alarm cue arm of the ﬂume (one-sample t test:
t10 = 8.7, P b 0.001).
3.3. Experiment 3: the interactive effects of UVR and CO2 on alarm cue
degradation
The 3-way ANOVA indicated a signiﬁcant effect of time on temperature (F1,35 = 15.5, P b 0.001), pH (F1,35 = 9.4, P = 0.004) and pCO2
(F1,35 = 7.7, P = 0.009); the water warmed up 0.2 °C (from 29.6 °C to
29.8 °C, SE = 0.03) in 10 min, average pH raised less than 0.01 unit
(from 8.038 to 8.044, SE = 0.001) and average pCO2 went from 647 to
637 μatm (SE = 2.6—see Table 1 for more details). As predicted, CO2
treatment affected pH and pCO2 (both F1,35 N 2000, P b 0.001), but did
not affect water temperature (F1,35 = 1.2, P = 0.3). For the three variables, we failed to ﬁnd any effect of UV (all F1,35 b 0.1, all P N 0.7), or
any 2-way or 3-way interactions between CO2, UV and time (all P N 0.2).
The 3-way ANOVA revealed a 3-way interaction amongst time, UV
and CO2 on the potency of the alarm cues (F1,64 = 22.1, P b 0.001,
Fig. 4). After 15 min, we found an interaction between UV and CO2
(F1,29 = 17.4, P b 0.001). In conditions of reduced UV and ambient CO2,
the alarm cue was still potent, whilst the addition of UV, CO2 or both reduced the alarm cues' potency to a similar level (no difference amongst
the 3 groups: F2,22 = 2.0, P = 0.16). When each group was compared
to the no-avoidance level, we found that ﬁsh exposed to alarm cues
degrading with either factor still showed some avoidance (one-sample

15 min

.2

.6

Time

Mean proportion time spent on AC side
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5 min

Mean proportion time spent on AC side

336

Ambient UV

Fig. 4. Mean (±SE) proportion of time spent in the alarm cue arm of the choice ﬂume for
ﬁsh exposed to ambient or reduced UVR in the presence of ambient (grey bars) or elevated
CO2 (black bars). Experiments were completed during mid-day when UVR is at its peak.

t-test: UV: t8 = − 3.1, P = 0.015; CO2: t8 = −2.4, P = 0.049), whilst
ﬁsh exposed to cues degrading with both factors did not signiﬁcantly
avoid the alarm cue side (one-sample t-test: t7 = 2.7, P = 0.8).
After 5 min, there was no interaction between CO2 and UV on the
potency of alarm cues (F1,35 = 2.6, P = 0.12, Fig. 4), but both an increase
in CO2 (F1,35 = 291, P b 0.001) and UV (F1,35 = 110, P b 0.001) reduced
the potency of alarm cues, with increased CO2 alone reducing the potency more than the presence of UV alone (post-hoc test, P = 0.001).
When both factors were present, the alarm cues were completely degraded in that time period, with ﬁsh spending equal time in either
arm of the ﬂume (one-sample t-test: t8 = −1.3, P = 0.23).
4. Discussion
We know very little about temporal dynamics of prey risk assessment
using chemosensory information because we have minimal information
about the rate at which chemical cues degrade under natural conditions.
The results of our study demonstrate that degradation can be surprisingly
quick under natural conditions and changes in ocean chemistry and UV
radiation have the potential to dramatically inﬂuence temporal dynamics
of risk assessment in ﬁshes.
Our ﬁrst experiment showed that elevated CO2 increased alarm cue
breakdown. Under ambient CO2, alarm cues remained active for 30 min,
whilst under elevated CO2, there was no avoidance of the cues at the
30 min point. This experiment was completed late in the day, under
conditions of minimal UVR. Experiment 3 revealed that the cues actually
broke down faster (within 15 min in the absence of UVR). The mechanism
responsible for this CO2 effect is unknown. We added alarm cues to the
pail with CO2 water and mixed the water. Water immediately taken
from the pail caused an antipredator response in the damselﬁsh, indicating that there was no immediate chemical reaction that deactivated the
alarm cue. In freshwater systems, alarm cues of Atlantic salmon (Salmo
salar) can be immediately deactivated by a drop in pH to 6.4 (Leduc
et al., 2008) and alarm cues of woodfrog tadpoles (Lythobates slyvatica)
can be immediately deactivated upon mixing with agricultural pesticides
(Moore, Chivers and Ferrari unpub data). If degradation occurred through
a chemical reaction, then that reaction was rather slow, perhaps taking up
to 15 min. Another possibility is that the change in CO2 caused a change in
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the ﬁsh's perception of the cues. In this study we used ﬁsh as a bioassay
tool and relied on their behavioural response to determine whether the
cues had degraded. A change in the ﬁsh's perception seems unlikely
given that Munday et al. (2010) have shown that it takes 2 days for
damselﬁsh exposed to this level of CO2 to exhibit an impaired response
to chemosensory cues. In our experiment ﬁsh were exposed to CO2
water for 2 min prior to the start of our data collection. Perhaps a more
likely explanation for CO2 affecting degradation was that the change
affected the biofauna in the sand and water column and this bioticmediated effect was responsible for changing the rate of breakdown.
Our work has clear implications for researchers trying to understand
the effects of OA on reef communities. We know that ocean acidiﬁcation
dramatically changes predation rates in mesocosm experiments (Ferrari
et al., 2011b) and that impaired responses to alarm cues have been implicated as one of the major causes of such effects (Ferrari et al., 2011a).
The 905 μatm CO2 we used in this experiment matches projected end of
century climate change scenarios (Collins et al., 2013; Meinshausen
et al., 2011). However, even without any anthropogenic increases in
pCO2, our work suggests that the rate of breakdown of alarm cues
would vary dramatically over the course of the day, given that pCO2
on coral reefs ﬂuctuates on a daily basis due the net effects of photosynthesis, respiration and calciﬁcation (Gagliano et al., 2010; Ohde and van
Woesik, 1999; Shamberger et al., 2011; Shaw et al., 2013). The fastest
rate of breakdown of alarm cues would likely occur just before dawn
when the pCO2 is at its highest. The pCO2 on reefs can increase several
hundred μatm overnight (Shamberger et al., 2011); however, the magnitude of the ﬂuctuations will be dependent on tidal cycles, as well as
water depth and coral type. Shaw et al. (2013) predict that reef ﬂats
on the Great Barrier Reef could hit 2100 μatm by the turn of the century.
This means that the rate of alarm cue breakdown will be temporally and
spatially variable, adding considerable complexity to temporal risk
assessment using chemosensory information.
In our second experiment we saw evidence that UVR is a major driver
of alarm cue breakdown during the day. In the ambient UVR exposure
group, ﬁsh showed a strong avoidance of alarm cues at time 0, but
when the cues had aged for 30 min, there was no longer avoidance of
the cues. This is in stark contrast to the reduced UV treatment. In these
trials we observed signiﬁcant avoidance of the alarm cue arm of the
ﬂume at 30 min, thereby demonstrating that UVR was necessary for the
breakdown of cues over this time period. In experiment 3 we documented that breakdown of alarm cues actually occurred within
15 min in the presence of UVR. A rather surprising ﬁnding in our
study was the slight attraction for the alarm cue side of the ﬂume at
30 min in experiment 1. This may indicate that in the absence of
alarm cues, the odour of skin contains chemical constituents that
are attractive to ﬁsh. They may be using amino acids as a means to locate
potential food sources.
Given that UVR appears to be a major driver of alarm cue breakdown,
we can easily imagine that the temporal dynamics of risk assessment may
vary naturally with changes in water depths, time of the day, and season
and will even vary with the weather conditions (i.e. cloud cover) on any
given day. Anthropogenic change would add to this natural variation.
Indeed, any factor that inﬂuences UV exposure may inﬂuence breakdown
of alarm cues. For example, we have seen a tremendous increase in
disturbance to costal marine habitats and with that there have been considerable increases in turbidity and dissolved organic carbon both of
which are associated with a reduction in UVR (Wenger and McCormick,
2013). Over the past several decades we have seen considerable
decreases in ozone depletion, particularly in the southern hemisphere
(Smith et al., 1992). This raises the question about whether there has
been an increase in the rate of breakdown of alarm cues that has accompanied this change in UV ﬂux. Has the temporal aspects of risk assessment in damselﬁsh changed over the past several decades? Major
changes in UV ﬂux are expected to occur by the end of the 21st century:
depending on latitude, UVR is projected to be anywhere from 3% higher
to 20% lower than its peak in the 1980s (McKenzie et al., 2011).
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Damselﬁshes are amongst the most common ﬁshes on coral reefs and
have a wide geographical distribution. Depending on where they live,
the UVR they received in recent decades and what they will experience
in the future is somewhat unclear. With so much anthropogenic change
in UV ﬂux, and a scientiﬁc community that has virtually abandoned research on UVR, we suggest that future experiments will need to examine
how the magnitude of these natural and anthropogenic changes in UVR
affects organisms. Our results provide clear evidence that temporal risk
assessment will be seriously impacted.
In addition to providing more ﬁne-tuned quantiﬁcation of degradation times, our third experiment revealed the interactive effects of UV
and CO2. We have clear evidence that if UVR levels are maintained at
current levels and pCO2 increases we will have much faster deactivation
of alarm cues in oceans in the future. Alarm cue deactivation was much
faster in the presence of ambient UV and elevated CO2 than in the other
treatments. The increased rate of deactivation could have serious consequences for risk assessment and ultimately the stability of predator–prey interactions.
Despite the fact there are only a handful of studies that have examined the temporal aspects of chemosensory risk assessment, we see tremendous variation in scale. For example, Fraker (2009) concluded that
greenfrog (Rana clamitans) tadpoles responded to cues of dragonﬂy predators aged up to 48 h but not 72 h. Likewise, Peacor (2006) found that the
time period that bullfrogs (Rana catesbeiana) responded to odours of
predatory larval dragonﬂies (Anax junius) was in the order of 2–4 days.
Hazlett (1999) showed that alarm cues of crayﬁsh (Orconectes virilis)
can be detectable by conspeciﬁcs for more than 6 hours. Likewise,
Wisenden et al. (2009) demonstrated that alarm cues of amphipods
(Gammarus lacustris) and freshwater ﬁsh (fathead minnows, Pimephales
promelas) may last at least 3 h but not more than 6 h. Finally, alarm
cues of frogs last between 5 min and 2 h, and damselﬁsh alarm cues
last no longer than 15 to 30 min [this study and Chivers et al. (2013)].
Much of the research aimed at understanding temporal dynamics of
risk assessment have suffered from a lack of ecological realism in that
they have examined the rate of cue breakdown under conditions where
natural photodegradation and biodegradation would be minimal. Interestingly, the 4 exceptions [this study, Chivers et al. (2013), Ferrari et al.
(2007b) and Wisenden et al. (2009)] show the shortest degradation
times. We need to insist that future studies of temporal risk assessment
be conducted under natural conditions where alarm cues are exposed
natural solar radiation and temperature along with substrates and
water sources that allow natural biodegradation. Even subtle changes
from natural conditions could inﬂuence rates of breakdown of chemical
cues. For example, Peacor (2006) showed that the rate of breakdown of
dragonﬂy odour was much faster in pond water than ground water.
Our experiments were completed at ambient temperature conditions, but we saw a bit of variation between experiments that correspond with changes in ocean temperature. With oceans expected to
increase by 3 °C by the end of the next century (Collins et al., 2013),
understanding the effect of temperature on chemical information is a
logical extension of our current work. Future experiments need to
consider temporal aspects of risk assessment in order to gain a full appreciation of the importance of chemical sources of information. We
have seen surprisingly quick degradation of cues in our study. If we
add dilution effects that are caused by water currents to this fast degradation process, we may end up concluding that the long held assumption that chemical cues are long lasting indicators of risk is blatantly
false. In some cases, chemicals cues may indicate risk to prey in real
time, much like visual cues.
A number of antipredator adaptations are expressed thanks to the
detection of risk-related information. If we keep in mind that traitmediated indirect effects are at least as important as direct consumptive
effects in terms of ecosystem structuring, a change in the half-life of
risk-related cues may have cascading effects, including a decrease in the
expression of these adaptations and an increase in direct consumptive
effects, leading to changes in the amount of energy transferred up the
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trophic chain (Preisser et al., 2005). In ecosystems such as coral reefs, a
number of anthropogenic factors has threatened or already altered the
trophic balance in the communities, and these fragile ecosystems have
seen the emergence of meso-predator release following the extirpation
of top predators (Estes et al., 2011). Our study provides further evidence
that climate change and pollution are potentially co-driving these alterations in the structure of aquatic ecosystems.
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