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The reef stonefish (Synanceia verrucosa) and 
the estuarine stonefish (Synanceia horrida) are 
members of the Synanceiidae family (Fig. 1) and are 
known as the world’s most venomous fishes (Isbister 
2001; Meyers 1999). Stonefish are widely distributed 
in both the tropical and sub-tropical coastal marine 
waters of the Indian and Pacific oceans, including 
around northern Australia (Saggiomo et al. 2021). 
S. verrucosa is found on reef flats, shallow lagoons 
and in small intertidal pools, while S. horrida inhabits 
estuaries and near shore areas (Williamson et al. 
1996; Grobecker 1981; Endean 1961). Stonefish are 
cryptic ambush predators that remain motionless 
for extended periods of time (Williamson et al. 1996; 
Grobecker 1981; Endean 1961), but will engulf nearby 
prey with explosive speed (Ferry-Graham and 
Lauder 2001; Grobecker 1981; Endean 1961).

Research conducted on stonefish has primarily 
focused on their venom and venom delivery system 
(Isbister 2001; Williamson et al. 1996; Kizer et al. 
1985; Endean 1961), particularly their associated 

medical  significance (Ngo et al. 2009; Brenneke 
and Hatz 2006). In contrast, apart from Grobecker’s 
paper (1981), scant attention has been directed 
toward the ecology of these species, particularly their 
feeding behaviours, habitat preferences and activity 
patterns. Unlike fast-swimming pursuit predators 
that rely on speed and agility to capture prey 
(Juanes et al. 2002), stonefish are slow-swimming 
ambush predators that mimic benthic microhabitat 
(Grobecker 1981; Endean, 1961). Stonefish are highly 
cryptic, a common morphological adaptation to 
avoid detection by prey and predators that are 
visually oriented (Hairston et al. 1982; Endler 1981). 
Furthermore, stonefish can change colour to better 
match their environment (Loannou and Krause 
2009; Grobecker 1981; Endean 1961). Background 
matching is less effective when animals are in motion; 
therefore, many cryptic animals tend to stay still 
(Loannou and Krause 2009; Zhang and Richardson 
2007). Evidence also suggests that crypsis and lack 
of motion form a synergistic relationship, reducing 
the probability of detection (Loannou and Krause 
2009). Additionally, stonefish encourage algal 
growth on their body surfaces, which enhances their 
ability to blend into their surrounding environment 
(Ballantine et al. 2001; Williamson et al. 1996) and 
may also attract herbivorous fish and invertebrates 
into the animal’s strike range (Grobecker 1981).

Habitat type has proven to be an important factor 
that contributes not only to background matching, 
but also to the efficiency of foraging success for 
many ambush predators (Horinouchi et al. 2009; 
Schultz et al. 2009; Laurel and Brown 2006; Savino 
and Stein 1989). Structurally complex environments 
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Figure 1. Side view of two stonefish species found in 
Queensland (North-Eastern Australia) waters, Synanceia 
horrida (estuarine stonefish, left) and Synanceia verrucosa 
(reef stonefish, right).
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have been shown to reduce the efficiency of pursuit 
predators through reduced mobility and decreased 
vision (Laurel and Brown 2006; Abrahams 2005). 
However, the foraging efficiency of ambush 
predators in structurally complex environments 
is helped by their mode of predation, where these 
predators capitalize on their ability to ambush prey 
(Schultz et al. 2009; Stephens and Krebs 1986). 
Stonefish are commonly associated with complex 
environments, though they can also be found buried 
in the sand of simple environments (Williamson et al. 
1996; Grobecker 1981; Endean 1961). It is unknown 
which habitat type is preferred by stonefish during 
the day or night. Subsequently, the aims of this study 
were to determine the habitat preferences and diel 
activity patterns of S.  verrucosa and S.  horrida in 
captivity to better understand the ecology of these 
medically important species.

MATERIALS AND METHODS
A total of four S.  verrucosa and four S.  horrida 
were used in the study. Two of each species (330–
410 mm LT) were housed in each of two aquaria 
(dimensions L x W x D: 2.3 x 1.2 x 0.6 m) with 
substrate comprised of sand (0.1 m deep) in one half 
(termed simple habitat) and rock and large coral 
rubble in the other half (termed complex habitat) 
(Fig. 2). A ten-day acclimation period was provided 
before filming commenced. The aquariums were 
exposed to natural light and shielded from direct 
sunlight. Filming of the aquariums took place 

over a total of 72 hours, which was divided into 
two 9-hour day sessions from 08:00 to 16:50, and 
two 9-hour night sessions from 20:00 to 04:59. 
Both aquariums were filmed simultaneously during 
these four sessions. These time frames were chosen 
to compare behaviour patterns between light and 
dark conditions. 

We quantified the time that each individual spent 
occupying each habitat type from film footage. 
The position of individuals resting on the boundary 
between two habitat types was classified according 
to the habitat containing the majority of the fish’s 
body. A three-way analysis of variances (ANOVA) 
was conducted using the statistical package 
SPSS v. 17 to determine the effect of habitat type 
(complex, simple), condition (light, dark) and species 
(S. verrucosa and S. horrida) on the total amount of 
time spent in each environment. A further three-way 
ANOVA was conducted to explore the frequency of 
movements by each species per hour in relation to 
habitat type and period in the diel cycle (day, night).

Distance was calculated from film footage by 
marking the initial position of each stonefish, 
tracking their movement on a display monitor 
and measuring the on-screen distance travelled. 
This measure was then converted to the true scale 
movement distance ± 0.05 m and movements under 
0.1  m were excluded. The time each movement 
occurred was recorded and rounded to the nearest 
minute. The movement times were then divided into 
hourly intervals. Using the statistical package R, 
a two-way repeated measures ANOVA and post-hoc 
least significant difference (LSD) was conducted 
to explore if the average distance travelled per 
movement differed between species and if the 
frequency of movement differed according to the 
time of day or night (among hourly intervals).

Figure 2. View from above of one of the experimental 
aquariums used in the study. Two substrate types were 
used; simple (left) comprised of sand-only and complex 
(right) containing a mixture of sand, rock, and large 
coral rubble. Arrows indicate the location of stonefish on 
complex habitat.
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RESULTS
Stonefish habitat preference 

There was no significant interaction between 
habitat, species, and/or period in the diel cycle 
in relation to total amount of time spent in each 
habitat (species × habitat × diel cycle) [F

1, 24
 = 0.72, 

p = 0.40]. There was also no significant interaction 
of the mean time spent in each habitat between the 
species (species × habitat) [F

1, 24
 =  1.79, p =  0.19]; 

or significant interaction between substrate type 
and period in the diel cycle (habitat × diel cycle) 
[F

1, 24
  =  0.43, p  =  0.52]. However, stonefish spent 

significantly longer in the complex habitat (94%, 
M = 1016 min) than in the simple habitat (6%, M = 
73 min) [F

1, 24
 = 566, p < 0.001] (Fig. 3).

Figure 3. Stonefish (Synanceia spp.) habitat preferences. 
The mean amount of time (minutes) that reef (S. verrucosa, 
•), and estuarine (S. horrida, •) stonefish spent amongst 
simple (i.e., sand-only) and complex (i.e., a mixture of 
sand, coral rubble and rocks) habitats measured over 18 
cumulative hours of day and night (i.e., between 08:00 ~ 
16:59 hours and 20:00 ~ 04:59 hours). Error bars represent 
95% CI. 

Stonefish movement frequency and distance

There was no significant interaction between the 
mean frequency of movement per hour and species, 
habitat, or period in the diel cycle (species × habitat 
× diel cycle) [F

1, 22
 = 0.13, p = 0.72]. However, stonefish 

occupying the complex habitat moved significantly 
less frequently on average (1.6 movements per 
hour) than in the simple habitat (17.3 movements 
per hour) [F

1, 22
  =  45.90, p  <  0.001] (Fig. 4A). 

There  was no significant interaction between the 
mean number of movements in each habitat type 
per hour and species (species × habitat) [F

1, 22
 = 0.64, 

Figure 4. Movement patterns of stonefish. A Mean 
movement frequency (number of movements per hour) of 
stonefish (both S. verrucosa and S. horrida) over 18 hours 
(08:00 ~ 16:59 hours and 20:00 ~ 04:59 hours) in complex 
(sand, rock, and large coral rubble mixture) and simple 
(sand-only) habitat types. Error bars represent 95% CI.

Figure 4. Movement patterns of stonefish. B Mean 
movement distance (metres) of S. verrucosa and S. horrida 
over 18 cumulative hours (08:00 ~ 17:00 hours and 20:00 
~ 05:00 hours) in both complex and simple habitat types. 
Error bars represent 95% CI.

p = 0.43]; habitat and diel cycle (habitat × diel cycle) 
[F

1, 22
  =  0.65, p  =  0.43]; or species and diel cycle 

(species × diel cycle) [F
1, 22

 = 0.06, p = 0.81].

There was no significant interaction in the average 
distance travelled per movement between the two 
species and the time each movement occurred 
(species × time) [F

13, 712
 = 0.91, p = 0.54]. However, 

S.  verrucosa travelled further per movement 
(M = 0.94 m; SD = 0.68 m) than S. horrida (M = 0.67 m; 
SD = 0.37 m), [F

1, 712
 = 53.20, p < 0.001] (Fig. 4B).
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Stonefish diel movement trends

There was a statistically significant effect for the 
time each movement occurred, and a post-hoc 
LSD analysis revealed stonefish travel further per 
movement during 10:00–10:59 hours (M =  1.26  m; 
SD = 0.92 m) and 09:00–09:59 hours (M =  1.14 m; 
SD = 0.84 m). 

Figure 5. Stonefish diurnal movement distance. The mean distance (metres) that stonefish (both S.  verrucosa and 
S. horrida) travelled within hourly intervals (i.e., 8:00 = 8:00 ~ 8:59 hours) over day (08:00 ~ 16:59 hours) and night (20:00 
~ 04:59 hours) periods. Error bars represent 95% CI. Means sharing the same letter grouping are not significantly different 
according to Fishers LSD (α = 0.05). 

The shortest average distance per movement 
occurred during 16:00–16:59 hours (M  =  0.63  m; 
SD =  0.44 m) and 20:00–20:59 hours (M = 0.65 m; 
SD  =  0.43  m), [F

17, 712
  =  2.76, p  <  0.001] (Fig. 5). 

There was a bimodal distribution corresponding to 
a decrease in the distance travelled per movement 
that related to reduced movement during 
transitional periods between light and dark.

DISCUSSION
A key finding from the study was that both 
S.  verrucosa and S.  horrida exhibited a strong 
preference for spending time in complex benthic 
habitats (94%) over simple habitats (6%). This trend 
was not significantly different between the two 
species or the time of day. As with other ambush 
predators, stonefish presumably benefit from 
increased feeding efficiency and concealment from 
visual predators in complex habitats (Horinouchi 
et al. 2009; Schultz et al. 2009; Laurel and Brown 
2006).

The difference in average distance travelled per 
movement between species in the study may 
indicate a real ecological and/or evolutionary 
difference in behaviour of these species in the 
field. For instance, S.  horrida may rely on mobility 
of prey fishes in tidal estuaries where high turbidity 
prevails, whereas S. verrucosa may need to relocate 
ambush position in relation to site-attached and 
highly visual reef fishes that become aware of a 
predator’s position. The differences in movement 
may also be an artefact of holding these species in 
close confines in captivity, although this is unlikely 
since antagonist interactions were not observed. 
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Alternatively, the small differences in average 
distance moved by two stonefish in the study may 
be statistically significant but have no functional 
basis (Underwood 1990).

Conversely, activity levels were substantially 
different between habitat types, with stonefish 
moving less in complex (1.6 movements per hour) 
than in simple habitats (17.3 movements per hour). 
This is consistent with other cryptic animals, which 
tend to stay still to avoid detection (Loannou 
and Krause 2009; Zhang and Richardson 2007). 
Specifically, the increased probability of predators 
or prey detecting the presence of stonefish in simple 
habitats may explain the increased frequency of 
movement on sand by stonefish in the current study. 
While this study investigated the effect of substrate 
complexity and time of day on habitat preference 
and activity patterns in reef and estuarine stonefish 
species, it is important to consider that various 
additional factors, such as turbidity, as well as 
physical substrate attributes like colour, brightness, 
and texture may also influence these behaviours 
in situ. 

The diel activity patterns observed of stonefish in 
the current study may have a functional and possibly 
an evolutionary basis. Morris and Whitfield (2009) 
found that the scorpaenid, Pterois volitans, fed 
mostly in the early morning between 08:00–11:00 
hours. Similarly, in this study, stonefish were most 
active at that time, and were least active during the 
late afternoon (between 16:00 and 16:59) and night 
(20:00 to 03:00). Reduced activity of stonefish 
around sunset may be an adaptation to ambush 
feeding during the transition from light to dark 
conditions. Paradoxically, whereas many predatory 
coral reef fishes become more active in association 
with crepuscular feeding (Helfman 1986), ambush 
predators such as stonefish may actually move less 
at that time, enhancing the advantage of crypsis and 
heightening the element of surprise for capturing 
mobile prey. Numerous studies have focused on the 
ecological advantages of crypsis in the context of 
predator-prey interactions (Théry and Casas 2002; 
Grobecker 1981) and recently the synergy between 
prey crypsis and reduced movement has been 
shown to confer additional protection to prey than 
can otherwise be explained by the additive effects of 

crypsis and movement (Loannou and Krause 2009). 
Whether such synergistic benefits are afforded 
to other cryptic ambush predators remains to be 
tested. In conclusion, this study suggests that there 
is an intrinsic link between stonefish movement 
patterns, time of day, and substrate complexity 
allowing for a better understanding of the ecology 
of these species.
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