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Stomatopod crustaceans have complex visual systems capable of excellent
spatial, colour and polarization vision. Accordingly, visual signals are used
widely in their intraspecific communication behaviour. We tested the role
of a particular visual signal thought to be important in mate choice in a
stomatopod crustacean Haptosquilla trispinosa, by manipulating the ability
of a brightly blue coloured, polarized light reflecting region on their first
maxillipeds to reflect light. Depriving male H. trispinosa of their ability to
produce bright blue polarized light signals did not affect their overall
chances of being accepted by females. However, in comparison with control
males, they had to signal significantly longer before being accepted by
females, had briefer mating durations and received more aggressive
responses from females before mating. These data show that males without
coloured and polarized maxilliped reflections find it more difficult to be
accepted by females than normal males, indicating that these light signals
play an important role in mate selection in H. trispinosa. Our experiments
show that highly regionalized, specific visual stimuli can be used in
intraspecific signalling in a marine crustacean group known for its visual
competence.
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Introduction
The stomatopod crustaceans, commonly known as mantis shrimps, are equipped
with the most sophisticated visual systems found in nature. These marine animals are
capable of distinguishing among objects based both on their hues and polarization
properties (Cronin and Marshall 1989a, 1989b, 2004; Marshall et al. 1991a, 1991b;
Cronin, Marshall, and Caldwell 1994; Cronin, Marshall, Caldwell, and Shashar
1994; Cronin, Marshall, and Land 1994; Chiou et al. 2008). Stomatopods are also
known to use a variety of signals for intraspecific and interspecific communication,
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including displays and postures that show off particular body parts and coloured or
polarized light reflecting markings (Caldwell and Dingle 1976; Caldwell 1987).
Although the behaviour that involves these displays is well described, there has been
no specific research on the significance of particular body patterns during the
elaborate rituals that precede mating in many stomatopod species. We therefore
decided to investigate the use of an unusual, very specialized reflector found on the
first maxillipeds of the stomatopod species Haptosquilla trispinosa. This region of the
appendage reflects iridescent, polarized blue light and is displayed prominently by
males as they court females. By manipulating the ability of this spot to reflect light,
we could examine how a change in the appearance of the signal affects relative
success of males during courtship.
Haptosquilla trispinosa is a typical gonodactyloid coral-dwelling ‘smasher’
stomatopod crustacean (Figure 1). It is a common inhabitant of Indo–West
Pacific tropical marine waters from the low intertidal zone to deeper than 30 m
(Reaka 1980; Caldwell 1990; Ahyong and Harling 2000; Cronin et al. 2001).
The illumination conditions of the water that this species inhabits can vary
enormously, due to the attenuation of light and spectral alterations by seawater
absorption (Jerlov 1976; McFarland 1986; Cronin, Marshall and Caldwell 1994;

Figure 1. First maxillipeds of H. trispinosa. (a) Typical posture of an individual H. trispinosa
in its burrow entrance in nature. The first maxillipeds are indicated by a white arrowhead.
Inset top right: colour and texture of the signalling patch on one maxilliped prior to being
treated with brief contact with a hot pinhead. Inset bottom right: colour and texture of a
maxilliped after the treatment. (b) Polarization (black lines) and reflectance (blue lines) spectra
of the maxilliped prior to (thick lines) and after (thin lines) treatment. (c) Condition of the
maxilliped (indicated by the white arrowhead) 1 month after treatment.
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Cronin et al. 2000, 2002; Cheroske and Cronin 2005). This can result in coloured
body reflections varying substantially over viewing distance or depth, making the
chromatic information in such signals unreliable. On the other hand, spectrally
restricted and polarized light signals are far less affected by the spectral composition
of the light environment. Using light-reflecting body parts that use structural optics
produces visual signals that are restricted to the mid-blue region of the spectrum and
are highly polarized as well (Cronin et al. 2003b; Chiou et al. 2005); H. trispinosa
(and potentially other stomatopod crustaceans) might avoid the environmental
biases that typically affect coloured visual signals based on broadly reflecting the
pigmentary components. H. trispinosa is also a species that changes colour to match
background. While animals that live in sandy habitats are light coloured, it is not
unusual to find green animals in algal and grass beds and even dark and almost black
individuals occupying dark substrates. This variable camouflage takes weeks or
months and requires at least one molt, and is most likely a response to predation.
Having a visual signal that does not change substantially in different lighting and
environmental conditions may be useful for intraspecific communication.
Furthermore, the maxillipeds of this species, like those of most stomatopods, are
normally invisible except from directly in front of the animal, making them easy to
conceal from predators while convenient for face-to-face communication.
The first maxillipeds of stomatopods are among the most distinctive of their
thoracopods. With brush-like setae at one end, long segments and flexible joints,
they can not only handle food and (in females) the egg mass, but also groom their
entire body (Schram 1986; Bauer 1987). Whether their function is to disperse
chemical cues, send out visual signals or both of the above, it has been suggested that
the maxillipeds (like the raptorial appendages) of stomatopods play important roles
in both sexual and agonistic interactions (Caldwell 1975, 1990; Cheroske and Cronin
2005). Due to their importance, having the first maxillipeds altered in any way might
also compromise several important functions. Here, we altered the optical properties
of the first pair of maxillipeds in H. trispinosa while minimizing changes to water
pumping and other functions. In this way, the role of these appendages in visual
signalling could be tested independent of their other tasks.
Several factors make H. trispinosa a superior animal model for testing visually
based communication systems. Sexually mature H. trispinosa are relatively small
(body length 2–3.5 cm; Caldwell 1990), so little space is required to accommodate the
large number of individuals required for the analysis of their behavioural
interactions. Furthermore, mating behaviour of H. trispinosa is well documented
(Caldwell 1990). With comprehensive knowledge of many aspects of the behaviour of
this species, such as their solitary life style, their dependency on living in cavities and
their courtship behaviour, it is not difficult to design experiments to examine the
potential role of visual signals in communication. Finally, the light reflectors located
on the first maxillipeds are relatively small. Thus, manipulating their light-reflecting
properties is relatively simple and has little effect on other aspects of the animal’s
ability to survive. Previous studies on the use of signals or display in stomatopods
examined the reactions of the animals under natural or semi-natural conditions
(Dingle and Caldwell 1969; Dingle 1972; Hazlett 1979; Cheroske 2004; Cheroske
et al. 2009). Here, we chose to manipulate the light reflected from the first
maxillipeds of H. trispinosa and then observe any difference in behaviour resulting
from this.

4

T.-H. Chiou et al.

Downloaded by [UQ Library] at 18:16 06 February 2014

Materials and methods
Animals
Adult H. trispinosa were collected from the intertidal zone adjacent to the Lizard
Island Research Station in Queensland, Australia. Animals with any obvious injury
(such as missing or damaged limbs, a frequent occurrence in these pugilistic animals)
or females brooding eggs were excluded from the study. In the laboratory, animals
were measured for total length, checked for less obvious signs of injury and sexed
under a dissecting microscope. Animals were individually maintained in containers
filled with fresh seawater and kept under natural daylight at ambient temperatures.
The seawater was changed every day and the animals were fed with frozen shrimp
twice per week.
Adult males were separated randomly into experimental and control groups.
Animals were anaesthetized with ice-cold seawater, and the blue polarized lightreflecting first maxillipeds of those in the experimental group were touched briefly
with a hot pin. This treatment effectively removes both the coloured and the
polarized light reflections (Figure 1a and b). To allow treated animals to recover
from the operation, behavioural assays were conducted at least 3 days after the
treatment. The method used to destroy the light-reflecting properties of the
maxilliped produced no obvious side effects related to use of the appendage for
other purposes. In all observed cases, the light-reflecting surface grew back within
several weeks after the treatment (Figure 1c).

Behavioural observation
Female H. trispinosa are known to mate preferentially with males of smaller sizes
(Caldwell 1990). Thus, females were pseudo-randomly paired with smaller (2–10 mm
shorter) males of both experimental and control groups. Interactions between animal
pairs were conducted in an aquarium filled with running fresh seawater and with the
bottom covered to a depth of 45 cm with sand acquired from the beach near the
collecting site. A black plastic tube (length !5 cm, inner diameter 13 mm) with its
lower end blocked was placed in the sand to serve as a domicile, such that the
opening of the tube was located adjacent to the glass wall of the aquarium. Based on
previous observations (Caldwell 1990) and on trials before the beginning of the
experiment, if there is only one domicile in the aquarium, most sexual interactions
take place at or near the entrance of the tube. As a result, this set-up provides the
opportunity to record interactions between the subjects.
Prior to observations, females were allowed to acclimate overnight in the tube in
the aquarium, while males were placed in similar tubes in a separate aquarium. After
introducing a male into the female’s aquarium, their interactions were recorded with
a digital video camcorder (SONY! VX-1000 DV) for approximately 64 min (the
total length of a mini-DV tape running at standard 1X speed) for later analysis. To
reduce the effects of nearby human activities, all sides of the aquarium were covered
with opaque white plastic sheets or, on the camcorder side, a fabric curtain. The
video signal was transferred to a laptop computer through a firewire (IEEE 1394)
connection, which allowed monitoring of behaviour in real-time without disturbing
the animals. The running seawater was temporarily turned off during the course of
the behavioural recording.
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Data analysis
Behavioural observations were recorded for 158 pairs during July–August 2002, June
2003, September 2003, September 2004 and September 2005. Activities between pairs
recorded on tape were reviewed with a portable DV tape player (SONY!
GB-D1000). These interactions were timed and separated into four types: no
interaction, aggressive, courtship display and mating. ‘No interaction’ was assigned
when the animals were clearly not looking at each other or when at least one of the
animals was not visible in the frame. ‘Aggressive interactions’ were noted when
offensive or defensive actions occurred in either or both of the subjects (Dingle 1969,
1972; Dingle and Caldwell 1969; Cheroske 2004). ‘Courtship behaviour’ applied to
males who slowly approached the female while repeatedly performing the ‘raptorial
appendage pumping display’ as previously described (Caldwell 1990). There was no
obvious behavioural display carried out by the females during the courtship
processes. Nevertheless, whether or not the females were ‘aggressive’ (e.g. offensive
or defensive) to the approaching male was also noted. ‘Mating behaviour’ was scored
when copulation (identified by repeated rapid thrusting of the thorax of the male; for
details see Caldwell 1990) of 3 s or longer had occurred. The duration of mating is
defined by the length of physical contacts including telson scratching, mounting,
attempts to turn the female and copulation (Caldwell 1990). In fact, all failed
copulations observed had less than 1 s of contact between the subjects. No score was
given to such failed copulation attempts. Note that because the treated males were
recognizable on video playback, the person reviewing the recordings was usually
aware of the treatment being viewed in a given run. However, since the behaviours
being recorded were unambiguous, there was little or no chance that observer bias
affected behavioural scoring. Video clips showing various behaviours are available
on the Supplementary Content tab of the article’s online page at http://dx.doi.org/
10.1080/10236244.2010.546064.
The beginning and ending times of every recorded interaction were noted. The
size distributions of both animal groups were compared using Student’s t-test. The
frequency, timing and duration of the behavioural activities between both animal
groups were compared with Wilcoxon rank-sum test. Unless otherwise noted, results
of the averaged values are expressed as mean ! SEM (standard error of the mean).
Results
A total of 158 pairs of sexually matured animals were scored. For both sexes, no
differences occurred in the distribution of total body lengths between experimental
and control groups (N ¼ 79 for both groups, Figure 2). The average sizes of the
females in the control and experimental groups were 31.42 ! 0.50 mm and
30.35 ! 0.42 mm ( p ¼ 0.108), respectively. The control and experimental males had
average body lengths of 27.27 ! 0.37 mm and 26.81 ! 0.31 mm ( p ¼ 0.354), respectively. As intended in the experimental design, the body lengths of males were
significantly shorter than those of females (respectively, 27.04 ! 0.24 mm and
30.89 ! 0.33 mm, p50.001).
Mating occurred in 27 of the 158 pairs during the recording time. Of these,
14 came from the control group and 13 from the experimental group. In most cases
(25/27), mating behaviour occurred only once during the time course of the
recording. However, there were two circumstances, one in each group, where animals
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Figure 2. The size distributions of control and experimental animals used in the behavioural
experiments in (a) females, and (b) males.

paired twice during the time frame of the observation (animals no. 5 in the control
group and no. 6 in the experimental group; see Figure 3). For both groups, the
earliest mating occurred within 3 min of the introduction of the male and the latest
took place at around 61–62 min (triangles in Figure 3).
Statistics of the frequency, timing and duration of various behavioural
interactions between those 27 mated animal pairs are provided in Figure 4.
In these analyses, the second copulation events mentioned above were not included.
On average, it took 1506 ! 292 s (N ¼ 14) until an experimental (i.e. treated) male
mated with the female after being introduced to the aquarium. Mating occurred
slightly sooner for the control group (1196 ! 265 s; N ¼ 13), but these differences
in the timing of the first mating were not statistically significant (Figure 4a).
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Figure 3. The time lines of the observed behaviours of the 27 pairs of animals who mated with
each other during the experiments. Each row represents one pair of animals, analysed for the
duration of the video record (64 min). ‘x’ marks (#) indicate times of aggressive encounters
between the animals, open circles ($) represent courtship displays by the male and solid
triangles (N) show the times of occurrence of mating behaviour. See the methods section for
definitions of behavioural events.

However, the time required for successful courtship was much longer for the
experimental males than for the controls (1069 ! 290 and 325 ! 79 s, respectively,
p ¼ 0.011; Figure 4b). In addition, the average duration of mating between the
females and the experimental males was considerably shorter than for controls
(25 ! 2.7 and 48 ! 8.5 s, respectively, p ¼ 0.009; Figure 4c).
Males in both groups produced roughly the same number of courtship displays
during the recorded time span (6.3 ! 0.9 and 5.9 ! 1.0 displays for experimental and
control group, respectively; Figure 4d). Also, no statistical differences were found
between the number of courtship displays prior to mating (respectively, 3.3 ! 0.9 and
4.8 ! 0.7; Figure 4e). However, there were significantly more incidences of aggressive
behaviour recorded for the experimental animal pairs than for the control pairs
(respectively, 5.3 ! 1.5 and 1.8 ! 0.5, p ¼ 0.011; Figure 4f).

Discussion
When conducting behavioural experiments to test the importance of a particular
signal, one can either enhance or reduce the strength of the signal. In this study, we
chose to remove the colour and polarization reflection characteristics of a specific
visual signal using a brief touch of a heated pin. This treatment destroyed both the
spectral and polarizational characteristics of the maxilliped signalling region, but it
also lowered the amount of light it reflected, resulting in a somewhat darker surface
(Figure 1a). However, we could discover no feasible way to treat the maxillipeds that
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Figure 4. Distributions of the occurrences of recorded behavioural interactions between
animal pairs that mated. (a) Time from introduction of the male into the aquarium to the first
mating. (b) Time from the start of the first courtship display to the first mating. (c) Duration
of mating. (d) Number of courtship display events during the whole trial (64 min). (e) Number
of courtship displays before mating. (f) Number of cases of aggressive behaviour during the
trial. Exp ¼ experimental group (N ¼ 13), Ctrl ¼ control group (N ¼ 14). Two-tailed p values
based on Wilcoxon rank-sum test are given in each chart. Each box-and-whisker plot shows
the median by the horizontal line, SEM by the box and the range across all trials by the thin
lines extending above and below the boxes.

could dramatically change colour and polarization of the signal without altering its
brightness or indeed remove polarization without colour being altered. Perhaps one
could cover the maxillipeds with paints of a similar reflectance to the natural colour
but lacking the ability to polarize the light. If this were possible, the functions of the
spectral and polarization components of the reflection could be more accurately
assessed. However, these animals are equipped with the most sophisticated colour
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visual system known, and even very minor changes in spectral reflectance might be
recognized and lead to behavioural alteration (for review, see Cronin and Marshall
(2004), Cronin, Marshall and Land (1994) and Marshall et al. (1996)). Consequently,
we chose to remove all components of the signal and simply observe the result.
It is impossible to know what a female stomatopod ‘has in mind’ when she sees a
male approaching and displaying in front of her. Nor is it clear how the signals sent
out by courting males of H. trispinosa are perceived by the females. As mentioned
before, the first pair of maxillipeds play many important roles for stomatopods
(Schram 1986). Nevertheless, at least in some stomatopod species, including H.
trispinosa, the maxillipeds are clearly used during their courtship behaviour
(Caldwell 1990; see supplementery videos available online). Given the complexity
of the courtship display, it is almost certain that more than one communication
channel (e.g. chemical communication; Caldwell 1990) is used during this process. As
a result, it is not surprising that, while the removal of the colour and polarization
reflections from the maxillipeds of a male H. trispinosa impacts the courtship
behaviour of these animals, they are still able to maintain an overall courtship
success rate similar to that of unaltered animals.
Another potential function for the visual signals we manipulated is gender
recognition (Hailman 1977). Misidentification may lead to an approaching courting
male being perceived as a female interloper instead of a potential mate. This could
explain the increased levels of violence we observed (Figure 4f). However, it seems
unlikely that these increases are due to gender misidentification, as the maxillipeds of
both male and female H. trispinosa have the same appearances (Chiou et al. 2005).
In most, if not all of the behavioural trials, the females were larger than the
paired male. As a result, the females tended to react offensively to approaching
males, while the males performed defensive or escape behaviours. Due to the solitary
lifestyle of these coral-dwelling creatures, finding potential mates can be difficult
(Caldwell 1990). Although protected by hardened carapaces and heavily armed with
raptorial appendages, stomatopods are still vulnerable to predators inhabiting the
coral reef environment around them (Caldwell and Dingle 1976; Caldwell 1987;
Kyne and Bennett 2002). Consequently, if the first attempt to mate with a female
does not succeed, it is not uncommon for the male to continue the pursuit of the
same female rather than risk travelling to find another female. In fact, persistence in
male courtship seems to be a predictor of courtship success. Females seem to test
males by keeping them in the open, outside the cavity. If a male is persistent in
continuing to court for several minutes, females become receptive (Figure 3).
How does the removal of the characteristic reflections from the first maxillipeds
of males affect the courtship behaviour? Looking at the results as a whole, several
conclusions can be drawn. Without the blue-coloured, polarized light reflection on
their maxillipeds, the males may be less stimulating to the females. As a result, the
male has to invest more effort (longer courting time) to achieve a successful
copulation. In conclusion, although not critical for gender recognition, the longer
time taken for females to accept blue reflector deprived males, together with shorter
mating durations and elevated aggressiveness strongly indicate that visual signals are
important in the courtship displays of H. trispinosa. Given the fact that light reflected
from the maxilliped patches in this species and several related species in the genus
Haptosquilla are strongly polarized (Cronin et al. 2003a; Chiou et al. 2005), together
with the presence of excellent polarization sensitivity stomatopods (Marshall 1988;
Marshall et al. 1999; Cronin and Marshall 2004; Chiou et al. 2008), it is tempting to
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speculate that these are polarization-specific signalling structures. This seems an
especially attractive idea given the relative unreliability of colour over depth and
distances underwater. However, until a way is discovered to separate the polarization
component from the spectral properties of the reflected light, this must remain just a
speculation.
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