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A pheromone bouquet controls the reproductive behaviour
of the male shore crab, Carcinus maenas
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Abstract The reproduction of many brachyuran
crustaceans involves the formation of mating pairs
often around the time of the female moult with
attraction of a sexual partner and mating behaviour
controlled by sex pheromones. In shore crabs, Carci-
nus maenas, females produce sex pheromones that are
released in the urine. High Performance Liquid
Chromatography analysis (HPLC) of female urine
shows that the pheromone, identified as the nucleotide
uridine diphosphate (UDP), elutes as an unresolved
peak with structurally related nucleotides. We exam-
ined female urine samples over the moult cycle and
detected UDP as well as uridine triphosphate (UTP).
Bioassays were conducted to establish the possibility
of a blend of nucleotides forming a sex pheromone
bouquet in C. maenas. Whilst UDP induced the male
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mate guarding behaviour (cradling), a mixture of the
two nucleotides at a ratio of 4:1 UDP:UTP elicited an
even stronger mating response than either UDP or
UTP individually. The urine concentration and com-
position of these nucleotides changes over the moult
period pre and post ecdysis, providing evidence that a
pheromone bouquet composition is not always con-
stant. The change of the bouquet is related to the
physiological state of the sender, here the moult cycle.
Our study unravels the functionality of reaction-
specific molecules in a pheromone bouquet. Whilst
UDP is the mating signal, UTP acts as an attractant and
combined they maximise the reproductive response.
The use of bouquets provides species-specificity,
potentially enabling reproductive isolation of sym-
patric species, and contains valuable information on
the physiological state of the sender.

Keywords Carcinus maenas - Shore crabs -
Pheromone bouquet variability - Reproductive
isolation

Introduction

Animal behaviours are often instigated by complex
sensory signals that are associated with species-
specific life situations. These include numerous key
behavioural functions like feeding, predator—prey
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interactions, reproduction and communication in a
social context, all of which can be coordinated by
olfactory cues and chemoreception (Wyatt 2014). The
complexity of signals to which an organism is exposed
in the marine environment requires the development
of mechanisms to discriminate between the different
elements of signals, for example to coordinate their
reproductive behaviour (Derby et al. 1996). Amongst
the various forms of signalling, chemical communi-
cation plays a large role but is the least understood
(Wyatt 2009). Chemical signals that mediate repro-
ductive behaviours are usually species-specific meth-
ods of communication, which can be achieved by
using blends or mixtures. Sex pheromones are often
bouquets of structurally similar compounds (Wyatt
2014) albeit few have been described in marine
invertebrates. Many insects, particularly moths, use a
blend of compounds in a precise, fixed ratio as both
species- and population-specific sex pheromones
(Cardé et al. 1977; Lofstedt 1993). The nuptial
spawning behaviour in two species of marine poly-
chaete, Platynereis dumerilii and Nereis succinea, is
mediated by the release of a ketone, 5-methyl-3-
heptanone in different species-specific concentrations
(Hardege et al. 1998) whilst the release of male
gametes is coordinated via species specific cues, uric
acid (Hardege et al. 1998) and cysteinyl-glutathione
(Zeeck et al. 1998a, b). Lepidoptera pheromone
bouquets show the same compounds being used in
hundreds of species with specific blends as well as
environmental timing providing reproductive isolation
(Rasmussen et al. 1996). Other aquatic examples for
pheromone blends include goldfish (Carassius aura-
tus, Sorensen 1992; Sorensen et al. 1998) and brown
algae, where different algae use selected compounds
from within these bouquets as their own species-
specific cues for gamete activation and attraction. The
role of other compounds in the mixtures remains
unclear but could include deception of competing
species or simply form a relict of the biosynthetic
pathway for their production that is shared between the
different brown algae (see Maier and Miiller 1986 for
review). Pheromone blends could have evolved for
multiple purposes (Byers 2005); apart from making a
species reproductively isolated, they could serve as
long- and short-range signals, with different parts of
the blend having different roles, especially when
complex behaviours are controlled (Christensen et al.
1989).
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Crustacean pheromones have been widely
researched but only in recent years have their chemical
compositions been characterised (Breithaupt and
Thiel 2011). The identification of the primary sex
pheromone in the shore crab has been established as
the nucleotide uridine diphosphate (UDP) (Hardege
et al. 2011). This sex pheromone is released by the
female, predominantly in the urine leading up to and
during the moulting stage (ecdysis). Excreted as a by-
product of chitin biosynthesis, the female sex
pheromone attracts the male leading to courtship
(Hardege et al. 2002, 2011). The male mating
behaviour is induced via the release of female sex
pheromones which initially attract the male to a
female. Males then enter a stereotyped pair formation,
with the male exploring the softness of the female
carapace and proceeding to cradling the receptive
female. This step can be initiated pre- and continued
post-moult and also post-mating in what is known as
mate guarding. A male can repeatedly respond to this
chemical signal, with dominant males having numer-
ous reproduction events with receptive females over
the course of the mating season (Van der Meeren
1994). Competitive mate choice has been shown in
various brachyuran crabs (Christy 1987). Losers of
male—male aggressive interactions though are less
likely to respond to UDP and conditioned water
containing the female pheromones, and even when
responding they require significantly longer before
engaging in mating behaviour (Fletcher and Hardege
2009).

There is evidence for heterospecificity in the use of
UDP and related nucleotides as the female sex
pheromone in a number of other crustaceans (Bublitz
et al. 2008), potentially leading to cross-species
attraction and conflict between species. Evolution of
species specific pheromones is complex as the use of
specific chemicals raises demands on exclusivity of
signal biosynthesis and reception. A reproductive
event that leads to avoidance in space and time (pre-
mating reproductive isolation) should therefore play
an important role in such environments where multiple
species reproduce. There are examples for pre-mating
reproductive isolation in the marine environment, this
includes polychaetes such as the lugworm Arenicola
marina and Nereidid ragworms (Bentley and Pacey
1992; Hardege et al. 1998) and in crustaceans the
formation of pre-mating pairs is widespread (Christy
1987).
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Shore crabs, as omnivorous intertidal predators,
have in the past decades become a major global
invader (Yamada 2001) that impact fisheries, aqua-
culture and ecosystems, disrupting ecological net-
works leading to loss of biodiversity (Grosholz and
Ruiz 1996), and substantial economic impacts (Mol-
nar et al. 2008). This study explores the pheromones
detectable in female shore crab urine to explore
potential synergistic effects of the compounds forming
the odour bouquet, potentially useful for improving
population management strategies. Since pheromone
production is linked to the female moult, we also
investigate the composition of the pheromone bouquet
over time, in pre and post ecdysis, as male mate-choice
is likely to be based on the quality of the chemical
signal mixture.

Materials and methods

All crabs (Carcinus maenas) were collected at
monthly intervals during spring tides over the summer
months (June—September) from the intertidal zone in
pre-copula pairs near Forder, Cornwall, UK and
transported to Hull University where they were kept
in a temperature-controlled room simulating summer
conditions throughout the study (15:9 h light:dark,
17 £ 2 °C). Unpaired crabs occurred in the cultures
after the pairs split up post-mating and at the time of
the female hardening out her new carapace. These
were maintained in communal holding tanks
(76 x 64 x 25 cm) supplied with circulating seawa-
ter (32-34 %o), while pre-copula pairs were kept in
smaller individual holding tanks (30 x 20 x 20 cm)
each filtered with its own Mini-Aqua-Flow Filter
pump. All crabs were fed on mussel (Mytilus edulis)
flesh three times a week. Tanks were checked daily for
pre-copula pairs and moulting females. Urine was
collected daily from individual females from 5 days
prior to 10 days post-moult by immobilising them on a
plastic board with rubber bands and the third maxil-
lipeds were temporarily restrained. The urine was
collected from the opening of the antennal opercula as
described by Bamber and Naylor (1996) using a
micropipette attached to an Eppendorf vial. The urine
from each crab was passed through a cellulose sterile
filter (12,000 RPM, centrifuge tube filters, Costar) and
frozen at —20 °C. The females were returned to their
individual tanks with their male partner. After

completion of the behavioural assays, all crabs were
released to their site of origin as part of the monthly
sampling trips. All experiments were undertaken
following ethical approval through the University of
Hull ethics committee (ref UO20). To reduce stress in
experiments (Wilson et al. 2021), the crabs handling
was minimised and kept the same in all experiments
including the controls to ensure uniformity of any
handling impacts between treatments.

The HPLC was an Agilent 1100 system with a
quaternary pump, degasser, 100 pL loop autosampler,
temperature-controlled column compartment, diode
array and fluorescence detectors, and a fraction
collector, all controlled with the Agilent ChemStation
software (Rev. A.10.01). A Phenomenex Synergi
Fusion RP column (4.6 mm x 250 mm) with a C18
guard column was used for the separation using an
isocratic mobile phase (0.2 M KH,PO, pH 5.5,
1 mL min~") with a column temperature of 28 °C.
The diode array detector was set to scan between 200
and 300 nm and the injection volume was 100 pL. To
determine UDP and UTP levels in pre- and post-moult
females, urine was purified and pooled daily from 3
females for 5 days prior to and 10 days after moulting.
This was because the volume of urine that could be
obtained varied and was too low to enable injection of
0.1 ml per sample from a single female. Before
injection onto the HPLC, large urinary proteins were
removed by passing the urine sample through a
10 kDa cellulose centrifugal filter (Amicon; Microcon
YM10) subsequently the filtrate was further fraction-
ated by passing it through a 3 kDa cellulose centrifu-
gal filter (Amicon; Microcon YM3). Both the filtrate
and the filtrand (retained material) were separately
injected and compared with nucleotide standards:
UMP (uridine monophosphate), UDP (uridine diphos-
phate), UTP (uridine triphosphate), uridine, UDP-
glucose, GMP (guanosine monophosphate), GDP
(guanosine diphosphate), GTP (guanosine triphos-
phate), AMP (adenosine monophosphate), ADP (ade-
nosine  diphosphate) and ATP  (adenosine
triphosphate). All chemicals were obtained from
Sigma-Aldrich. Each nucleotide standard was pre-
pared in purified water at a concentration of 10> mol/
L. The retention times and maximum absorbances in
the spectra (200-300 nm) were compared with those
of the urine samples. Reporting of chromatograms
were done at 268 nm to reflect specificity towards
nucleotides. Partially, resolved peaks were de-
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convoluted using Agilent ChemStation algorithms
utilising multiple wavelength spectral absorbances
from the diode array detector. The method was
confirmed with selected samples using LC-MS. HPLC
data showing peak areas for dilution curves of
synthetic standards of the nucleotides were used to
calibrate the peak areas of the compounds detected in
the samples (Hardege et al. 2011). Original data and
calibration curve can be found in supplementary
material.

Only pre-copula males were used for the beha-
vioural assays that were adapted from Hardege et al.
(2002). For this, a pseudo-female model was made
using a sponge and screws, all washed with alcohol
prior to assembly. The screws were pushed through the
sponge giving it a ‘crab-like’ form. The stimulus
(uridine nucleotides) in the bioassays were prepared in
the following ratios, using synthetic compounds, at
concentration 10~ mol/L: 100% UDP, 4:1, 3:2, 1:1,
2:3, 1:4, UDP:UTP, 100% UTP. Individual male crabs
(carapace width: 65 & 5 mm) were placed in static
tanks (size—30 x 20 x 20 cm) with approximately
10 cm depth of seawater (32%o) at ambient tempera-
ture (16 °C), screened from visual disturbance, and
left to acclimate for 30 min. The pseudo-female was
first saturated with seawater, added to the opposite end
of the tank from the test animal and 1 mL of the
stimulus was pipetted into the sponge by inserting the
pipette tip into the sponge in situ. The crabs were
visually monitored and scored for their reproductive
behaviours. Each crab was only used once to eliminate
any possibility of habituation occurring.

This assay procedure was repeated for each of the
uridine nucleotide ratios (N = 18). As a control, the
sponge was treated without any stimulus (N = 18).
The male’s behaviour was graded as described by
Hardege et al. (2002) with the cradling stance as the
only response considered a full sexual response.
Grades used were as follows: 0 = no movement;
1 = raised up onto pereopods 2—4; 2 = lifting of the
chelipeds to a 90° angle from the carapace and on
occasions lifting of pereopod 5; 3 = movement in a
searching motion towards the pseudo-female;
4 = touching of the sponge with the chelipeds;
5 = cradling behaviour, also described as mate guard-
ing behaviour, and males often attempting to turn the
female to force mating. These grades were then
transferred into percentages of animals that displayed
the highest ranked behaviour. The data were analysed
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using the statistical software R (version 4.0.2, R Core
Team 2020). The responses to the different nucleotide
ratios were compared in chi-squared tests for trends in
proportions.

To examine whether UDP and UTP is also attrac-
tive for males over distance, causing them to move
towards a female or its odour, we used a choice
chamber flume measuring 2 m x 0.50 m with a water
depth of 29 cm as described in Hardege et al. (2011).
A flow velocity of 40 cm min~" was used. Pheromone
stimulus addition (UTP and UDP at 10 mol/L) was
controlled via a Masterflex L/S peristaltic pump at a
rate of 0.5 mL min~' and the cue injection side
randomised Individual male crabs randomly selected
from the main culture system (N = 15) were placed in
a holding chamber within the flume and left to
acclimatise for at least 1 h. Once the divider to the
main flume was released, the crab’s behaviour was
observed and recorded via video for an experimental
period of 15 min. When crabs moved towards the
currents carrying the odour cues the choice of arm by
the crab was chosen as parameter. For this to be
deemed a response, the crab had to pass into the final
20 cm of the arm selected within the 15 min exper-
imental time. Preliminary studies showed that in this
type of flume crabs once the crabs moved into an arm
of the olfactometer very rarely move away again so
that the crab reaching the end of the arm was chosen as
the experimental endpoint. Data was analysed using
the statistical software R (version 4.0.2, R core Team
2020). To determine the preference for a chemical cue,
the proportion of animals choosing the different
stimuli were compared against a 0.5 proportion in an
exact binomial test.

Results

After injection of 100 pL of purified female urine, four
distinct peaks appeared in the HPLC chromatogram
after 3.3, 4.8, 5.6 and 8.15 min, of which only the
double peak at 3.3 min had biological activity. Co-
injection of 20 pL of the synthetic nucleotides
(10_5 mol/L) UMP, UDP, UTP, UDP-Glucose, Uri-
dine, GMP, GDP, GTP, AMP, ADP and ATP (as
described by Hardege et al. 2011) showed that only
two (Fig. 1a) match the retention times and UV
spectra of the urine derived peaks: UDP at 3.3 min
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Fig.1 aChromatogram of HPLC analysis: 100 pL female urine
(2 days before moult) on Phenomenex RP Fusion column with
0.2 M KH,PO, buffer (pH 5.5) at 1 mL min~; overlaid with a
chromatogram of HPLC analysis with 20 pL nucleotide
standards (10’5 M): UMP (uridine monophosphate), UDP
(uridine diphosphate) and UTP (uridine triphosphate). b Urine
levels of UDP (uridine diphosphate) and UTP (uridine
triphosphate) in female shore crabs pre- (n = 5 samples, urine
from 3 females pooled for each sample) and post moult (n = 10
samples, urine from 3 females pooled for each sample) in ng/
100 pl

(Amax = 262 nm) and UTP at
(Amax = 262 nm).

Urine samples taken daily from 5 days before to
10 days after the female moult show a radical increase
in UDP and UTP levels over time. Very little UTP
(below HPLC detection threshold of 58 ng/ 100 pL,
n =15) was detected in female urine before they
moulted. The level of UDP in female urine was up to
95 ng/100 pL before moulting, but most urine samples
were below detection threshold of 62.5 ng/100 pL
urine (rn = 5). During moult and within 1 day post-
moult a surge in UDP levels in the urine occurred,
leading to a median of 1000.5 ng/100 pL female urine
(IQR 715.0 ng/100 pL urine, n = 10) over the 10 days
post moult. Similarly, UTP levels increased drastically

3.2 min

but simultaneously showed large fluctuation over time
(median 4331.7 ng/100 pL urine, IQR 1746.8 ng/100
pL, n = 10) with all post-moult samples containing
both nucleotides, UDP and UTP (Fig. 1b). The ratios
between UDP and UTP in urine varied between days
and samples (post-moult median 3.2:1, IQR 2.7) but
always showed higher levels of UTP than UDP.
Since the ratios of the two nucleotides variy
between samples and over the moult we exposed male
shorecrabs to a range of synthetic UDP and UTP ratios
to examine which is the most potentially bioactive
ratio. Figure 2a shows that most nucleotide ratios,
with the exception of UDP 3:2 UTP and UDP 1:1 UTP,
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Fig. 2 a Crabs eliciting touching of pseudo-female and
cradling, as a full sexual response, in response to different
pheromone ratios (uridine diphosphate (UDP) and uridine
triphosphate (UTP) in summer conditions. Whilst there is no
significant trend in the behavioural response of touching with
chelipeds (blue), the cradling response (red) shows a significant
trend across the ratios of UDP:UTP (n = 18, Chi-squared test of
trend in proportions, x> = 18.6,df = 1, p < 0.0001), with higher
UDP contents eliciting a stronger response. b Percentage of
male Carcinus maenas that choose between uridine diphosphate
(UDP), uridine triphosphate (UTP) and seawater during the
summer reproductive season. Values given as number of crabs
responding, n = 15. orange = UDP. yellow = UTP. blue = sea-
water. Asterisks indicate significant difference in choice
according to exact binomial test, *p < 0.05, **p < 0.01)
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elicit a behavioural response in at least half of the
individuals, indicated by touching of the pseudo-
female with the chelipeds. There is no statistically
significant trend for the seven pheromone ratios tested
for touching of the pseudo-female (x2 = 0.004, df = 1,
p = 0.95). Initial touching behaviour did not progress
to the full reproductive behavioural response of
‘cradling’ for all instances. Whilst UTP alone also
induced cheliped touching, our results indicate that
cradling behaviour is induced in male crabs exposed to
nucleotide ratios with higher UDP levels (Fig. 2a).
However, adding a small proportion of UTP to UDP
clearly increases the behavioural response of male
crabs. The 4:1 UDP:UTP mixture induces a 1.6 times
higher rate of cradling response and cheliped touching
as compared to UDP alone. The trend in cradling
response over the pheromone ratio is statistically
highly significant (x> = 18.6, df = 1, p < 0.0001) and
decreases with increasing proportion of UTP.

During the summer reproductive season, 100% of
male crabs responded to the UDP stimulus in the flume
experiments (see also Hardege et al. 2011) by moving
from the holding chamber towards the stimulus source
(attraction), whereas male crabs showed 80% response
rate to UTP. Figure 2b shows that of the animals that
reacted to the cue, male crabs have a significant
preference for UDP over the seawater control (exact
binomial test, 0.5 proportion, P = 0.007) and likewise
choose UTP over the seawater control (exact binomial
test, 0.5 proportion, p = 0.04). However, when male
Carcinus maenas are given a choice between the two
nucleotides UDP and UTP, no significant difference
can be seen (exact binomial test, 0.5 proportion,

p=1.

Discussion

The female moult is the prime time for mating in many
crustacean species, the shedding of the female cara-
pace and her subsequent soft state allows for copula-
tion. Aquatic examples of identified pheromone
bouquets are increasing, and include fish, such as
goldfish (Poling et al. 2001), Nereidid polychaetes
(Hardege 1999; Zeeck et al. 1998a, b) and lugworms
(Hardege and Bentley 1997). In Nereidid polychaetes
and fish, the cues produced can be directly linked to
the physiological state of the sender, here maturation
(Hardege 1999). To date, the sex pheromone of C.

@ Springer

maenas, the moult specific biomarker NAGL (N-
acetylglucosamine-1,5-lactone), that occurs in both
helmet crabs (Yano et al. 2016) and blue crabs (Kamio
et al. 2014) and induces mating behaviour, and
9-octadecene-amide (Oleamide), the main component
of the contact pheromone cue blend in hermaphroditic
shrimp, Lysmata boggessi (Zhang et al. 2011) repre-
sent the few crustacean sex pheromones that have been
established, although headway has also been made in
hermit crabs (Okamura et al. 2017). Most of these
compounds are linked to the production of chitin at the
time of moult and function as moult biomarker (Yano
et al. 2016) making species specificity of such cues a
challenge. The main component of the sex pheromone
blend in Carcinus maenas has been previously iden-
tified as uridine diphosphate (UDP), which is found
amongst a range of nucleotides in the urine of pre- and
post-moult females (Hardege et al. 2011). This reflects
the importance of males to detect pre-moult females as
shown in a range of brachyuran crabs (Yamamura
1987; Christy 1987, review by Breithaupt and Thiel
2011), but also raises the question whether males can
distinguish between pre- and post-moult and with it
pre- and post-mated females. Previous HPLC analysis
of female urine samples pre and post-ecdysis showed a
double peak on RP18 columns near 3.3 min, the
retention time of female pheromone (Hardege et al.
2002), indicating the existence of two chemically
similar compounds in the peak. Our HPLC analysis of
female urine shows the presence of both UDP and
UTP in post-moult female urine.

UDP is produced in significant quantities during the
last step of the chitin biosynthesis pathway when
UDP-N-acetylglucosamine is converted into chitin
(Merzendorfer and Zimoch 2003). This involves the
conversion of uridine triphosphate (UTP) to UDP,
potentially resulting in excretion of both in post-moult
urine forming a pheromone blend, also called ‘bou-
quet’. Little is known about stability of bouquet ratios
and cue quantities released especially when a
behaviour occurs repeatedly over a period of days.
The female’s carapace only starts to harden after
8—14 days and the chitin biosynthesis changes as the
moulting stage progresses. Bamber and Naylor (1996)
found that post-moult pheromone release (using male
attraction as a proxy) in C. maenas increases to its
maximum between 3 and 5 days post ecdysis which
fits the sharp increase of UTP and UDP in the female
urine (see Fig. 1b). During the conversion of N-
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acetylglucosamine- 1-phosphate into chitin (Merzen-
dorfer and Zimoch 2003), UTP is used and releases
energy, and eventually leaves the chitin biosynthesis
scheme as UDP (Mansencal 1999). Indeed, in our
analysis of pooled urine from three females each day
post moult shows that the ratio of the two nucleotides
varies between days (median UDP 1:3.2 UTP, IQR
2.7,n = 30 females, 10 days). Females pre-ecdysis are
expected to have low chitin biosynthesis activity
whilst those at the beginning of the hardening out
process (after ecdysis) should show high levels of
chitin biosynthesis. As such, females may excrete
different ratios of the two nucleotides pre and post
moult. Very low levels of UTP are detectable (below
HPLC quantification limit) pre-moult and UDP levels
are also low (2.4 x 10 mol/L), but above the
behavioural response threshold of 107° mol/L for
male crabs as described by Hardege et al. (2011).
The significantly higher levels (10°-10~* mol/L) for
both, UDP and UTP post moult ensure male response
even given the dilution effects of releasing urine into
the environment.

The variability of the pheromone bouquet indicates
that the message associated with the chemical signal
may also change over time. We hypothesise that for
female shore crabs, pre-moult attraction of a mating
partner may dominate, whilst around the moult the
induction of the mating behaviour and mating stance
are a priority for the sender. Post-mating females
should attract or keep males for mate guarding and
protection from predators and cannibalism. Ekerholm
and Hallberg (2005) demonstrated that female crabs
are not simply passive during mating but actively
approach males so the olfactory cue interplay between
the sexes may be even more complex than currently
elucidated, with receivers of cues able to make
informed choices upon the physiological status and
quality of an individual as potential mating partner.
We conclude that the variability in odour profiles may
foster informed decision making, the exact details of
which require future studies.

Whilst the variable pheromone bouquet might
reflect the variable behavioural role of the chemical
signal, it is likely to stem from the individual’s
metabolic fitness or be a result of the duration of time
since last urine release. In addition, pheromone release
is not limited to urine but shore crabs are known to also
release pheromone via the gills (Bamber and Naylor
1996), impacting the cue quantity in the environment.

Qualitative and quantitative stability of pheromone
release is a field rarely studied in aquatic organisms
but potentially provides the receiver of a message with
additional information about a sender’s physiological
state.

Reproductive behaviour assays using synthetic
compounds showed the most bioactive nucleotide
ratio to induce the cradling/mating reproductive
behaviour to be UDP 4:1 UTP (Fig. 2a), whilst still
eliciting high levels of attractiveness by containing
both nucleotides. The increased bioactivity of the
pheromone blend 4:1 ratio of UDP:UTP potentially
maximises the reproductive response of males, albeit
all ratios with higher levels of UDP elicit some degree
of reproductive cradling. It is important to note that the
most bioactive ratio UDP 4:1 UTP for cradling
behaviour is not found at all in our female urine
samples. The high levels of UTP in female urine show
that post-moult female urine is predominantly a male
attractant whereby a high quantity of UDP in the urine
pheromone bouquet ensures that cradling takes place.
Our study confirms that females are chemically
attractive to males several days after ecdysis, which
fits a ‘desperate sender theory’ with unmated females’
urgency of attracting a male partner increasing
dramatically. Hence, the attraction of a male (via
UTP) should be the female’s initial priority. This is
reflected in dramatic increases in their sex pheromone
production, before hardening out post ecdysis. If males
are able to detect the moulting or reproductive status
of the female through the combination of both, UTP
and UDP in the pheromone bouquet, as well as the
feeding deterrent crustecdysone (20HE), that is only
found in pre-moult urine (Hayden et al. 2007) and
reduced cannibalism, they could utilise this informa-
tion to select suitable females, enabling mate choice in
the males. Hence, the crab’s pheromone bouquet
combines the attractiveness of UTP with the induction
of a mating response via UDP to attract males over
distance and ensure reproduction.

As described by Christensen et al. (1989), pher-
omone bouquets could have evolved as a mechanism
to control multiple components of a complex beha-
viour. In crustaceans, pheromones are described to
function as long range and short range attractants, to
elicit typical behavioural displays and to induce
copulation behaviour (Zhang et al. 2010), the latter
is likely to be controlled also via contact cues (Zhang
etal. 2011) that could also play a role in the male shore
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crab decision making as these probe the softness of the
female carapace prior to engaging in the cradling
behaviour. Pheromone blends are typically described
as a well-defined, fixed ratio that is species, reaction,
and even population specific (see Wyatt 2014 for
review), but our study shows that these blends can vary
substantially between individuals and moult stage
most likely depending on the physiological state of the
sender that produces the signals.

Here, we show that although UDP is the key
component of the female Carcinus pheromone system
(Hardege et al. 2011), the closely related nucleotide
UTP also occurs in female urine, thus suggesting a
pheromone bouquet in shore crabs, and potentially
other crustacean species (Zhang et al. 2020). Our study
shows that the mating response of shore crabs
increases 1.6-fold with the addition of a small fraction
of UTP to UDP. Moreover, temporal variations in the
mixtures within a pheromone bouquet can reflect the
moult stage of the sender (female), potentially allow-
ing the receiver of a signal (male) to make decisions
about the message conveyed. To our knowledge, this
is the first marine invertebrate where evidence exists
that changes in the physiological state of a sender
reflect directly upon the chemical signal bouquet
produced. The optimum ratio and concentrations in
pheromone blends eliciting behaviours in laboratory
studies are also not necessarily identical with what can
be found in urine or real environmental samples, a fact
almost entirely overlooked in aquatic chemical ecol-
ogy. This variability of cues opens future opportunities
to study the role of chemical signals in mate choice,
size dependent or social status-dependent mating
tactics, receptivity, and seasonal responses of the
mating partners. Understanding variability in signal
production and reception could also have major
implications for the practical applications of chemical
cues for invasive species control of this global invader
and for the development of tools in crustacean
management.
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