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ABSTRACT

Brachyuran crabs have a distinct outer morphology with a highly reduced pleon, which is 

folded underneath a usually broad cephalothorax. The pleon is secured in this position with a 

specialised holding mechanism, which consists of  a sternal knob, or press-button, and, in most 

eubrachyurans, a corresponding pit or socket on the pleon. The e�ectiveness of  this mecha-

nism has not been described so far. In this study a method to investigate the force needed to 

move the pleon from its folded position was measured in male and female crabs under di�er-

ent experimental conditions is presented. In male specimens a median pull-o� force of  167.20 

mN was measured in air. The measured force decreased slightly underwater. When the press-

buttons were removed artificially, no pleon attachment was feasible underwater. The variation 

observed in the pull-o� forces measured is most likely a result of  di�erent levels of  wear or 

damage of  the holding structures. In mature females, which lack these structures, no pleon 

attachment was possible underwater. In air, residual moisture and the morphology of  the 

pleon resulted in attachment via capillary interactions. The method presented in this study 

can be used in further investigations to evaluate the e�ectiveness of  pleon-holding structures 

in various brachyuran crabs.

Key Words: force measurements, functional morphology, pleon-holding mechanism, true 

crabs, abrasive wear

INTRODUCTION

Brachyuran crabs have a rather distinct outer morphology. In con-
trast to other decapod crustaceans, they have undergone massive 
morphological changes in the course of  their evolution. Due to 
the so-called carcinization (sensu Martin & Abele, 1986), the pleon 
is reduced to a thin shield and folded underneath the broad ceph-
alothorax. Unlike other decapods with a crab-like habitus, such 
as the anomurans of  families Paguridae Latreille, 1802, Aeglidae 
Dana, 1852, Galatheidae Samouelle, 1819, and Porcellanidae 
Haworth, 1825 (e.g., Borradaile, 1916; Martin & Abele, 1986; 
Keiler et al., 2015), the pleon is secured in this folded position by 
a so-called pleon-holding mechanism (e.g., Duvernoy, 1850; Pérez, 
1928a; Guinot 1979). Guinot & Bouchard, (1998) described di�er-
ent attachment systems, with the most common within eubrachy-
urans being a press-button.

The press-button mechanism consists of  a knob or protrusion 
on the fifth thoracic sternite, the so-called press-button, and a 

socket or pit on the sixth somite of  the pleon. Both structures 
come into contact when the pleon is folded and engage closely, 
thus the name “press-button”. This press-button is found in 
adult males and juveniles of  both sexes in most eubrachyurans, 
but there are some cases where adult males lack the mechanism 
as in some species of  sesarmids and ocypodids (Duvernoy, 1853; 
Pérez 1928b; Guinot & Bouchard, 1998). If  reported, adult 
females seem to be lacking the mechanism, whereas it is still pre-
sent in some families considered more basal, such as Dorippidae 
MacLeay, 1838 and Calappidae De Haan, 1833 (Guinot, 1979; 
Guinot & Bouchard, 1998; Guinot et  al., 2013; Davie et  al., 
2015), and some less basal taxa, such as Hexapodidae Miers, 
1886, Palicoidea Bouvier, 1898, Parthenopoidea MacLeay, 1838, 
Retroplumidae Gill, 1894, Sotoplacidae Castro, Guinot & Ng, 
2010, and Oregoniidae Garth, 1958 (Guinot & Bouchard, 1998; 
Guinot & Quenette, 2005; Guinot et  al., 2010; Castro et  al., 
2010; Guinot et al., 2013). The reasons for this variation remain 
unclear.
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The European green crab Carcinus maenas (Linnaeus, 1758) (fam-
ily Carcinidae MacLeay, 1838) is a bottom dweller, scavenging on 
mussels, crustaceans, and benthic detritus (e.g., Crothers, 1968). 
It is also capable of  burying itself  in the substrate (Cumberlidge 
& Uglow, 1978; Bellwood, 2002). Adult males of  C.  maenas fea-
ture the press-button mechanism, whereas the structures are often 
highly reduced or even lacking in adult females (Pérez, 1928a). 
Males have a narrow triangular pleon with only the first two pairs 
of  pleopods present and modified into gonopods (Crothers, 1967). 
The pleon can be firmly inserted into a depression in the middle 
of  the sternal plates, the so-called sterno-abdominal cavity (e.g., 
Guinot & Bouchard, 1998). Due to allometric growth, adult female 
C.  maenas have a wider pleon, which exhibits a row of  marginal 
setae (Demeusy, 1958; Crothers, 1967; Kristensen et  al., 2012). 
Furthermore, in females, all pleopods are present except the first 
pair, and the pleopods are biramous and highly setose to allow 
egg carrying (Demeusy, 1958; Crothers, 1968; Guinot, 1979). The 
sterno-abdominal cavity is distinctly less deep and much wider 
than in males (Guinot 1979; Guinot & Bouchard, 1998).

Carcinus maenas exhibits a range of  carapace colours. Juveniles 
show various camouflaging patterns (e.g., Brian et al., 2006; Todd 
et  al., 2006), whereas adults are most often referred as belong-
ing to the green or red colour form (McGaw et  al., 1992). These 
adult colour forms show di�erences in distribution, epibiont loads, 
salinity preference, intermoult duration, and carapace thickness 
(McGaw & Naylor, 1992; McGaw et  al., 1992; Reid et  al., 1997). 
McGaw et  al. (1992) suggested that the red colouration in adult 
C.  maenas is a result of  prolonged intermoult duration. All indi-
viduals are green immediately after moult and turn red over the 
intermoult interval due to photo-denaturation of  carapace pig-
ments (Reid et al., 1997).

So far only information on the presence or absence of  the 
press-button structures has been published for various species 
of  brachyuran crabs (e.g., Guinot, 1979; Guinot & Bouchard, 
1998; Bellwood, 1996; Guinot et  al., 2013). The mechanism is 
hypothesized to optimize the use of  energy resources for loco-
motion and reproduction (Guinot & Bouchard, 1998). It is so 
far unknown how e�ective the holding mechanism is. To pro-
vide insight into this question, pull-o� force was applied to the 
pleon of  freshly dead specimens belonging to both colour forms 
of  C.  maenas to evaluate the e�ectiveness of  the mechanism. 
We tested how much pull-o� force could be applied before the 
attachment mechanism fails without the activity of  the ple-
onal musculature and thus provide a method to objectively and 
reproducibly assess its functionality. Male and female crabs were 
tested under di�erent environmental conditions and after di�er-
ent treatments.

MATERIAL AND METHODS

Specimens

A total 53 adult specimens of  C.  maenas (30 males, 23 females) 
where collected between March and November 2015 on Sylt, 
northern Germany (North Sea) in cooperation with the AWI 
Wattenmeer Station Sylt, and in the Kiel Fjord, northern 
Germany (Baltic Sea) in cooperation with the Aquarium Geomar, 
Kiel. Crabs where maintained in aerated seawater (32 ppt for 
specimens from Sylt, 19 ppt for specimens from Kiel Fjord) at the 
Zoological Museum Kiel prior to testing. All crabs appeared to 
be in good condition, with all appendages intact and no exces-
sive load of  ectoparasites (< 5). No moulting was observed in the 
laboratory prior to testing and all crabs showed a hard exoskel-
eton. The pleon of  one specimen was damaged on both sides of  
the sixth somite. One side was completely torn o�, the other only 
partially. Specimens were individually euthanised using chloro-
form (Carl Roth, Karlsruhe, Germany) prior to testing. For further 

details see Table 1 as well as Table S1 in the supplementary mate-
rial available at Journal of  Crustacean Biology online.

Measurements of force

Freshly euthanised specimens were secured on their dorsal side so 
that only the pleon was able to move, when a pull-o� force was 
applied to the pleon (Fig. 1).

A small (2  mm) hole was drilled using a Proxxon IB/E drill 
(Proxxon, Trier, Germany) into the middle portion of  the sixth 
pleonic somite between the two sockets of  the holding mecha-
nism. A piece of  string was inserted into the hole and firmly fixed 
in this position with ergo 5925 elastomere “super glue” (Kisling 
AG, Wetzikon, Switzerland). The string was attached to a hori-
zontal mechanical force transducer (World Precision Instruments, 
Sarasota, FL, USA) and a MP 100 data acquisition system 
(BIOPAC Systems Inc., Goleta, CA, USA), which was connected 
to a PC and controlled with the software AcqKnowledge 3.7. 
The system was first equipped with a 1000 g force transducer to 
test the maximum force that the holding mechanism could resist. 
If  the forces measured with this transducer were below 100 g, a 
more precise 100 g transducer was used. This was the case in all 
but two specimens from the North Sea. Data acquisition rate was 
set to 200 Hz. For calibration of  the force transducer with the 
string attached to it, a weight of  20  g for the 100 g force trans-
ducer and a weight 100  g for the 1000  g transducer were used, 
respectively. The force transducer was attached to a vertical metal 
pole, positioned perpendicularly above the specimen and a pull-o� 
force was applied by manually moving the force transducer along 
the metal pole until attachment of  pleon to the body was broken, 
i.e. until the pleon could be moved from its folded position. The 
pull-o� force at the time of  disconnection was recorded (Fig. 2).

After each trial, the pleon was reattached by pushing it back to 
the closed position. Every measurement was performed ten times 
to reveal possible fatigue of  the material (Boulding & Labarbera, 
1986; Zum Gahr, 1987; Zioupos et  al., 1996; Suresh, 2004; 
Vincent & Wegst, 2004) in multiple attachment-detachment cycles 
for each specimen. If  no decline could be detected in a specimen, 
the mean force was calculated prior to further statistical analysis in 
order to estimate the force range of  individual press-buttons. The 
experiments were performed under di�erent environmental condi-
tions and di�erent treatments (see flowchart in Fig. 3).

All 30 male specimens were measured in air in their natu-
rally wet condition. The sternal press-buttons were subsequently 
removed in seven specimens by polishing them o� with a polish-
ing attachment for the MicroMOT 50/E. Cuticular debris from 
the polishing process was removed. The sternal plates and the 
pleon were rewetted after the polishing process to exclude arte-
facts caused by drying. Ten specimens were submerged completely 
(Fig. 1) and tested underwater, first with intact press-buttons, sub-
sequently with these removed. Eleven specimens were stored in 
75% ethanol (Carl Roth GmbH, Karlsruhe, Germany) directly 
after the measurements in air to be processed for scanning elec-
tron microscopy (SEM). Three specimens were also taken for 
SEM analysis after underwater tests (Fig. 3).

All 23 female specimens were similarly measured in air under 
naturally wet conditions. The sterno-abdominal cavity and the 
pleon of  12 specimens were subsequently dried with filter paper. 

Table 1. List of  the specimens used, sorted by collection site and sex. The 

ratio of  crabs of  each colour form per collection site is given in brackets.

Sex (colour form) Kiel Fjord, Baltic Sea Sylt, North Sea

Male (red: green) 22 (20:2) 8 (5:3)

Female (red: green) 17 (8:9) 6 (6:0)
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In another ten specimens, the setae along the edge of  the pleon 
and all pleopods were removed (Fig. 3).

Video and SEM imaging

The movements of  the pleons of  three male and two female speci-
mens were recorded with a high-speed video camera (Photron 
Fastcam 1024 PCI, Photron Europe, West Wycombe, Bucks, UK) 
at 500 frames per second while force measurements were taken in 
air to document the moment of  detachment of  the pleon from the 
sternal plates. Males were filmed both with an intact mechanism 
and the press-buttons removed.

The pleon-holding structures of  14 male specimens were 
dissected for a more detailed examination of  the surface of  
the attachment system. The structures were dehydrated in an 
ascending ethanol series, dried with a Polaron E3000 (Quorum 
Technologies, Laughton, UK) critical point dryer and subse-
quently sputter-coated with 15  nm of  gold-palladium using a 
Leica EM SCD500 (Leica Microsystems, Wetzlar, Germany) high-
vacuum sputter coater). The samples were viewed with a scanning 
electron microscope Hitachi TM3000 (Hitachi, Tokyo, Japan) at 
15 kV using a backscattered electron (BSE) detector.

Statistical analysis

All statistical analyses were performed using R 3.1.1 (http://
www.r-project.org//) and RStudio 0.99.441 (http://www.rstu-
dio.com//) for MacOSX. The force measurement data were 
imported into R and tested for normal distribution with a Shapiro-
Wilks test. Data not fitting a normal distribution were transformed 
by logarithm for further parametrical tests. Welch Two sample 
t-test was applied to test for variation due to collection site and 
colour form. A linear regression analysis was used to test for force 
variation due to size (carapace width, measured with calipers) and 
weight. Paired t-test was used to evaluate di�erent experimental 

conditions and di�erent animal treatments (e.g., intact against but-
ton-less males, wet against dry females).

RESULTS

Attachment forces in males

The median pull-o� force that could be applied to the pleon of  
adult male C. maenas before the pleon moved from its folded posi-
tion was 167.20 mN ± 238.59 mN (N = 30), which was an average 
of  40.33% of  the specimen’s body weight (46.93 g ± 12.92 g). It 
showed a wide variation between the specimens, with the highest 
force of  1,127.57 mN ± 291.43 mN (73.32  g; 181.63%) in one 
individual (Fig.  4 and supplementary material video S2) and a 
minimum of  44.46 mN ± 4.12 mN (59.91 g; 7.56%) in another 
specimen. No apparent decline was observed over the course of  
the 10 measurements made on each specimen. A directly observa-
ble fatigue of  the system (sensu Boulding & Labarbera, 1986; Zum 
Gahr, 1987; Zioupos et al., 1996; Suresh, 2004; Vincent & Wegst, 
2004) could be ruled out and the ten measurements were averaged 
for further statistical analysis.

Five specimens exhibited pull-o� forces of  below 100 mN. In 
the majority of  18 of  the 30 specimens, however, a force between 
100 and 300 mN was measured. Five specimens showed higher 
forces of  300 to 500 mN, whereas two specimens from the North 
Sea showed exceptionally high median forces of  over 500 mN 
(1,127.57 mN ± 291.43 mN and 937.20 mN ± 424.94 mN).

All force measurements were not distributed normally and 
therefore were transformed by logarithm for further statistical 
analysis. No direct correlation between the pull-o� force meas-
ured in air and the collection site (P = 0.115) or the colour form 
(P = 0.766) could be detected with a Welch Two sample t-test. 
Additionally, no correlation was found between the force neces-
sary in air and the carapace width (P  =  0.102) or the weight 

Figure 1. Experimental setup. A freshly euthanised male C. maenas was secured on its dorsal surface with a string attached to the pleon. The other side of  

the string was attached perpendicular to the force transducer. The specimen was submerged in water in this particular experiment. Scale bar = 5 cm.
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of  the individuals (P  =  0.118) via linear regression. A  median 
force of  84.74 mN ± 90.59 mN (N = 10) was recorded under-
water. When comparing the force in air (102.74 mN ± 70.53 
mN) to the force underwater in the same specimens via paired 
t-test, the force decreased slightly, but significantly, underwater 
(P = 0.037).

When the press-buttons were removed, the median pull-o� 
force decreased significantly (P < 0.001) to 29.50 mN ±19.62 mN 
(N  =  7) in comparison to the same individuals with intact struc-
tures (228.91 mN ± 112.37mN; Fig. 4 and supplementary mate-
rial video S3). Only in one specimen a force of  over 100 mN 
(105.50 mN ± 16.21 mN) was necessary after removal of  the 
press-buttons. In the other six specimens, a force of  less than 60 
mN was measured, the lowest being 23.50 mN ± 8.28 mN. When 
the crabs without the press-buttons were submerged, the pleon did 
not stay in the folded position and tended to open.

SEM of males

The pleonal socket of  the holding mechanism of  males has a 
prominent, thickened edge along the anterior and lateral margins 
(Fig. 5). Some cuticular folds are visible on the inner wall of  the 
socket (Fig.  5A–C, E). The sternal press-button of  C.  maenas is 
slightly asymmetrical, in accordance with Bouchard (2000), with 
a steeper inclination on the anterior side (Fig. 6). As illustrated by 
the SEM images (Figs. 5A, 6A), the pleon-holding structures of  
C. maenas do not show any distinct additional microstructures such 
as an apical hook comparable to the bythograeid crab Austinograea 
alayseae Guinot, 1990 or other regular structures like those in the 
plagusiid Plagusia immaculata Lamarck, 1818 (Guinot & Bouchard, 
1998). Some folds are visible on the sternal projection, if  intact, in 
C. maenas (Fig. 6A).

SEM images of  the pleon-holding mechanism also revealed a 
wide variety of  surface conditions. The surfaces of  the structures 

Figure 2. Representative experimental trial. (A) Typical force-time curve. Specific force values of  important phases are indicated by letters (B–E) refer-

ring to the still frames below. The complete video sequence is available at Journal of  Crustacean Biology online as Supplementary Material S2 Video. (B) 

Pleon closed in folded position, no pull-o� force applied, string in relaxed position (arrow). (C) Application of  force has started, the string is in tension 

(a) and a small gap forms between the pleon and the sternal plates (b) while the pleon is still attached. (D) Attachment press-button fails, pleon snaps out 

of  the fixed position: this causes a sharp drop in the force. (E) Relaxation period, freely movable pleon is pulled upwards, then lowered back onto sternal 

plates. Scale bar = 1 cm.
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were in an entirely clean state without any foreign material (Figs. 
5A, 6B) to instances where the surfaces were nearly completely 
covered with debris (Figs. 5C, 6C). Additionally, the cuticle was 
either intact (Figs. 5A, 6A), slightly flattened and indented to vari-
ous degrees (Figs. 5B–D, 6B–D), or even severely torn o� (Figs. 
5E–F, 6E–F).

Attachment forces in females

The median pull-o� force in adult female C. maenas in wet condi-
tion was 240.16 mN ± 167.25 mN (N = 23) which was 189.41% 
of  the body weight of  individuals (14.94 g ± 4.60 g).

There was nevertheless a wide variation among the specimens 
(Fig. 7 and supplementary material video S4). Only in one speci-
men a force below 100 mN was measured (92.76 mN ± 9.79 mN; 
11.56  g; 63.45%). Forces between 100 and 300 mN were meas-
ured in 14 specimens. Seven specimens showed forces between 
300 and 600 mN. A force of  over 600 mN was measured (629.09 
mN ± 40.57 mN; 18.94 g; 377.58%) in only one specimen.

When the sternal plate and the pleon were artificially dried with 
filter paper, the pull-o� force decreased significantly to a median 
of  53.75 mN ± 16.98 mN (N = 12). The same e�ect was found 
when the setae on the edge of  the pleon were removed (81.29 mN 
± 37.09 mN; N  =  10) or when both the setae and the pleopods 

were removed (41.03 mN ± 24.57 mN; N = 10). The pleon did 
not stay in the folded position in specimens underwater regardless 
of  the presence or absence of  setae and pleopods.

DISCUSSION

Males

The firm pleon attachment known from male C. maenas (Duvernoy, 
1850; Kollmann, 1937; Demeusy, 1958) could be clearly docu-
mented with the method presented here. The pleon attachment is 
solely maintainable by the press-button mechanism in males. The 
results support the idea that the male pleon-holding mechanism is 
a method to save muscle energy in C. maenas (Guinot & Bouchard, 
1998).

The pull-o� force needed to move the pleon from a folded to 
the unfolded position varied greatly between specimens (Fig.  4), 
but the variation could not be attributed to the collection site, size, 
and weight or colour form of  the specimen. The lack of  a detect-
able di�erence between the collection sites suggests, that there are 
no regional di�erences in the calcification of  the cuticle.

The red colour form prevails in larger specimens (McGaw et al., 
1992). Di�erent cuticle properties are most likely related to these 
colour forms (Brian et  al., 2006). No direct correlation between 
the e�ectiveness of  the pleon-holding mechanism and the colour 
form and its associated di�erences in cuticle properties could be 
detected in our study.

The time intervals between moulting events is assumed to be 
longer in red individuals (McGaw et  al., 1992). Available energy 
is most likely redirected from growth into fecundity after reaching 
a certain size, thus lengthening the intermoult intervals (Aldrich, 
1983). This could lead to an accumulation of  wear events over 
time. Furthermore, the thickness of  the cuticle and its proper-
ties change greatly during their moulting cycle of  crustaceans 
(Welinder, 1975; McGaw et al., 1992). At the time of  moulting, the 
epicuticle and exocuticle are present but remain unmineralised. In 
the postmoult period, epi- and exocuticle are mineralized and the 
first part of  the endocuticle is deposited. The endocuticle is fully 
deposited and mineralized in the following intermoult period until 
the last intermoult stage, when growth stops and only organic 
reserves are accumulated (Welinder, 1975). The di�erent stages of  
mineralization and thickness most certainly possess di�erent cuti-
cle properties such as hardness and brittleness. This would mean 
that the cuticle is susceptible to di�erent degrees of  abrasive wear 
during di�erent stages of  the moulting cycle. Possible damage of  
the surface during postmoult and early intermoult might be more 
severe than during the late intermoult period when the cuticle is 
greatly mineralized. Damage during the beginning of  a moult 
cycle, might therefore result in more extensive changes than dam-
age acquired later in the cycle. It is also possible that di�erent con-
ditions of  surfaces (Figs. 5, 6) are observed as the result of  injuries 
obtained during di�erent stages in the moulting phase. Further 
investigations are needed to demonstrate this.

Other factors, like the degree of  contamination of  the sur-
face due to habitat (i.e. silt bottoms, rocky shores), also have to 
be taken into consideration. Filling of  the pleonal socket (Fig. 5C) 
could interfere with proper attachment. The cuticular folds on 
the inside of  the socket could provide additional resistance to the 
slightly anteriorly-oriented structure of  the press-button. Any fill-
ing of  these folds might thus influence the e�ectiveness of  the 
mechanism.

The e�ects of  abrasive wear (Figs. 5, 6) represent the most likely 
explanation for the variation in measured pull-o� force, but fur-
ther quantitative investigations of  the area and depth of  cuticle 
changes are needed. Even a small functional part of  the socket 
remaining is su�cient to securely attach the pleon. In one speci-
men, one side of  the pleon was completely torn o� whereas on the 
other side only a small part of  the edge surrounding the pleonal 

Figure 3. Flowchart showing di�erent experimental conditions and ani-

mal treatments used in the study.

Figure  4. Results of  the force measurements on male Carcinus maenas 

under di�erent conditions: In air, intact wet specimens (N = 30); Underwater, 

intact specimens completely submerged (N = 10); Structure removed, sternal 

press-button structures are removed by polishing, specimen is in the wet 

condition (N = 7).
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socket remained (Fig. 5F). The pleon attachment was functional in 
the air and underwater, but artificial removal of  both press-buttons 
prevented the pleon from staying in place. Only a relatively small 
force of  44.46 mN was required to open the pleon in this case, in 
comparison to 100–300 mN or higher in the majority of  specimens 
with an intact mechanism. Overall, the presence of  even distinctly 
damaged structures allowed for pleon attachment via mechanical 
interaction. This probably represents an energy-saving mecha-
nism, because the crab does not need to exert muscular power to 
hold the pleon in its position as predicted by Kollmann (1937) and 
Guinot & Bouchard (1998). The measured attachment force pro-
vides the first objective and reproducible experimental documenta-
tion of  successful attachment by mechanical interaction only.

Measurements in air tended to yield a slightly higher maximum 
pull-o� force in comparison to the natural condition underwater. 
There are two possible explanations for this. The lower force meas-
ured underwater could be due to a lubrication e�ect of  the fluid, or 
a higher pull-o� force in air could be a result of  the residual mois-
ture on the surface of  the crab when taken out of  the water, which 
creates an adhesion e�ect via capillary interactions (Colbeck, 1996; 
Qian & Gao, 2006) between the pleon and the closely fitting sterno-
abdominal cavity. The second e�ect could provide an explanation 

for the loss of  an e�ective press-button mechanism in most adult 
males of  the thoracotreme families Sesarmidae Dana, 1851 and 
Ocypodidae Rafinesque, 1815 (Duvernoy, 1853; Pérez 1928b; 
Guinot & Bouchard, 1998). The loss often coincides with a terres-
trial or semiterrestrial lifestyle (Guinot, 1979; Guinot & Bouchard, 
1998), quite often in connection with burrowing behaviour. The 
burrowing crabs are found in close proximity to the sea or freshwa-
ter systems (e. g., Ng, 1988), with the entrance to the burrow above 
the waterline but its end being filled with water. When emerg-
ing from the burrow to forage terrestrially, the pleon of  the crab 
could be held in its position by the same adhesion e�ect described 
above, whereas inside the confined space of  its burrow, no particu-
larly tight locking of  the pleon could be necessary. A  connection 
between the lifestyle and the observed loss of  the press-buttons was 
predicted, and a possible explanation for an alternative attachment 
method was envisaged by Guinot & Bouchard (1998).

Females

Pleons of  female individuals were di�cult to move in air when 
specimens were wet (Fig.  7). The pull-o� force decreased signifi-
cantly when the surface of  the specimen was either dried, the 

Figure 5. SEM images of  the left pit on the sixth pleonal somite of  six individual males of  Carcinus maenas. (A) Cuticle is clean and intact. (B) Cuticle is 

slightly covered with foreign material, but still intact. (C) Cuticle is heavily covered with foreign material filling the pleonal pit. Indentation is visible on the 

anterior edge of  the pit. Arrows indicate left and right borders of  the altered surface area. (D) Cuticle partially covered with debris. Indentation is clearly 

visible on anterior edge of  the pit. Arrows indicate the left and right borders of  the altered surface area. (E) Cuticle is slightly covered with debris and torn o� 

on the anterior edge of  the pit. Arrows indicate the borders of  the tear. (F) Cuticle is slightly covered with debris and heavily damaged. Only a small portion 

of  the edge of  the pit is still present on the anterior side, the outer wall is completely missing (arrow). a: anterior; d: debris, foreign material on the surface. lb, 

left border of  altered cuticle; p, posterior; rb, right border of  altered cuticle. Scale bar = 500 µm.
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setae along the edge of  the pleon were removed, or the setae as 
well as the highly setose pleopods were removed. This indicates a 
case of  wet adhesion based on the capillary interactions (Colbeck, 

1996; Qian & Gao, 2006). Contact between the setae, pleopods, 
and the surface of  the sternal plates together with the residual 
water on the surface results in adhesion of  the pleon and thus 
the higher pull-o� force. All parts together most likely create an 
enclosed space between the pleon and the sternal plates, result-
ing in an additional suction e�ect. The e�ect can be removed by 
either drying o� the surface of  the specimen, or removing the 
setae and pleopods. Drying o� the surface is presumably revers-
ible, and two specimens rewetted by pipetting water inside and 
around the sterno-abdominal cavity showed a tendency for an 
increase in the pull-o� force.

The pleon of  females did not stay in its folded position under-
water, as in the case of  males without a sternal press-button. Any 
pleon attachment in females in their natural underwater habitat is 
therefore solely achievable by an active use of  muscles and not by 
any mechanical interactions. Females carry fertilized eggs attached 
to the pleopods (Crothers, 1967). In these ovigerous females, no 
close contact between the pleon region normally having a socket 
structure and the sternal plate of  the fifth pereiopod is possible 
(Guinot & Bouchard, 1998). Such a situation rendered the lock-
ing structures obsolete for a significant amount of  the adult life 
span of  females, and in combination with other morphological 
changes of  the pleon due to allometric growth (e.g., Demeusy, 

Figure 6. Scanning electron (SEM) images of  the left press-button, or knob, on the fifth thoracic sternite of  six individual males of  Carcinus maenas. (A) 

Cuticle is mostly clean and intact. Multiple folds are visible on the surface of  the knob. (B) Cuticle is slightly covered with foreign material, folds are visible 

but slightly flattened. (C) Cuticle is slightly covered with foreign material adjacent to the knob. Folds are nearly entirely flattened. (D) Cuticle is mostly clean. 

Folds on the knob are only visible in a small area on the left side in an area of  non-altered cuticle, while other parts are severely flattened. (E) Cuticle is cov-

ered with foreign material next to knob. Part of  the cuticle is torn o�, border is clearly visible. (F) Cuticle is mostly clean and heavily damaged. Part of  the 

cuticle is torn o�, border is clearly visible. b: border between altered and non-altered cuticle; f: flattened surface; n: non-altered cuticle. Scale bar = 200 µm.

Figure  7. Results of  the force measurements on female Carcinus maenas 

under di�erent conditions: In air, intact and wet specimens (N = 23); Dried, 

surface of  the sternal plates and that of  the pleon dried with filter paper 

(N = 12); No setae, setae at the edge of  the pleon removed, wet condition 

(N = 10); No pleopods, setae at the edge of  the pleon and pleopods removed, 

wet condition (N = 10).

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jc
b
/a

rtic
le

/3
7
/2

/1
4
2
/3

1
1
1
5
9
0
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



BIOMECHANICS OF PLEON ATTACHMENT IN CARCINUS MAENAS

149

1958; Guinot, 1979) led to an eventual loss of  the locking mecha-
nism in adult females. The investigations of  species in which lock-
ing is possible even in egg-bearing females due to the presence 
of  a brood chamber (Dorippidae, Leucosiidae Samouelle, 1819), 
or species with a less derived pleon (Calappidae) (Guinot, 1979; 
Guinot & Bouchard, 1998) should provide further insights into the 
functionality of  the mechanism and the evolutionary tendencies to 
maintain the attachment system among eubrachyurans.

Juvenile females present a notable case because their pleons are 
particularly narrow and closely resemble those of  males, especially 
in the early stages. Over subsequent moults, the pleon enlarges and 
the pleopods become more setose until the adult condition is reached 
(Demeusy, 1958). Pleon-holding structures are also present in juve-
nile females and because they are locked, they are fully functional 
and most likely allow for e�ective attachment at this juvenile stage. 
The testing of  functionality of  the press-button in juvenile specimens 
of  both sexes would be a noteworthy topic for further studies.

SUPPLEMENTARY MATERIAL

Supplementary material is available at Journal of  Crustacean Biology 
online.

S1 Table. List of  specimens detailing colour form, collection 
site, size, weight, and experimental conditions.

S2 Video. High speed video of  a male specimen, intact mecha-
nism, pleon detachment using vertical pull-o� force in air.

S3 Video. High speed video of  a male specimen, knob structures 
removed, pleon detachment using vertical pull-o� force in air.

S4 Video. High speed video of  a female specimen, setae and 
pleopods intact and in wet condition in air, pleon detachment 
using vertical pull-o� force.

ACKNOWLEDGEMENTS

The authors would like to thank J.  Geburzi and the sta� of  

AWI Wattenmeer Station Sylt for providing specimens from 

the Wadden Sea. Additional thanks are given to M.  Gruber 

(Aquarium GEOMAR), C. Hesse (GEOMAR), S. Hayer (ZMK) 

and G.  Graumann (ZMK) for their help in collecting specimens 

from the Kiel Fjord. We also thank J. Oesert for technical support 

in designing the experimental setup. This work was supported by 

a doctoral scholarship from Studienstiftung des Deutschen Volkes, 

Germany to SK. Additional thanks to three anonymous reviewers, 

whose insight and comments helped improve the manuscript.

REFERENCES

Aldrich, J.C. 1983. Seasonal, geographical and size di�erences in oxygen 
consumption, digestive gland and gills in Carcinus maenas (L.), a study of  
condition for ecologists. Marine Ecology, 4: 147–162.

Bellwood, O. 1996. A phylogenetic study of  the Calappidae H.  Milne 
Edwards 1837 (Crustacea: Brachyura) with a reappraisal of  the sta-
tus of  the family. Zoological Journal of  the Linnean Society (London), 118: 
165–193.

Bellwood, O. 2002. The occurrence, mechanics and significance of  
burying behaviour in crabs (Crustacea: Brachyura). Journal of  Natural 
History, 36: 1223–1238.

Bouchard, J.-M. 2000. Morphologie fonctionelle des systèmes de rétention de 
l’abdomen chez les Brachyoures (Crustacea Decapoda). Microstructures; implica-
tions phylogénétiques et systématiques. Unpublished doctoral thesis, Muséum 
national d’Histoire naturelle, Paris.

Boulding, E.G. & Labarbera, M. 1986. Fatigue damage: Repeated load-
ing enables crabs to open larger bivalves. Biological Bulletin, 171: 
538–547.

Brian, J.V., Fernandes, T., Ladle, R.J. & Todd, T.A. 2006. Patterns of  mor-
phological and genetic variability in UK populations of  the shore crab, 
Carcinus maenas Linnaeus, 1758 (Crustacea: Decapoda: Brachyura). 
Journal of  Experimental Marine Biology and Ecology, 319: 47–54.

Borradaile, L. 1916. Crustacea II: Porcellanopagurus: an instance of  car-
cinization. In: British Antarctic (“Terra Nova”) Expedition, 1910. Natural 
History Report, Zoology, 3(3), 111–126.

Castro, P., Guinot, D. & Ng, P.K.L. 2010. A new family for Sotoplax robertsi 
Guinot, 1984, with a key to the Goneplacoidea (Crustacea: Decapoda: 
Brachyura). Zootaxa, 2356: 36–56.

Colbeck, S.C. 1996. Capillary bonding of  wet surfaces. Surface and Coatings 
Technology, 81: 209–214.

Crothers, J.H. 1967. The biology of  the shore crab Carcinus maenas (L.) 
1. The background – anatomy, growth and life history. Field Studies, 2: 
407–434.

Crothers, J.H. 1968. The biology of  the shore crab Carcinus maenas (L.) 
2. The life of  the adult crab. Fields Studies, 2: 578–614.

Cumberlidge, N. & Uglow, R.F. 1978. Heart and scaphognathite activity 
during the digging behaviour of  the shore crab, Carcinus maenas. In: 
D.S. McLusky & A.J. Berry (eds.), Physiology and behaviour of  marine organ-
isms, pp. 23–30. Pergamon Press, Oxford.

Davie, P.J.F., Guinot, D. & Ng, P.K.L. 2015. Anatomy and functional 
morphology of  Brachyura. In: Decapoda: Brachyura, Treatsie on zoology – 
anatomy, taxonomy, biology, (P. Castro, P. Davie, D. Guinot, F.R. Schram 
& J.C. von Vaupel Klein, eds.), vol. 9C-I, pp. 11–163, Brill, Leiden.

Demeusy, N. 1958. Recherches sur la mue de puberté du Décapode 
Brachyoure Carcinus maenas Linné. Archives de Zoologie expérimentale et géné-
rale, 95: 253–491.

Duvernoy, G. L. 1850. Deuxième fragment sur les organes de génération 
de divers animaux. Comptes rendus hebdomadaires des Séances de l’Académie 
des Sciences (Paris), 31: 342–348.

Duvernoy, G. L. 1853. Des organes de génération de divers animaux. 
Deuxième fragment. Des organes extérieurs de fécondation dans 
les Crustacés décapodes. Mémoires de l’Académie des Sciences (Paris), 23: 
133–182.

Guinot, D. 1979. Données nouvelles sur la morphologie, la phylogenèse 
et la taxonomie des Crustacés Décapodes Brachyoures. Mémoires du 
Muséum national d’Histoire naturelle (Paris), 112A: 1–354.

Guinot, D. 1990. Austinograea alayseae sp. nov., crabe hydrothermal décou-
vert dans le bassin de Lau, Pacifique sud-occidental (Crustacea 
Decapoda Brachyura). Bulletin du Museum national d’Histoire naturelle 
(Paris), séries 4, section A (Zoologie), 11: 879–903, pl. 1.

Guinot, D. & Bouchard, J.-M. 1998. Evolution of  the abdominal hold-
ing systems of  brachyuran crabs (Crustacea, Decapoda, Brachyura). 
Zoosystema, 20: 613–694.

Guinot, D., De Angeli, A. & Garassino, A. 2010. Holthuisea n.  gen., 
a new genus from the Eocene of  Italy (Decapoda, Brachyura, 
Hexapodidae). In: C. Fransen, S. De Grave & P. Ng (Eds.), Studies 
on Malacostraca: Lipke Bijdeley Holthuis memorial volume. Crustaceana 
Monographs, 14: 83–304.

Guinot, D. & Quenette, G. 2005. The spermatheca in podotreme crabs 
(Crustacea, Decapoda, Brachyura, Podotremata) and its phylogenetic 
implications. Zoosystema, 27: 267–342.

Guinot, D., Tavares, M. & Castro, P. 2013. Significance of  the sexual 
openings and supplementary structures on the phylogeny of  brachy-
uran crabs (Crustacea, Decapoda, Brachyura), with new nomina for 
higher ranked podotreme taxa. Zootaxa, 3665: 1–414.

Keiler, J., Richter, R. & Wirkner, C. 2015. Evolutionary morphology of  
the organ systems in squat lobsters and porcelain crabs (Crustacea: 
Decapoda: Anomala): An insight into carcinization. Journal of  
Morphology, 276: 1–21.

Kollmann, M. 1937. Coaptations et formes correspondantes chez les 
Crustacés décapodes. Annales de la Faculté des Sciences de Marseille, série 
2, 10: 117–220.

Kristensen, T., Isberg Nielsen, A. Jørgensen, A.I., Mouritsen, K. N., 
Glenner, H., Christensen, J.T., Lützen, J. & Høeg, J.T. 2012. The 
selective advantage of  host feminization: a case study of  the green 
crab Carcinus maenas and the parasitic barnacle Sacculina carcini. Marine 
Biology, 159: 2015–2023.

Lamarck, J.B.P.A.  de. 1818. Histoire Naturelle des Animaux sans Vertèbres, 
présentant les caractères généraux et particuliers de ces animaux, leur distribution, 
leurs classes, leurs familles, leurs genres, et la citation des principales espèces qui s’y 
rapportent. Vol. 5. Déterville, Paris.

Linnaeus, C. 1758. Systema Naturae per Regna Tria Naturae, Secundum Classes, 
Ordines, Genera, Species, cum Characteribus, Di�erentiis, Synonymis, Locis. Vol. 
1, Edn. 10. Reformata. Laurentii Salvii, Holmiae [= Stockholm].

Martin, J.W. & Abele, L.G. 1986. Phylogenetic relationships of  the genus 
Aegla (Decapoda: Anomura: Aeglidae), with comments on anomuran 
phylogeny. Journal of  Crustacean Biology, 6: 576–616.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jc
b
/a

rtic
le

/3
7
/2

/1
4
2
/3

1
1
1
5
9
0
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



S.  KÖHNK ET AL.

150

McGaw, I.J. & Naylor, E. 1992. Salinity preference of  the shore crab 
Carciuns maenas in relation to colouration during intermoult and to 
prior acclimation. Journal of  Experimental Marine Biology and Ecology, 155: 
145–159.

McGaw, I.J., Kaiser, M.J., Naylor, E. & Hughes, R.N. 1992. 
Intraspecific morphological variation related to the moult-cycle in 
colour forms of  the shore crab Carcinus maenas. Journal of  Zoology, 
228: 351–359.

Ng, P.K.L. 1988. The freshwater crabs of  Peninsular Malaysia and Singapore. 
Department of  Zoology, National University of  Singapore.

Pérez, C. 1928a. Sur l’appareil d’accrochage de l’abdomen au thorax chez 
les Décapodes Brachyures. Comptes rendus hebdomadaires des Séances de 
l’Académie des Sciences (Paris), 186: 461–463.

Pérez, C. 1928b. Evolution de l’appareil d’accrochage de l’abdomen au 
thorax dans la série des Décapodes Brachyures. Comptes rendus hebdoma-
daires des Séances de l’Académie des Sciences (Paris), 186: 648–650.

Qian, J. & Gao, H. 2006. Scaling e�ects of  wet adhesion in biological 
attachment systems. Acta Biomaterialia, 2: 51–58.

Reid, D.G., Abelló, P., Kaiser, M.J. & Warman, C.G. 1997. Carapace 
colour, inter-moult duration and the behavioural and physiological 
ecology of  the Shore Crab Carcinus maenas. Estuarine, Coastal and Shelf  
Science, 44: 203–211.

Suresh, S. 2004. Fatigue of  Materials, Edn. 2. Cambridge University 
Press, Cambridge, UK.

Todd, P.A., Briers, R.A., Ladle, R.J. & Middleton, F. 2006. Phenotype-
environment matching in the shore crab (Carcinus maenas). Marine 
Biology, 148: 1357–1367.

Vincent, J.F.V. & Wegst, U.G.K. 2004. Design and mechanical properties 
of  insect cuticle. Arthropod Structure and Development, 33: 187–199.

Welinder, B.S. 1975. The crustacean cuticle – II. Deposition of  organic 
and inorganic material in the cuticle of  Astacus fluviatilis in the period 
after moulting. Comparative Biochemistry and Physiology B, 51: 409–416.

Zioupos, P., Wang, X.T. & Currey, J.D. 1996. Experimental and theoretical 
quantification of  the development of  damage in fatigue tests of  bone 
and antler. Journal of  Biomechanics, 29: 989–1002.

Zum Gahr, K.-H. 1987. Microstructure and wear of  materials. Elsevier, New York.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jc
b
/a

rtic
le

/3
7
/2

/1
4
2
/3

1
1
1
5
9
0
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2


