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Abstract

hermaphrodite.

Introduction: Sex allocation theory predicts that in small mating groups simultaneous hermaphroditism is the
optimal form of gender expression. Under these conditions, male allocation is predicted to be very low and overall
per-capita reproductive output maximal. This is particularly true for individuals that live in pairs, but monogamy is
highly susceptible to cheating by both partners. However, certain conditions favour social monogamy in
hermaphrodites. This study addresses the influence of group size on group stability and moulting cycles in singles,
pairs, triplets and quartets of the socially monogamous shrimp Lysmata amboinensis, a protandric simultaneous

Results: The effect of group size was very strong: Exactly one individual in each triplet and exactly two individuals
in each quartet were killed in aggressive interactions, resulting in group sizes of two individuals. All killed
individuals had just moulted. No mortality occurred in single and pair treatments. The number of moults in the
surviving shrimp increased significantly after changing from triplets and quartets to pairs.

Conclusion: Social monogamy in L. amboinensis is reinforced by aggressive expulsion of supernumerous
individuals. We suggest that the high risk of mortality in triplets and quartets results in suppression of moulting in
groups larger than two individuals and that the feeding ecology of L. amboinensis favours social monogamy.

Keywords: hermaphrodite, aggression, elimination, moult, monogamy, pair stability, group size, food competition

Introduction

Sex allocation theory predicts optimal investment into
male and female function in sexually reproducing organ-
isms [1] and has been the focus of many studies (for
example [2-6]). In separate sex species, sex allocation
determines the sex ratio in a population whereas in her-
maphrodites allocation is optimized within an individual
[7]. Here, optimal sex allocation is the value that maxi-
mizes the product of the fitness derived from both male
and female investment [1]. Assuming a direct trade-off
between resources invested in the male and female func-
tion, any amount of resources devoted to sperm produc-
tion implies a reduction in resources available for the
production of eggs and vice versa. One key factor that
influences sex allocation in simultaneous hermaphro-
dites is mating group size [1], i.e. the number of actual
mating partners. A small mating group will induce
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competition among self sperm of a sperm donor (called
local sperm competition or LSC by Schérer [6]) and
favour smaller ejaculates, leading to reduced allocation
to the male function. With increasing group size, the
amount of reproductive competition through the male
function increases, which results in higher optimal allo-
cation to sperm production in large groups [1,8-12]. A
direct consequence is that hermaphrodites that live in
pairs benefit from the absence of sperm competition
between multiple partners. Here, sperm donors only
need to produce just enough sperm to fertilize their
partner, while maximizing the amount of resources
available for eggs. In the end, this will result in the high-
est possible per capita reproductive success. Further-
more, the maintenance of monogamy assures the
permanent presence of a mating partner [13] and
increases defensive success of a specific microhabitat (e.
g. host or refuge) through reciprocity or mutualism [14].
However, monogamy is highly susceptible to cheating.
Extra-pair matings in the male role offer an increase in
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reproductive success, because sperm are cheaper to pro-
duce than eggs [15].

Nevertheless, social monogamy might be favoured
under certain conditions independent from sex alloca-
tion theory. Baeza [16] showed that high predation risk,
host scarcity and small host size lead to social mono-
gamy and female-biased sex allocation in the marine
shrimp Lysmata pederseni. Lysmata shrimp are pro-
tandric simultaneous hermaphrodites [17-19]. They all
mature as functional males and later on attain the
female sexual function. Individuals have thus the ability
to reproduce as both male and female [18,20,21]. How-
ever, the sociobiology of Lysmata shrimp is highly vari-
able. Some species live in large groups (aggregations),
whereas others live in small groups or even in pairs
(social monogamy) [17,22]. The pair living species (L.
amboinensis, L. grabhami, L. debelius) can be grouped
in the ‘cleaner’ clade, due to their specialized fish-clean-
ing behaviour [17,22]. What are the conditions that
favour social monogamy in these species? We suggest
that it is their feeding ecology. Cleaner shrimp are terri-
torial and highly dependent upon their clients for food
[23]. Chapuis & Bshary [24] showed that clients occa-
sionally jolted during cleaning interactions with the
cleaner shrimp Periclimenes longicarpus. Those jolts are
a correlate of cheating the client (i.e. eating the client’s
mucus instead of ectoparasites) in the cleaner wrasse
(Labroides dimidiatus) and are usually followed by
aggressive chasing or abandonment of the cleaner [25].
Chapuis & Bshary [24] found a positive correlation
between the jolt frequency and the maximum number
of shrimp cleaning. Consequently, the risk of loosing
fish clients due to cheating cleaners rises with enlarged
group size. A high number of shrimp may increase
competition for the cleaning station and access to cli-
ents. By keeping the number of individuals in a group
low, which would otherwise have to share clients, the
potential for conflicts and food competition are
minimized.

In this study, we investigated how group size affects
moulting cycle and group stability in L. amboinensis.
Individuals were set up in singles, pairs, triplets and
quartets. With increasing group size, the number of
potential mating partners rises as well as the number of
competitors. If L. amboinensis maintains a fixed group
size of two, we expected to see more aggression in
groups larger than pairs. Furthermore, as stress can
delay moulting in crustaceans [26-29], we also expected
to see fewer moults in triplets compared to pairs.
Depending on whether quartets would split in two
stable pairs or not, we expected them to either be simi-
lar to pairs or triplets regarding aggression and moult-
ing. The single treatment provided a baseline for
moulting cycles and mortality.
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Results

Mortality in triplet and quartet treatments

We observed selective mortality in the triplet and quartet
treatments and no mortality in the single and pair treat-
ments. The pattern of mortality was such that, after 42
days, one individual in each triplet and two individuals in
each quartet treatment had died (Figure 1). In all cases
(N = 30) the individuals died shortly after moulting as
leftovers of the exuvia could be found the next morning.
Analysis of nighttime-videos indicated that aggressive
interactions have contributed to mortality events in the
triplet and quartet treatments. Survival was 100% once all
triplets and quartets had turned into pairs. All resultant
pairs survived the remaining experimental period. The
time until the first individual died was not significantly
different between triplet and quartet tanks (Log-Rank, y*
= 1.394, df = 1, p = 0.238), suggesting that the time of
mortality was independent of group size.

We tested the effects of size rank and moulting
sequence within each tank on the lifespan of every indivi-
dual as well as the effect of size rank on moulting
sequence. The differences between the groups (triplets,
quartets and zero) were not significant for the correlation
coefficient between moulting sequence and lifespan (Krus-
kal-Wallis, y* = 0.364, df = 2, p = 0.832) or size rank and
moulting sequence (Kruskal-Wallis, y° = 0.776, df = 2, p =
0.679). But we found a significant overall difference
between the groups for the correlation coefficient between
size rank and lifespan (Kruskal-Wallis, ;f =7.274, df = 2,
p = 0.026). In the subsequent pairwise comparisons
between all groups we found that Kendall’s T between size
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Figure 1 Mean number of L. amboinensis individuals alive
across time. The survival diagram shows the mean number of
shrimp alive per tank across time for each treatment group (singles,
pairs, triplets and quartets).
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rank and lifespan differed significantly between triplets
(median = 0.817) and quartets (median = -0.183) (Steel-
Dwass, Z = -2.598, N = 10, p = 0.025) (Figure 2). However,
the correlation coefficient between size rank and lifespan
was not significantly different from zero in triplets (Steel-
Dwass, Z = 0.927, N = 10, p = 0.623) and in quartets
(Steel-Dwass, Z = -0.484, N = 10, p = 0.879).

Number of moults

As predicted, we found a significant increase in the
number of moults with time, i.e. individuals of triplet
and quartet treatments had a higher number of moults
once living in pairs (MANOVA, within-subjects effect of
time: F = 0.303, df = 1,18, p = 0.031) (daily number of
moults per survivor and tank; mean + SE: before chan-
ging to pairs: 0.049 + 0.007, after changing to pairs:
0.065 + 0.001). There were no significant effects of the
treatment group (MANOVA, F = 0.106, df = 1,18, p =
0.184) or the interaction between treatment and time
(MANOVA, F = 0.110, df = 1,18, p = 0.177). When
comparing the daily number of moults per survivor and
tank between all treatment groups after triplets and
quartets had changed to pairs, i.e. when there were two
individuals in all groups except for the singles, there was
no significant difference in the number of moults
between individuals from single, pair and group treat-
ments that had changed to pairs (Welch ANOVA, F =
0.184, df = 3,14.745, p = 0.905) (Figure 3).

Discussion
We recorded group size regulation and moulting fre-
quency in singles, pairs, triplets and quartets of the pair-
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Figure 2 Comparison of the correlation coefficient between
size rank and lifespan. The boxplots show the range of Kendall's t
correlation coefficient from the correlation between size rank and
lifespan for quartets (left) and triplets (right).
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Figure 3 Comparison of the daily number of moults per
survivor and tank. The black diamonds show the mean daily
number of moults per L. amboinensis individual and tank for all
treatment groups containing one (singles) or two (pairs, triplets,
quartets) shrimp. That is after triplet and quartet treatments became
pairs due to mortality of conspecifics. Error bars indicate standard
errors.

living hermaphroditic shrimp L. amboinensis. We found
selective mortality of shrimp in triplets and quartets,
which ceased as soon as a group size of two was
achieved. No fatalities occurred in the single or pair
treatments. A higher number of moults was found in
the survivors of triplet and quartet treatments after
changing from groups to pairs.

We explain mortality in triplets and quartets as result
of the elimination of competitors, indicating behavioural
control over a stable group size of two. Even though
shrimp were kept under ad libitum food conditions, we
assume that the elimination of supernumerous indivi-
duals is intrinsic, as individuals will most likely face
food limitations in the field. A group size of three would
lead to higher food competition and diminished growth.
Since body size is correlated with egg number in shrimp
[16,30], the diminished growth rate would lead to a
decrease in fecundity in all individuals of the group. The
same would apply for group sizes larger than three indi-
viduals. In the long run it would be more profitable to
eliminate permanent food competitors and have a single,
more fecund mating partner in a group size of two (see
also [16]). Perceiving other conspecifics as direct compe-
tition rather than potential mates was reported for the
simultaneous hermaphroditic worm Ophryotrocha dia-
dema [3]. A higher number of intolerant acts in groups
compared to pairs was observed when testing for
changes in sex allocation. In contrast to our findings,
other studies showed that mating group size can be
high in simultaneous hermaphrodites and that social
group size can be positively linked to the number of
mating partners [31,32].
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Furthermore, we found that mortality in shrimp
occurred during the night in individuals that had always
just moulted. During daytime no aggressive acts towards
shrimp that died later in the course of the experiment
were observable (personal observation). Shrimp are most
vulnerable when just moulted, which happens at night.
This may be the only point in time when an individual
of approximately the same body size is able to harm or
even kill a conspecific. It may explain why mortality
occurred in freshly moulted individuals only and why
aggression was absent during daytime. We neither
found any significant overall effects of size rank and
moulting sequence on lifespan nor any effect of size
rank on moulting sequence. However, the effect of size
rank on lifespan was significantly different between tri-
plets and quartets, suggesting that the pattern of mortal-
ity was dissimilar in groups of three compared to four
individuals. The smallest individuals died more fre-
quently in triplets compared to quartets. As the ratio of
aggressors to moulted individuals was higher in quartets
compared to triplets, larger individuals could have
become victims of aggressive interactions more often in
groups of four compared to three individuals. An
obvious pattern of mortality sequence in quartets
remains obscure though.

We predicted to find fewer moults in groups larger
than two individuals due to stress. According to this
prediction, our results showed a lower number of
moults in groups before changing to pairs. We suggest
that the high risk of mortality after moulting in triplets
and quartets results in suppression of moulting in
groups compared to pairs and singles. After the elimina-
tion of competitors in triplets and quartets the number
of moults increased to the same level as in singles and
pairs. We propose that the higher variation in the num-
ber of moults in singles (see Figure 3) results from isola-
tion of the respective individuals. The presence of a
mating partner might trigger ovarian development,
moulting and spawning. Even though mating partners
were absent, we occasionally observed spawning of
unfertilized eggs in a few singles, but not in others. This
might have lead to differences in the length of the inter-
moult intervals and thus to the higher variation in the
number of moults. Fiedler [21] also reported that singles
of L. amboinensis drifted from a regular moulting cycle.

Given the fact that social monogamy can only be
found in Lysmata species that adopted cleaning beha-
viour and a symbiotic lifestyle [22], we propose that the
feeding behaviour of L. amboinensis inhibits group sizes
larger than two individuals. Additional shrimp possibly
peril the established cooperation between the shrimp
and their clients, which would lead to an increase in
food competition and thus a reduction in individual
fecundity. Other studies [33,34] found that the overall
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proportion of cooperating group members decreased
significantly with increasing group size. They also
emphasized the greater opportunity for cheating in lar-
ger groups. In our study, the feeding ecology of L.
amboinensis combined with restricted space available in
tanks to occupy distinct ‘cleaning stations’ might conse-
quently explain why quartets did not form two stable
pairs. However, we do not expect to see the same
extreme level of aggression due to increased group size
in the field. Here, individuals should prevent perilous
conflicts by avoiding close proximity to established pairs
on a cleaning station. By experimentally forcing indivi-
duals to stay together in a small area, we discovered a
causal explanation for how a simultaneous hermaphro-
dite can maintain social monogamy. This mechanism
would have been overlooked in a field study.

Conclusion

In conclusion, our results show that L. amboinensis
adjusts its group size by eliminating supernumerous
individuals until establishing monogamous pairs.
Aggressive group size diminution could be a mechanism
to limit competition and to ensure cooperation between
partners when providing cleaning services. The number
of moults increased after the adjustment of triplets and
quartets to pairs. We interpret the lower number of
moults as a result of the high risk of mortality when liv-
ing in groups larger than two individuals. Future experi-
ments should test the effects of group size enlargement
in L. amboinensis in the field. Moreover, the causes and
mechanisms of the maintenance of monogamy should
be explored in other pair-living species of Lysmata
shrimp, which share the same feeding ecology. These
findings could be related to other, non-monogamous
hermaphrodites and theoretical models.

Materials and methods

Model species

Lysmata shrimp are protandric simultaneous hermaph-
rodites. An individual matures as a functional male and
later on, with increasing body size, gains the female
function to become a fully functional simultaneous her-
maphrodite [18,21]. L. amboinensis De Man (Caridea:
Hippolytidae) was classified as ‘pairs’ species by Bauer
[18] and as ‘tropical-pairs’ species by Baeza [35] due to
its social monogamy. It is small in size (approx. 6 cm
total length) [21] and occurs in the tropical waters of
the Indo-Pacific or the Red Sea. It is often referred to as
cleaner shrimp due to the cleaning behaviour it per-
forms on fish clients [17,22].

As in all caridean species, individuals mating as
females undergo a moult prior to mating and spawning
[36]. Only for a few hours after moulting, hermaphro-
dites are receptive and can receive sperm from a male



Wong and Michiels Frontiers in Zoology 2011, 8:30
http://www.frontiersinzoology.com/content/8/1/30

phase or another hermaphroditic phase partner [37].
Thus, the sex roles are defined by the moulting cycle of
each individual. The mean intermoult interval reported
from Fiedler [21] ranged from 20.8 to 18.3 days, but was
much shorter in our experiment (approx. 15 days in
pairs). Fertilization is external [36]. The male role can
be attained anytime, even while incubating eggs. A mat-
ing event is generally non-reciprocal [18,38,39].
Although it is mechanically possible self-fertilization
does not occur [21,39]. There is no long-term sperm
storage [14,38,39].

Maintenance of shrimp

L. amboinensis was obtained from De Jong Marinelife B.
V. (Lingewaal, Netherlands) and imported from the Phi-
lippines. Shrimp were allowed to acclimatize to labora-
tory conditions for 31 days. We did not have precise
information about the age of each shrimp, but indivi-
duals should not have differed in their behaviour as we
assured by the presence of eggs that the hermaphroditic
phase was accomplished in all individuals. The single
treatment was a control to assign the frequency of
moulting in the absence of a mating partner. Subse-
quently, shrimp were separated into treatment groups in
a size-controlled randomized manner. Carapace length
(CL) was used to assort candidates of approximately the
same body size into the same tank to minimize size
effects. The different body size classes were spread
evenly among treatment groups. The remaining size dif-
ferences between the largest and the smallest individuals
within one tank were (mean + SE) 0.038 mm + 0.010
mm in pairs, 0.148 mm * 0.065 mm in triplets and
0.211 mm + 0.047 mm in quartets.

Individuals were allocated to one of four treatments:
single shrimp were kept in 15 1 (25*25*25 c¢m), pairs in
30 1 (35*35*25 cm), triplets in 45 1 (42*42*25 c¢cm) and
quartets in 60 1 (49*49*25 cm) aquaria, with the same
water level (height of tanks = 25 cm), resulting in an
equal surface area per individual. All tanks were con-
nected to a single water circulation system (1440 1). The
ground of each aquarium was covered with coral sand.
Shrimp were maintained at 24 to 25 °C water tempera-
ture, 34 to 35 %o salinity (Tropic Marin® Sea Salt) and a
12 h light:12 h dark cycle. Partial water change (200 1)
in the circulatory system and removal of debris were
carried out weekly.

Each treatment consisted of 10 replicates (pairs: N =
20 shrimp, triplets: N = 30 shrimp, quartets: N = 40
shrimp) except for the single treatment, which consisted
of 6 aquaria (N = 6 shrimp). Aquaria were spatially ran-
domized across a three-level rack. Opaque PVC plates
between tanks prevented visual contact. To minimize
visual stress within tanks they were compartmentalized
into zones with incomplete opaque dividers. The
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number of zones was equal to the number of shrimp in
the tank. Individuals were allowed to move freely
throughout the aquarium. Every zone contained one
plastic perch with a uniform overhang. Personal obser-
vations of L. amboinensis have shown that individuals
prefer to sit on some structures (rocks, corals or artifi-
cial perches) rather than simply on the ground. Offering
perches increased the likelihood that shrimp show their
natural behaviour. Shrimp were fed daily (Tropical®
Shrimp Sticks), resulting in ad libitum food condition.

Measurements

The size of all shrimp was measured before the experi-
ment started. We used carapace length (CL), defined as
the distance from the posterior-most margin of the eye
orbit to the mid-dorsal posterior margin of the carapace
[40], measured to the nearest of 0.01 mm. We used digi-
tal photographs (Olympus CAMEDIA C-8080), which
were taken in a standardized way and measured CL
using the image analysis software Image] 1.3%.

Shrimp were marked individually within each tank by
clipping short parts of the distinct antennae to record
moulting events. Antennae regenerated after every moult
and were re-clipped in the same way. We could not
detect signs of stress or harm caused by this treatment.
Clipping allows indentifying exuviae from moulted indi-
viduals, which is not true for coloured elastomer tags,
which are injected into the abdominal musculature [39].
Each individual was checked daily, noting each moult the
morning after. Exuviae were removed from the aquaria.
The date and shrimp ID were noted in case of mortality.

Video observations of newly assembled shrimp quar-
tets were carried out after the experiment in order to
reveal the reason for mortality in groups. We used quar-
tet tanks and groups of 4 individuals accordingly (N = 6
replicates). Recordings were done at night using infrared
illumination (two infrared spotlights: LED - Infrared
Illumination, Model: IR880/12), five cameras (35x Zoom
Day&Night IR Cut Auto Iris Vari Focal Camera, Model:
CCD1000H35/3.6-126) and a digital video recorder (8
Channel Triplex Digital Recorder, Model: DVRO0O8TPX/
SA800NC). Observation and data collection took place
for 84 days starting September 24, 2007.

Statistical analyses

To test whether mortality is dependent on the number
of conspecifics in the tank, i.e. whether mortality of the
first individual occurred sooner in groups of four com-
pared to three individuals, we compared the lifespan of
the first individual that died in triplet and quartet tanks
using a survival analysis. We did not compare survival
between all individuals and all treatment groups, as the
data points within one tank were not independent of
each other.
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Although shrimp within the same tank were chosen to
be of approximately same body size, the remaining
small size differences may explain mortality. Alterna-
tively, moulting sequence might have determined mor-
tality within each tank. To evaluate mortality in groups,
the relationships between body size, moulting sequence
and mortality were quantified for triplets and quartets
by computing partial Kendall’s T correlation coefficients
between lifespan, size rank and moulting sequence
within tanks. We calculated the coefficients within tanks
first, to avoid pseudoreplication, as the individuals in
one tank were not independent of each other. The lar-
gest individual in each tank obtained the highest rank
regarding size (= 4). The individual that moulted first in
each tank obtained the lowest rank regarding moulting
sequence (= 1). We used a Kruskal-Wallis-Test to see, if
the correlation coefficients (Kendall’s 1) of triplets and
quartets were significantly different from each other. At
the same time we tested if Kendall’s T was significantly
different from zero, i.e. we compared three groups in
the Kruskal-Wallis-Test: triplets, quartets and zero. If
the overall differences were statistically significant, a
post-hoc analysis was performed using the Steel-Dwass
test for multiple comparisons. We applied non-para-
metric tests since the residuals of the correlation coeffi-
cients were not normally distributed.

To test whether group size had an effect on moulting,
we compared the daily number of moults per survivor
and tank for triplets and quartets when they were in
groups (more than two individuals) or in pairs (only the
two survivors) after mortality of conspecifics within the
tank. We used a multivariate analysis of variance (MAN-
OVA) for repeated measurements with the daily number
of moults per survivor and tank of groups and of the
resulting pairs as dependent variables, the group size as
between subjects factor and time as within subjects factor
including the interaction between treatment and time.
Subsequently, we used a Welch ANOVA to compare the
daily number of moults per survivor and tank among all
treatments after the group treatments had changed to
pairs to test whether the remaining pairs originating
from triplets and quartets showed a difference in the
number of moults compared to singles and pair treat-
ments where no mortality had occurred. All p-values sta-
ted are two-tailed. All statistical analyses were carried out
using JMP® Version 9.0.2 © 2010 SAS Institute, Inc.
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