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Sexual selection and the potential
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PRONOUNCED sex differences in mating competition are a promi-
nent feature of many animal breeding systems. These differences
are widely attributed to sex differences in parental investment™?
which bias the ratio of sexually receptive females to males® (the
operational sex ratio), generating more intense competition
between members of onme sex, usually males*, Unfortunately,
relative parental investment' is usually impossible to measure in
species where both sexes invest in their offspring®’ and there is
currently no empirical basis for predicting the pattern of mating
competition in these species. In contrast, the potential rate of
reproduction by males and females (measuréed as the maximum
number of independent offspring that parents can produce per unit
time) is both more directly related to the operational sex ratio
and more easily estimated in natural populations’. Here we show
that among species where males care for the young, the sex with
the higher potential reproductive rate competes more intensely for
‘mates than the sex with the lower potential rate of reproduction.

In animals without parental care or where females are respon-
sible for all care, the potential reproductive rate of males usually
exceeds that of females. As a result, the operational sex ratio is
biased towards males and males are the predominant com-
petitors for mates'”'*, (except in a few cases where males
contribute resources used in the production of zygotes®!!). In
contrast, in species where males are responsible for all parental
care while females pay the costs of egg production (which
include some teleost fishes'*~'S, anurans'’, urodeles'®, inverte-
brates'*?° and a few birds®"-*?), the direction of mating competi-
tion differs between species. In some, females compete intensely
for mates, males are choosey in selecting partners and females
are brighter than males**°, In others, males compete intensely
for females, females are choosey in selecting partners, and males
are brighter than females?”®, An explanation of these differen-
ces could be that only in some of these species does the involve-
ment of males in parental care depress their potential reproduc-
tive rate below that of females’.

To test whether differences in the direction of mating competi-
tion depend on which sex has the higher potential rate of
reproduction, we extracted data on the maximal reproductive
rates of males and females for 29 species where males were
responsible for parental care, there was a clear sex difference
in the intensity of mating competition, and data were available
(Tables 1 and 2). With only two possible exceptions, males had
potentially higher reproductive rates than females in all ‘pre-
dominant male competitors’ (Table 1). The most: highly
developed examples of predominant male competition com-
bined with male parental care are found in fish and frogs where
males can care for multiple clutches simultaneously or in quick
succession”’"?°, For example, in the three-spined stickleback,
Gasterosteus aculeatus, males can guard 10 or more clutches of
eggs at a time and do so for about 2 weeks, whereas females
can lay one clutch every 3-5 days®®. Consequently, the potential
reproductive rate of males is higher than that of females, the
operational sex ratio is male-biased and males compete intensely
for mates. ' .

By contrast, in all species that we identified as ‘predominant
female competitors’, females were able to achieve higher rates
of reproduction than males. The clearest examples occur in
small polyandrous shorebirds, where the potential reproductive
rate of males is low because incubation is prolonged and brood
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TABLE1 Relationship between reproductive rates and mating competition for species

- in which males are responsible for parental care

Competition for

Competition for
mates more intense mates more intense
in males in females
Fish
Cottus (2 spp)
Oxylebius pictus

Chromis notata
Chrysiptera cyanea
Badis badis

<1 Pimephales promelas
Ethedstoma olmstedi
Gasterosteus aculeatus
Forsterygion varium

Frogs
Alytes obstetricans
Hyla rosenbergii
Eleutherodactylus coqui

Female rate ’ )
Male rate

Fish Fish

Hippocampus spp Apogon notatus
Nerophis ophidion

Birds Syngnathus typhle

? Rhea americana
>1 Birds

Actitis macularia
Phalaropus (2 spp)
Eudromias morinellus
Jacana (5 spp)
Rostrathula benghalensis
Turnix sylvaticus

Males compete more than females for access to mates in all but two of the species
in which a male has a higher potential reproductive rate than a female {mainly
ectotherms). Females are the more competitive sex (sex roles are ‘reversed’) in species
where the potential reproductive rate of females exceeds that of males (primarily
endotherms),

size is small’’. For example, in the polyandrous spotted sand-
P

piper Actitis macularia, where females compete intensely for
mating partners, males do not raise more than one clutch of
four eggs during the breeding season, whereas females can
produce an egg a day and lay clutches for up to four different
males in the course of the season®*. Predominant female
competition also occurs in some fish where males carry eggs or
young for lengthy periods and their reproductive rate is con-
strained by the number of eggs they can carry, including the
pipefishes, Nerophis ophidion and Syngnathus typhle®*?%°12 .
and some cardinal fishes®>. Further examples can be expected
in other animals where males bear eggs or young.

Both possible exceptions in Table 1 are instructive as they
illustrate the need to calculate réproductive rates over different
periods in different species. In the greater thea, Rhea americana,
males incubate broods of 20-30 eggs laid by several females
and compete vigorously for mating access to female groups®®.
The potential reproductive rate of females calculated over the
entire breeding season may be higher than that of males. During
the period of mating and brood production however, males can
fertilize and accept eggs faster than females can lay them and
the operational sex ratio is probably male-biased. In seahorses
(Hippocampus spp.), the operational sex ratio is biased towards
males despite a prolonged male gestation period because the
reproductive rate of females is constrained by monogamous pair
bonds and by limited periods of receptivity'

The potential rates of reproduction by males and females thus
provide a basis for predicting the direction of mating competi-
tion in the two sexes and thus the direction of sexual selection.
Several other factors, however, can bias the operational sex ratio
and influence the relative intensity of mating competition. These
include behavioural adaptations to competition in the sex with
the potentially higher reproductive rate, such as precopulatory
guarding of multiple mates and earlier eclosion, emergence or
arrival times®**’~*°. Conversely, biases in the operational sex
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TABLE 2 Maximum observed reproductive rates in species where males are responsible for parental care

male sempetitors :
Cwtch (C) ang Interciutch Max. Frmax. M Competing
Male care durstion brood (8) size interval tate of reprodctioh ox L3
48, vstetricons 2-3 weeks M con canry > 1 clutch F¥ breod 24 times < M )
ny00g'088i0Be. Midwife 1080) ot 8 time per summer at
" . ~ monthly intarvals
A8 o9 rosendorgi 4 deys 8=23% 23 days «1(02%) " 27
B, 00}
4 {e.nerodICtyius coqui 17-26 days of care 8=up 10 5xC st once up 10 6 clutches <1 ] 22
L wtodactytidae) 8-9 month season C=16-43 per season
R B .8 hangiongensis 8=34-53xC 2 per season <1 (] L]
B, - nidae: river sculpin) ww13xC
4 ¢ s gobio 4 weeks B8=215xC 2 per season <1 %0
Rl oudse: river bulthead) C=75-200
& avieos pictus 25-35 wesks 8=0-10xC per cycle 3 per season <1 51, 82
e YIMicas: greeniing) 30 days between spawnings 8=0-22 x C per season
uwp to 7.5xC per season € =1.500-5000
44 ~vor. 5 notats 4-12 days (depends on B=1-4xC 72-18.4 deys <1 (7 18,53
pymacentricae. damseifish) temperature) 28-4.6 nests per season
8.2-17.8 days between € »10000-27.500
:
wiionsptera cysnes 4 deys B8=up to 12255 eggs por 4 days <1 '} L7
- M pyracentridas: demsetfish) MM spawn continuously cycle
€ =900-2.500 eggs per
S 5as Dacks 2 days egg/3-4 deys larvae 8=2-3xC 4-7 deys <1 17} 85,56
3 7-8 days between spawnings
A rephales promelss 4-8days B=max. 6000 eggs per 3-4 coys T et M 52,58
wriniian) mabies spawn continuously nest .
for 3-5 weeks € =200-700 eggs
g vec  roma omsted 4 deys 8=max. 2000 eggs 5-16 days (1=7.6) «3 [V 15,50
i cvcicae: tessefiated darter) € =19-324 (season X=727)
! sterosteus aculestus 2weeks st 21°C B=uwp t010xC 3-5 days <1 M 2
’ 8»C=51-150
7-10 deys 8=20-7080 (=2245) eggs 100% spawn once «1{03) ] 60
spawn up 10 15 times per € =20-1680 (x=796) oggs 31% spawn > once
sesson never >3 times per season
13-14 deys c>8 ©13-14 doys >3 L] 12
Incubetion 36-37 deys plus 8=285 up 10 12 MM per year oggs per season>1 L] 34-38
core C=2-3 oggs per laying
one brood per season period <1
ok famale competitors
Male core durstion Chtch {C) and Interclhutch Max. F/max. M Competing
{inchucing incubation) brood (B) size B interval - rets of reproduction sex ., Rel
incubation 21 deys C=8=4 max. 11 eggs per 2 & -F 23, %
max. 81 eggs per season 1 egg per dey season
usuafly one brood per season
incubation 17-21 days C=8=4 10 days >1 ¥ 24, 61
mele care =33 deys 1 ofg per dey wp to 2 dutches per
usubity one brood per s68sON sesson
Incubation 18-20 deys C=B»4 - up © 2 per season >1 [ 2 61,682
male care =37 deys . .
usualty one brood per season
incubation 24-28 deys C=B=3 5-11 deys >1 F o
mele core =81 doys w 1o 3 clutches per
usually one brood per seeson season -
Male care =50 deys total C=8=4 up to 3 MM per year >1 [ o
) {4 chntches in few weeks))
sbout 60 deys® _ o-~oml minimum=2-4 days >1 . ¥ 84,68
1 ogg per doy wp to 8 chutches per season
(w to 2MV)
z sbout 60 deys® C=Bu=4g several MM per F >1 [ 68, 67
— ot same time
Mepidis indcus _ sbout 60 deys* C=B=4* several MM pet F >1 ¥ 68
"“Wﬂm ot same time : .
dexptiornis Incubstion 24 deys CnB=4 U 10 4MM per F >t F 7
Atean 00,
: “'“www* P‘*m::o;:n C=B-4 oy AAsiad
) L =8= up to 4 MM per F >
$ated aripa) 1-2 months cara {62 deys) ot same e 1 L [
.;;‘Wm Incubstion 12-15 deys/care C=8=38 not known but >1 F - 091
button quall) 18-20 deys astimated that F can .
~  male cycle=53 deys total breed with w to
Aong 5 MM per year Co
: Wm 8 days care plus 6-15 deys c=8 10-19 doys (R =138) > - . F £
» carnalfish) =14-23 days between spawning ] -
N ophidion 28-37 deys . . C=18x8 . >1(18) [4 2.1
TCathidae: plpefish) . r-m“spermsm
- =306 eggs per 80as0n -
f"_"wm 28-45 days C=19x8 >1049 - ] 2.3
T¥athidee: pipefish} M=91 eggs per seson .
. F=219 eggs per season

.3

on inds "

s"ﬁ“m“mmdwmwegmmumdmdm
Mating partners, most species could be sltocated to the groups
- females. Columns show the best :

tirueorroemmmdormnam‘meuws(l)wpredommfcmwwemm(b)NMMuxes-mywulor
mpﬁm.wadwmmwmwwmwdum’mmnm.mmmumnm-m

of male care of eggs (Incubation} and/or young and of the time between successive broods where remating does not follow

Ce simultaneoustly,
ive rate (eggs por unit time) divided

o tnor D of the px broog: (2) sverage clutch size taid by females (C) and the average brood size cared for by males (8). Where males are known 10 care for several clutches
..\‘fth)uwoxmum-d‘mmiw‘ les or the srbes of ful breeding partners per {4) maui female
‘o “wm d rate of duction by males (independent young resred per unit time). For most speck i of rep
- S.exceeded that of females or vice versa (5) whether males or females are d a3 the primary competitors for mates or

rate were only sdequate to indicate whether the potential reproductive
mmm'mwwmmu
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ratio may be reduced by sex differences in life expectancy

which can reflect the costs of increased competition in the
potentlally faster sex’. Variation in the time necessary to find
mates may constrain mating competition in some specnes42 (G.
Parker, personal communication), while the form of competitive
behaviour’ may be affected by variation in the costs and benefits
of particular tactics to the two sexes. Finally, where the potential
rate of reproductlon is similar in the two sexes, the relative
bcneﬁts of acquiring qualitatively superior mates** 4 , rather than
the operatlonal sex ratio, may determine the comparative
mtens1ty ‘of matmg competition in the two sexes. (]
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Construction of a pattern-
generating circuit with

neurons of different networks -
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RHYTHMIC motor behaviours are generated within the central
nervous system by neuronal circuits called central pattern gen-
erators (CPG)'. Although a CPG can produce several forms of
the same behaviour* and several circuits may interact to generate
different behaviours®, it is generally assumed that a given CPG
consists of a predefined assemblage of neurons that is functionally
distinguishable from other circuits. However, recent studies on the
stomatogastric nervous system of crustacea have suggested that
CPGs may not be immutable functional entities”'®. We now report

that under an identified neuromodulatory stimulus, the CPG that

produces swallowing-like behaviour of the foregut in lobsters is
constructed de novo from neurons belonging to other .CPGs.
Consequently neurons operating mdependently as members of
different circuits may be reconfigured into a new pattern-generating
circuit that operates’ differently from the original circuits. This
not only challenges the concept of the CPG being a discrete
functional entity, but also demonstrates that a modulatory input
can specify an appropnate CPG l'rom a pool of individual neurons
of diverse origins.

We performed our experiments on preparatxons in vitro of
the stomatogastric nervous system (STNS) of the lobster
Homarus gammarus. The STNS consists of four interconnected
ganglia (Fig. 1a) that together generate well described motor
rhythms of the four regions of the foregut''. These independent
foregut rthythms control oesophageal ingestion of food, and its
storage in the cardiac sac, trituration by the gastric mill system
and filtration through the pylorus on the way to the midgut (Fig.
1b). We describe here a new distinct motor activity of the STNS
which transfers food between these different foregut compart-
ments. We show that this swallowing-like behaviour arises first
from the rhythmic opening of a valve situated between the
oesophagus and the cardiac sac (OCS valve) (Fig. 1b), and
second from a massive reorgan1zat10n of all other foregut
rhythms (Figs 2 and 3).

In STNs preparations with the anterior part of the foregut
left attached, the three dilator muscles (ocsv1-3; Fig. 1b) of the
OCS valve are generally inactive and the latter remains closed.
We have found that opening of the valve is driven from the
commissural ganglion (Fig. 1a) by OCS dilator motoneurons,

“which in turn are controlled by two equivalent interneurons

arising in the inferior ventricular nerve (Fig. 1a). These cells
have been previously identified and named ‘pyloric sup-
pressors’? (PS). Intrasomatic depolarization of either PS neuron
to evoke firing strongly activates ocsv dilator muscles (Fig. 1¢).
Although PS is generally silent in vitro, we believe the neuron
has endogenous bursting properties that drive rhythmic dilation

* To whom correspondence should be éddressed.
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