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        Introduction 

 Where males care simultaneously for offspring from many 
females (‘overlapping broods’  sensu   Manica & Johnstone, 2004 ), 
it often pays females to prefer males that already have a brood, 
since caring males commonly abandon smaller broods (e.g. 
scissortail sergeants,  Manica, 2002 ), and respond to larger broods 
by increasing their effort in non-depreciable forms of care, such 
as nest defence ( Clutton-Brock, 1991 ). Furthermore, pooling 
clutches with one male can bring advantages in terms of dilution 
of predation and parasitism ( Jamieson, 1995 ). 

 Conspicuousness can reduce search time for mates ( Getty & 
Pulliam, 1993; Jones  et al. , 2006 ), increase capacity for assessment 
( Seehausen & van Alphen, 1998 ), capture a mate’s attention 

( Scheffer  et al. , 1996 ), and increase the intensity of sexual 
selection ( Candolin, 2004 ) Males in conspicuous locations may 
stand to attract more females, and hence sire more offspring 
(and more genetically heterogeneous offspring), than in hidden 
locations (e.g. sticklebacks,  Candolin, 2004; Engstrom-Ost & 
Candolin, 2007 ). Females may also benefit from reduced search 
time if males are conspicuous, but this benefit depends on the 
ratio of the search time relative to the time taken to replenish 
eggs, a ratio that will decrease at higher population densities 
( Manica & Johnstone, 2004 ). 

 Conspicuousness also increases risk of predation ( Jones 
 et al. , 2006 ) and parasitism (reviewed by  Burk, 1982; Gross, 1993 ) 
for eggs and adults, so any mating benefit must be balanced 
against associated costs (e.g. crickets,  Cade, 1975 ; guppies, 
 Endler & Houde, 1995 ; fireflies,  Lloyd & Wing, 1983 ). Males 
can increase their reproductive success manifold by mating with 
a large number of females, and thus are more likely to gain from 
conspicuousness despite the associated costs. A positive balance 
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is more difficult for females, given that search times are usually 
much lower than the refractory period (e.g.  Manica & Johnstone, 
2004 ), thus leading to a limited increase in lifetime reproductive 
success by simply choosing conspicuous males. 

 Assassin bugs  Rhinocoris tristis  (Stål) (Hemiptera: 
Reduviidae), generalist, predatory insects native to Africa, live 
at the highest known population density for this family ( Thomas, 
1994; Manica & Johnstone, 2004 ). Males care for overlapping 
egg clutches simultaneously until hatching, fending off parasi-
toids. Males cannibalise a proportion of their brood, which 
compensates for reduced feeding opportunity and maintains 
body weight during guarding ( Thomas & Manica, 2003 ). 
Although they cannot distinguish already-parasitised eggs, 
males preferentially cannibalise peripheral eggs, which are also 
most likely to be parasitised ( Thomas & Manica, 2003 ). After 
eggs hatch, males wander until they find a female. Females pre-
fer to mate and leave eggs with already-caring rather than wan-
dering (i.e. not yet caring) males ( Thomas, 1994 ). We might 
therefore expect caring males to benefit from conspicuousness. 
However, we might also expect conspicuousness to carry costs 
to eggs in terms of increased parasitism and predation. 

 The encounter rate of an  R. tristis  male’s brood with females, 
or enemies, could be affected by the conspicuousness of its 
location.  R. tristis  lay eggs in two kinds of location: hidden un-
der leaves, or on exposed stems ( Thomas & Manica, 2005 ). 
Additionally, female/enemy encounter rate could be affected 
by the local density and size of broods, either negatively, owing 
to a dilution effect ( Hamilton, 1971; Gross, 1993 ), or posi-
tively from enhanced attractiveness of larger or aggregated 
broods (reviewed by  Greenfield, 1994 ). 

 In this observational study, we quantified some life-history 
parameters for male and female  R. tristis  in the field in order to 
investigate costs and benefits of egg conspicuousness. Controlling 
for the effects of population density and conspicuousness due to 
brood size, the present study examined (1) whether caring males 
in conspicuous locations attracted more females, and hence 
more eggs; (2) whether conspicuous broods incurred increased 
predation, cannibalism, or egg parasitism; and finally (3) 
whether the balance of measured costs and benefits for males 
and females resulted in opposing selection pressures on the two 
sexes over egg placement.  

  Methods 

  Rhinocoris  spp. are Harpactorine assassin bugs (Heteroptera: 
Reduviidae), generalist predators of arthropods ( Ambrose, 
1999 ), which typically lay and then abandon discrete egg 
clutches. However, in  R. tristis  as well as two other species, males 
engage in prolonged post-copulatory mate guarding, during 
which the male ‘rides’ on the female’s back, and, once the female 
has oviposited, the male cares for the eggs until hatching. 
He will also mate with additional females and accept their egg 
clutches, which prolongs the duration of guarding until all have 
hatched ( Thomas & Manica, 2003 ). After hatching, the male 
wanders until he finds another female. Hence all males are alter-
nately ‘caring’ or ‘non-caring’ depending on whether or not they 
are currently guarding eggs. It is the female who initiates a 

brood, by mating with a ‘non-caring’ male; she has an apparent 
free choice of where to lay her eggs. Subsequent females can 
then also mate with this male (now ‘caring’), and then add their 
clutches to his existing brood. In Uganda,  R. tristis  inhabit low-
lying vegetation, especially the legume  Stylosanthes.  

 Egg mortality is primarily caused by scelionid parasitoids 
( Cobben, 1968; Thomas, 1994 ), which are tiny (<2.5   mm) wasps 
that are obligate endoparasitoids of insect eggs, and also from 
filial cannibalism by the guarding male ( Thomas & Manica, 
2003 ). Female scelionids search for host eggs using olfactory 
cues from the eggs themselves or the substrate plant, and vary 
from extremely generalist (multiple host orders) to highly host-
specialised ( Austin  et al. , 2005 ). In this case, the parasitoid’s 
degree of preference for  R. tristis  as a host is not known. Once 
found, they follow a stereotyped pattern of oviposition, drilling 
the ovipositor into the egg at the junction of the operculum 
and the chorion (J. Gilbert, pers. obs.). In the case of  R. tristis , 
the parasitoid attacks mostly peripheral eggs in a brood, which 
are also those most likely to be cannibalised, although males can-
not distinguish between viable and parasitised eggs ( Thomas & 
Manica, 2003 ). A smaller number of broods disappeared en-
tirely, presumably predated. Crickets and ants were seen feed-
ing on remnants of these eggs. 

 Field studies were conducted at NAARI (Namulonge Agriculture 
and Agronomy Research Institute) near Gayaza, 40   km north of 
Kampala, Uganda, with permission of NARO (National Agriculture 
Research Organisation) and UNCST (Uganda National Council 
of Science and Technology). Data were collected between 
October 2003 and June 2005. 

 Eight field plots of 100 m 2 , measuring 10    ×    10   m or 20    ×    5   m 
according to spatial constraints, were monitored for up to 
16   weeks, consisting of intensive daily searches for 3   h. 
Monitoring was continued for 6   days (the ‘observation period’) 
at two sites before shifting to two others, in a rotating pattern. 
Each bug was marked on its thorax and cleithrum (leathery part 
of wing) using acrylic paint (Golden Artist Colors ® , New 
Berlin, New York) and applied with cocktail sticks. Non-caring 
bugs, which are highly mobile, were captured and released 
immediately after marking at the site of capture. Caring males, 
which move little, tended to abandon their brood following 
capture, so were very carefully marked while stationary, with-
out capturing, to reduce the risk of abandonment. Eggs laid 
and hatched in each egg brood were counted, and, following 
 Thomas (1994)  and  Thomas & Manica (2003) , the brood was 
lightly brushed with very dilute blue ink to identify subse-
quently added clutches. Egg clutches thus marked had normal 
hatching and parasitism (J. Gilbert, pers. obs.). Adult popula-
tion density was assessed as the mean number of adults seen in 
30   min on each site, calculated as the mean number per obser-
vation period for the whole study ( n    =   12 – 36 observation peri-
ods, depending on site), divided by six to standardise for 
30   min observation. 

 Following hatching, parasitised and cannibalised eggs were 
counted using a microscope (Heerbrugg ®  Wild M3B, Switzerland) 
at 6 ×  magnification. These are distinguished from hatched eggs 
since they have intact caps and either a hole in the chorion through 
which the parasitoid emerged, or, if cannibalised, are empty of 
all contents ( Thomas & Manica, 2003 ). 
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 For each brood found in the field ( n    =   194), the location (un-
der leaf or on stem) was recorded. Brood sizes were recorded as 
the maximum number of eggs in broods that were observed 
hatching or found hatched ( n    =   172). Broods that disappeared 
were assumed to have been predated (see above). 

 The study investigated factors affecting the size of whole 
broods, and of individual egg clutches added to broods. For sin-
gle clutches, the numbers of new eggs appearing between daily 
observations was recorded. When analysing the sizes of indi-
vidual clutches added to broods, cases where a brood increased 
in size overnight by more than one clutch were excluded (i.e. 
more than 10% over the largest clutch we ever saw in the labora-
tory), since the sizes of the two clutches were unknown. Clutch 
sizes were included in the analysis regardless of whether the 
whole brood was eventually predated ( n    =   50   broods). Both 
brood and clutch sizes were analysed using linear models with 
‘brood location (leaf/stem)’ and ‘population density’ as predic-
tor variables. In the clutch size analysis, ‘cumulative brood size’ 
was also included as a predictor. 

 The number of females mating with a male was assessed by 
the number of clutches added to a brood, an acceptable measure, 
since females invariably lay after mating with caring males 
( Thomas & Manica, 2005 ) and rarely return after laying 
( Thomas, 1994 ; J. Gilbert, pers. obs.). When analysing the num-
bers of clutches added to each brood, any initial mass of eggs 
found already laid in a brood were excluded, since the number 
of clutches was unknown. Only the number of clutches that 
were subsequently added were included ( n    =   158, including 
broods with no further clutches added). The number of clutches 
added to a brood was analysed using a generalised linear model 
(GLM) with a Poisson error structure, and predictor variables 
‘brood location (leaf/stem)’, ‘population density’ and ‘size of 
initial egg mass’. 

 Owing to sampling constraints, we counted the proportion of 
parasitised and cannibalised eggs in a smaller subset of broods 
( n    =   39). The distribution of parasitised eggs was bimodal, with 
one peak at zero (broods that were not discovered by parasites) 
and another at around 15% (the mean proportion of parasitised 
eggs for broods that were discovered). The probability of ‘dis-
covery by parasites’ was analysed with a GLM with binomial 
error structure, with broods scored as 0 if no eggs were parasit-
ised and 1 if any parasitism occurred. The ‘rate of parasitism’ 
once a brood was discovered, was analysed with a linear model 
following arcsine-square root transformation of the proportion 
of parasitised eggs in discovered broods, weighted according to 
brood size (a binomial error structure for this response variable 
showed a bad fit due to lack of zero values). The proportion of 
eggs cannibalised out of the total brood was analysed using a 
GLM with a quasi-binomial error structure, since a binomial 
model was overdispersed. All models had predictor variables 
‘brood location (leaf/stem)’ and ‘adult population density’; the 
binomial GLMs additionally included ‘brood size’ as a predic-
tor variable. 

 To produce estimates of viable eggs for leaves and stems be-
fore cannibalism and incorporating the risk of predation and 
parasitism, a Monte Carlo simulation with parameter estimates 
from the models constructed above was used (shown in    Table   1 ), 
to generate 100   000 leaf – stem pairs of estimates of viable egg 

numbers (population densities and brood sizes were simulated 
from observed means and variances). Assuming that only the 
measured factors are acting, if a brood of size  b  has probability 
 d  of disappearing due to predation (assuming also that predators 
that eat a whole brood will treat parasitised and unparasitised 
broods similarly), and probability  p  of being discovered by par-
asitoids, but once discovered, a mean proportion  r  of the eggs 
are parasitised, the mean viable eggs  v  can be calculated as 
follows: 

        v   =    (  1   –   probability of predation   [  i.e. brood disappearance  ]  )
   ×   [  (  1   –   probability of parasitism  )   ×   (  eggs if not parasitized  )   
+   probability of parasitism   ×   (  eggs if parasitized  )  ] 
 =  (  1   –   d  )  [  b  (  1   –   p  )   +   p  (  b  (  1   –   r  )  )  ]      

 If males then cannibalise a mean proportion  c  of eggs, then 
the mean number of eggs hatching in each brood after cannibal-
ism is therefore (1 –  c ) v . For females, the mean mortality for eggs is 
1  –  (expected viable eggs/total brood size), or 1 – [(1  –   c ) v / b ]. 
We tested for a systematic difference between each pair of 
estimates before and after cannibalism using a binomial test. 

 All data were analysed using R 2.4.0 ( R Development Core 
Team, 2005 ).  

  Results 

  Rhinocoris tristis  broods were found over twice as often on 
stems (136 broods) as they were on leaves (58 broods;  �  2    =   31.36, 
d.f.   =   1,  P    <   0.001). On stems, whole  R. tristis  broods were 
larger than they were under leaves (   Fig.   1; Table 1 , part a). 
Furthermore, individual clutches were bigger than on leaves 
(leaves, 20.3    ±    2.2   eggs; stems, 26.0    ±    2.5   eggs;  Table   1 , part b) 
and significantly more clutches were added (leaves, 0.41    ±    0.21 
clutches; stems, 0.86    ±    0.33 clutches). Number of clutches added 
also decreased with population density ( Table   1 , part c). No other 
predictor variables had significant effects ( Table   1 , parts a – c). 

 Whether a brood was likely to be discovered by parasites did 
not differ significantly between leaves and stems. However, the 
probability of discovery increased with brood size ( Table   1 , 
part d). Once a brood was discovered, neither brood size nor 
population density affected the rate of parasitism, but brood 
location had a clear effect: stem broods were three times 
more parasitised than leaf broods (leaves, 6.6    ±    2.9%; stems, 
18.3    ±    5.8%;  Table   1 , part e). 

 The proportion of eggs cannibalised was higher on stems than 
leaves at small brood sizes, but this effect decreased with larger 
broods (   Fig.   2 ). Cannibalism also showed a weak negative asso-
ciation with population density ( Table   1 , part f). 

 Leaves and stems did not differ significantly in the number of 
 R. tristis  broods of known fate that were predated: 9 out of 26 
(leaves) versus 13 out of 54 (stems;  �  2    =   0.23, d.f.   =   1,  P    =   0.630). 

 Before cannibalism, estimated viable eggs accruing to males 
caring for stem broods were a mean ( ±  standard deviation) of 
10.9    ±    4.76 eggs (1.27 – 22.17, 95% CI) higher than for those caring 
for leaf broods, and the null hypothesis that the two were equal was 
rejected. After cannibalism, viable eggs on stems did not differ 
from those from leaf broods (mean    ±    SD 1.68    ±    11.9   eggs;  – 21.3 –
 22.4, 95% CI). For females, expected egg mortality on stems was 
a mean of 0.19    ±    0.09 [0.01 – 0.41, 95% CI] higher than on leaves.  
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  Discussion 

 Male  R. tristis  gained more females, larger total broods, and 
larger individual clutches, as a result of caring for eggs on ex-
posed stems rather than under leaves, even accounting for preda-
tion and parasitism. Female preference for caring males may 
mediate this increase in male fitness in conspicuous places, al-
though experimental tests are required to confidently support this 
assertion. Males cannibalised the eggs that they gained by being 
on a stem, cancelling out the net benefit. Increasing body condi-
tion through cannibalism, despite sacrificing some existing eggs, 

may enable males to guard more broods in future ( Manica, 2002 ). 
Further more, the proportion cannibalised decreased with brood 
size, on stems suggesting that beyond a certain brood size, males 
on stems may be able to cannibalise eggs until sated. 

 Even before cannibalism, parasitism on stems was much 
higher than on leaves. Parasitism was likely to have been gener-
ally underestimated, since some eggs may have been parasitised 
and then subsequently cannibalised ( Thomas & Manica, 2003 ). 
Higher parasitism on stems was not due to conspicuousness, since 
brood location did not affect the probability of discovery [a finding 
in line with evidence that scelionids search for eggs using olfactory 

     Table   1.     Tables of statistics for the models used in this study. (a) Factors affecting brood sizes in  Rhinocoris tristis  (linear model); (b) factors affecting 
individual clutch sizes (linear model); (c) factors affecting numbers of clutches added (GLM with Poisson error structure); (d) factors affecting proba-
bility of parasitism (GLM with binomial error structure); (e) factors affecting rate of parasitism, once parasitised (linear model, arcsine transformed, 
weighted by brood size); (f) factors affecting proportion of eggs cannibalised (GLM with quasi-binomial error structure). ‘Coeffi cient’ denotes regression 
coeffi cients for models, not back-transformed. Statistics for non-signifi cant terms show the marginal effect of each term on the minimal model. Non-sig-
nifi cant interactions are not shown.     

  (a) Brood size Coeffi cient SE d.f. ( � /resid.)  F  value  P  value    

Intercept (leaf) 89.000 8.414   
 Location (stem)  20.203  9.950  1/170  3.908  0.044   
Population density  – 4.689 4.083 1/169 1.319 0.252  

  (b) Clutch size Coeffi cient SE d.f. ( � /resid.)  F  value  P  value    

Intercept (leaf) 20.300 2.174   
 Location (Stem)  5.718  2.533  1/74  5.096  0.027   
Clutch order in brood  – 0.599 1.856 1/73 0.104 0.747  
Brood size (cumulative)  – 0.014 0.026 1/73 0.366 0.547  
Population density  – 0.447 0.996 1/73 0.195 0.660  

  (c) Clutches added Coeffi cient SE d.f. ( � )  �  2  value  P  value    

Intercept (leaf)  – 0.890 0.484   
 Location (stem)  0.716  0.383  1  4.115  0.042   
 Population density   – 0.300  0.139  1  4.906  0.027   
Initial brood size  – 0.001 0.002 1 0.006 0.940  

  (d) Probability of discovery Coeffi cient SE d.f. ( � )  �  2  value  P  value    

Intercept (leaf)  – 1.626 0.809   
 Brood size  0.017  0.007  1  7.593  0.006   
Population density  – 0.482 0.371 1 1.780 0.182  
Location (stem)  – 0.028 0.829 1 0.001 0.972  

  (e) Rate of parasitism 
 (weighted by brood size) Coeffi cient SE d.f. ( � /resid.)  F  value  P  value    

Intercept (leaf) 0.258 0.053   
 Location (stem)  0.171  0.069  1/17  6.247  0.023   
Population density 0.008 0.031 1/16 0.075 0.788  

  (f) Proportion cannibalised Coeffi cient SE d.f. ( � )  �  2  value  P  value    

Intercept (leaf)  – 2.580 0.969   
Population density  – 0.318 0.175 1 3.449 0.063 (NS)  
Location (stem) 2.285 1.058  –  –   
Brood size 0.009 0.005  –  –   
 Brood size    ́     location (stem)   – 0.019  0.007  1  8.737  0.003   
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rather than visual cues ( Austin  et al. , 2005 )]. Rather, stem 
broods suffered higher parasitism once discovered. The higher 
mating success of males on stems suggests that increased para-
sitism might be the result of males being incapacitated during 
mating (e.g.  Katvala & Kaitala, 2003 ), which lasts approximately 
6   min in  R. tristis  ( Thomas & Manica, 2005 ). Alternatively, fe-
males might lay eggs with a thinner shell on stems, but it is un-
clear why this should be the case. 

 In contrast to males, from our calculations, females should 
prefer laying eggs under leaves, since they are not interested in 
eggs laid by other females. Thus, the higher mortality from 
parasitism and cannibalism on stems was not offset by an in-
creased number of offspring. Given higher parasitism and can-
nibalism costs to their eggs, it is perhaps surprising that females 
initiated broods more often on stems. Mean egg viability may 
not accurately represent fitness for  R. tristis , or may trade off 
against other life-history components. Females may favour 
stems for reasons related to future offspring fitness post-hatching 
(e.g. sunlight, microclimate, or availability of suitably tiny prey), 
or for reasons related to the female’s future reproduction 
(e.g. decrease in search time). 

 If egg viability does reflect female fitness, male and female 
may be in conflict over the location of the clutch. Sexual conflict 
is well documented in mating decisions ( Parker, 1979; Holland & 
Rice, 1999; Chapman  et al. , 2003; Maklakov  et al. , 2005 ), and 
contributions to parental care ( Wright & Cuthill, 1989; Smiseth 
& Moore, 2004; Houston  et al. , 2005 ), but, to our knowledge, 
no studies address potential conflicts of interest over offspring lo-
cation in male-caring species. In order to test such a conflict, it 
would first be necessary to establish experimentally who is in 
control of where the first clutch in a brood is laid. After mating 
with a non-caring male, an  R. tristis  female is apparently free 

to wander and oviposit where she chooses, while the male 
guards her by riding on her back. However, without manipu-
lative studies, we cannot yet rule out coercion by the male, 
before oviposition during mate guarding, as in some fish ( Smith 
 et al. , 2002 ), or after oviposition by selectively abandoning 
leaf broods. 

 In addition to initiating more broods on stems, females also 
laid bigger clutches on stems even when adding to existing 
broods, which argues against sexual conflict as an explanation 
for the findings of the present study. Since caring males are 
stationary and have no obvious courtship or coercive behaviour, 
it appears again to be the female’s decision where she will lay 
her eggs. Males of some species may confer sufficient indirect 
genetic benefits to females that outweigh direct costs of breeding 
with them ( Cordero & Eberhard, 2003; Head  et al. , 2005 ). This 
is, to our knowledge, undocumented in exclusive paternal care 
systems. Alternatively, since clutch sizes varied widely (8 – 44), 
high mortality costs may prevent poorer quality females from 
laying eggs on stems. 

 As well as being added more frequently on stems, numbers 
of clutches added to broods showed a decrease with population 
density. Female encounter rate may be subject to a dilution 
effect ( Hamilton, 1971; Gross, 1993 ). This is potentially sur-
prising, as density is expected to be a strong stabilising factor 
in male care for  R. tristis  ( Manica & Johnstone, 2004 ). 
However, the effect was weak, since density did not affect total 
brood sizes accrued by males. Density dependence in the rate 
of encountering females, but not parasitoids, may be down to 
differences in their types of search cue (visual vs olfactory, 
respectively). In addition, cannibalism showed a weakly 
negative trend with density. Higher assassin bug density may 
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reflect higher prey density. If males encounter more prey while 
stationary, they may have to cannibalise fewer eggs to maintain 
body condition. 

 Interestingly, the male-caring  R. albopilosus  was also found 
at NAARI, but mostly under leaves and hardly ever on stems. 
Broods suffered up to 45% parasitism, much higher than  R. tris-
tis . High parasitism may force  R. albopilosus  females to lay on 
leaves. Intense predation can sometimes cancel out the benefits 
of male conspicuousness to females ( Zuk & Kolluru, 1998; 
Zuk  et al. , 2006 ). 

 Male  R. tristis  received more matings and more eggs when 
guarding broods in conspicuous rather than inconspicuous 
locations. Males cannibalised the additional eggs they accrued 
from being on a stem, which may allow them to invest more 
in future offspring. However, from a female perspective, eggs 
on stems suffered more parasitism and cannibalism than those 
on leaves. Despite these costs, females initiated and added to 
more broods on stems than on leaves. Although this behaviour 
seems counter-intuitive, variation in viable eggs may not re-
flect variation in fitness, so these results should be interpreted 
with caution. More work is required to elucidate the lifetime 
fitness consequences of oviposition decisions. In order to test 
whether males and females are in conflict over brood loca-
tion, the key is now to investigate who controls brood 
initiation in  R. tristis , and whether males located on stems 
subsequently confer indirect benefits to females that add to 
their brood, and whether female quality affects oviposition 
preference. The effects of increased brood conspicuousness 
on predation and parasitism, the effectiveness of male care, 
and the tendency towards filial cannibalism, all have impor-
tant implications for any system in which females prefer caring 
males, such as many male-caring fish (Forsgren  et al. , 1996; 
Lindstr ø m  et al. , 2006; Manica, 2004;  Ö stlund & Ahnesj ö , 
2005), arthropods such as centipedes (S.-I. Kudo, pers. comm.) 
and  Zygopachylus  harvestmen ( Mora, 1990 ).   
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