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Quantifying the benefits and costs of parental care
in assassin bugs
J A M E S D . J . G I L B E R T ,! L I S A K . T H O M A S! and A N D R E A
M A N I C A Department of Zoology, University of Cambridge, Cambridge, U.K.

Abstract. 1. Which sex should care for offspring depends on the cost and benefits
of the behaviour for each sex. Understanding these differences between the sexes
is a fundamental step to explain the evolution of animal societies, but it is often
difficult to quantify them empirically. A possible approach is to investigate two closely
related species that perform a very similar type of care but in which the caring sex
differs.

2. Using field and laboratory data, we estimated the benefits and costs of parental
care in two species of assassin bugs with very similar ecologies: Rhinocoris tristis,
which has exclusive paternal care, and Rhinocoris carmelita, which has exclusive
maternal care.

3. In both species, the main benefit of care was a reduction in parasitism and
predation of eggs. Guarding R. tristis males consumed eggs (filial cannibalism), and
thus managed not to lose weight, but R. carmelita females paid the full energetic cost
of care. Guarding male R. tristis incurred survival costs relative to non-guarding male
and female conspecifics.

4. Very high population density and female preference for males already guarding
eggs (a preference previously recorded in fish) minimised the promiscuity cost of
paternal care in R. tristis, explaining the difference in care pattern between the two
species.
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Introduction

Parental care may be defined as any form of parental behaviour
that increases the fitness of offspring (Clutton-Brock, 1991).
Which sex should care for the brood is a fundamental ques-
tion associated with parental care. Game theory predicts that
the evolutionarily stable strategy depends on the cost-to-
benefit ratio of care (Maynard Smith, 1977). However, it
is rare for empirical studies to be able to assess all the
costs and benefits associated with parental care for each sex
(Clutton-Brock, 1991). One approach has been to investigate
species that have a flexible behaviour (e.g. Balshine-Earn &
Earn, 1998), but these species are rare and not always rep-
resentative of selection pressures driving parental care evo-
lution in species with fixed strategies (Clutton-Brock, 1991).
An alternative approach is to find two sympatric congeneric
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species that perform a very similar type of care but in which
the caring sex differs. Assassin bugs in the genus Rhinocoris
are a potential target for such an investigation, as this genus
includes both species with uniparental male care and species
with uniparental female care. Manica and Johnstone (2004)
parameterised a theoretical model and correctly predicted
which sex should care by using laboratory and field estimates
of the costs and benefits of parental care for two sympatric
species of Rhinocoris, the paternal-caring R. tristis (Stål) and
the maternal-caring R. carmelita Stål. In this paper, we pro-
vide a detailed overview of the costs and benefits of care in
these two species.

Parental care in insects is relatively rare and is believed to
have evolved as a response to extreme environments, when
benefits to offspring fitness are high. For example, Bledius
spectabilis, which occupies the inter-tidal zone, may protect
offspring against flooding (Wyatt & Foster, 1989). Egg care
is the most common form of parental care, having arisen in
20 orders of arthropods, and females are usually the caring
sex (Zeh & Smith, 1985; Costa, 2006). This contrasts with
fish, another taxon that lays a large number of relatively small
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eggs compared to adult body size, where paternal care is
prevalent (Clutton-Brock, 1991). The prevalence of female care
in insects is probably linked to the scarcity of external fertili-
sation, leading to the separation of sexes before oviposition
(Clutton-Brock, 1991). However, paternal care has evolved
in a few insect groups (Tallamy, 2001), such as giant water
bugs and assassin bugs. An understanding of the costs and
benefits of care in these species is fundamental in under-
standing the evolution of male parental care (Clutton-Brock,
1991). Parental care in assassin bugs has been suggested
to decrease access to the eggs by parasitic wasps (Ballard
& Holdaway, 1926; Odhiambo, 1959), but this observation
has never been tested quantitatively. Moreover, there has
been no quantification of costs paid by parental individu-
als, either in maternal or paternal-caring species of assassin
bugs.

There are three principal costs of parental care (Gross &
Sargent, 1985; Clutton-Brock, 1991). First, parents may incur
energetic costs as a result of decreased feeding opportunities
during care or as a result of direct calorific expense during
care, which may reduce future fertility (e.g. Clutton-Brock
et al., 1989; Crowl & Alexander, 1989). Second, care may
decrease parent survival (‘survival costs’), perhaps through the
increased visibility of caring adults to predators (e.g. Lack,
1966; Shine, 1980). Third, providing care may reduce mat-
ing opportunities (‘promiscuity costs’, Manica & Johnstone,
2004; see Stiver & Alonzo, 2009). This is likely to be the
case among males in particular, whose reproductive success
is typically limited by access to females. However, among
ectotherms, including many fish species, a large number of
young can be simultaneously guarded (‘overlapping broods’,
sensu Manica and Johnstone, 2004). Under these circum-
stances, providing paternal care and acquiring mates may no
longer be mutually exclusive activities, and the mating oppor-
tunity costs of care to males may therefore be reduced (Gross
& Sargent, 1985; Manica & Johnstone, 2004). In sticklebacks
(e.g. Ridley & Rechten, 1981; Goldschmidt et al., 1993) and
harvestmen (Nazareth & Machado, 2010), females might even
prefer guarding males, which may lead to promiscuity benefits
for male carers (Tallamy, 2000).

Rhinocoris tristis and R. carmelita (Reduviidae: Harpactori-
nae) are raptorial, polyphagous predatory assassin bugs found
in sub-Saharan Africa. Occurrence of male-caring Rhinocoris,
including R. tristis, is locally loosely associated with patches
of the leguminous crop Stylosanthes where the bugs occur
at reportedly high density (Odhiambo, 1959; Nyiira, 1970;
Thomas, 1994). In R. tristis, males guard eggs and are simulta-
neously polygynous (Manica & Johnstone, 2004), mating and
receiving batches from multiple females. Rhinocoris carmelita,
on the other hand, displays female care, and males are never
associated with the eggs. In both species, egg mortality is
mostly due to parasitic wasps and insect predators (Edwards,
1962; Gilbert & Manica, 2009). Additional eggs fail to hatch
in R. tristis as a result of filial cannibalism by guarding males
(Thomas & Manica, 2005; Gilbert & Manica, 2009). In this
paper, we compare the costs and benefits of care in these two
species to investigate what determines which sex looks after
the offspring.

Materials and methods

Field studies

Detailed field observations on R. tristis were carried out
at three sites in Uganda: (i) Kawanda Research Station
and (ii) Kabanyolo Agricultural Station, between February
and September 1992, and (iii) Namulonge Agriculture and
Agronomy Research Institute (NAARI), Gayaza, between
October 2003 and June 2005. The site at Kawanda consisted
of a 30 " 15 m plot of Stylosanthes that was used for
manipulations, whereas an unmanipulated population was
monitored on a 10 " 2 m plot at Kabanyolo. Detailed
observations on R. carmelita were carried out at the Cocoa
Research Institute at Tafo in Ghana between July and October
1993, and at NAARI between October 2003 and June 2005.
Bugs were collected from mixed vegetation around the station
and broods were monitored from two separate sites. At
Kawanda and at Tafo, bugs were monitored daily between
09.00 and 17.00 hours in order to determine brood sizes
and the effects of guarding upon hatching success. Adults
were marked with a unique Tippex" colour combination
along the dorsal abdomen. The behaviour (feeding, mating,
ovipositing, guarding) of all individuals was recorded. For
guarding individuals, the initial sizes of broods were also
recorded by individually mapping eggs onto paper. Broods
were subsequently monitored twice a day, at 09.00 and
17.00 hours. On each occasion, the presence of a guarding
adult and the position of hatched and unhatched eggs was
recorded. Brood takeovers (only seen in R. tristis) were
recorded when an incoming male took over an existing
brood and maintained ownership of the eggs until hatching.
Monitoring was continued until all eggs had hatched or been
destroyed by predators. After hatching was complete, the
egg shells were collected for dissection under a microscope.
Each egg was recorded on the map as successfully hatched
(with a detached operculum), parasitised (with an intact
operculum and either containing a parasitic wasp or with
a wasp exit hole towards the egg base), cannibalised (egg
empty with no visible damage), or lost through predation.
Prior to parametric analysis, all estimates of hatching success
and other proportions were normalised by applying an arcsine
transformation. Unless stated otherwise, all analyses were
performed in R 2.10.0 (R Development Core Team, 2009)
using standard statistical tests.

To obtain estimates of survival costs of care and pop-
ulation density for the two species, 13 sites of 100 m2

(10 " 10 m or 20 " 5 m according to space constraints) were
monitored at NAARI for between 4 and 16 weeks under a
mark–release–recapture protocol. The vegetation at any one
site varied from Stylosanthes in near-monoculture (six sites) to
mixed grasses and shrubs (seven sites). Locations were chosen
based on initial searches for assassin bugs around the station.
Sites were monitored on alternate weeks, with one ‘observa-
tion period’ consisting of six consecutive days in which the site
was intensively searched for 3 h, alternating between morning
(09.00–12.00 hours) and afternoon (14.00–17.00 hours). A
single site would therefore be searched on a ‘6 days on/8 days
off’ schedule. For survival estimation, the capture–recapture
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data obtained during the 6 days of sampling were grouped to
generate a single sampling occasion, and survival parameters
were estimated in the interval from one sampling occasion
to the next one, 8 days later. For density estimation, popula-
tion sizes were estimated at each site across the 6-day period,
under the assumption that the population was closed during
that period, and only alternate 6-day periods were used to
ensure adequate population mixing between density estimates.
During searching, any non-guarding R. tristis or R. carmelita
encountered were captured and marked on the thorax and clei-
thrum (leathery upper part of the Heteropteran wing) using
Humbrol# enamel paint applied using a cocktail stick. After
marking, the insect was released at ground level, below veg-
etation, to prevent flying away. Released like this, individuals
typically escaped by walking a short distance under surround-
ing vegetation (J. D. J. Gilbert, pers. obs.). Guarding individ-
uals required a different approach as they tended to abandon
eggs if handled. We therefore held a mock parasitoid (a pin
head mounted in a dissecting probe as a handle) near the
insect, allowing the assassin bug to attack and grasp the mock
enemy. While thus distracted, we marked its thorax very care-
fully using a cocktail stick. Marked like this, only a negligible
number of individuals subsequently abandoned eggs.

Laboratory studies

Laboratory manipulations were carried out in Kawanda and
Tafo at the same time as fieldwork. Adults were collected
in the field and kept in cylindrical breeding cages (diameter
13.3 cm, height 23.5 cm; Watkins and Doncaster: Economy
Range Breeding Cage) under natural light and temperature
conditions. Additionally, R. tristis were repeatedly imported to
Cambridge, England between October 1992 and March 1994,
where they were kept in a constant room temperature at 28 #C
with a LD 12:12 h regime. Bugs were fed daily on Drosophila.
Two uniform wooden canes (as used to straighten plants) were
placed in each cage and the bugs readily accepted them to lay
eggs on.

Benefits of care

Function of care. Brood defence was the only form of
care observed in the field during this study. To confirm this
observation, the hatching success of guarded and unguarded
broods was compared in the laboratory, where parasitoids were
absent. Male and female R. tristis adults were paired in cages in
the laboratory in Cambridge until oviposition took place. Ten
males were allowed to guard their broods, whereas eight were
removed after oviposition. Hatching success was scored by
inspecting the brood daily until eclosion was completed. This
procedure was repeated with R. carmelita in the laboratory in
Ghana.

Guarding parents were removed from seven R. tristis and
three R. carmelita broods. Ten guarded R. tristis and 12
guarded R. carmelita broods were left as controls. Furthermore,
R. tristis (n = 12) and R. carmelita broods (n = 4) that had
been naturally abandoned by the parent were monitored as

‘natural removals’. All broods were monitored twice daily,
at 9.00 and 17.00 hours, until all the eggs had hatched or
disappeared. Sample sizes were small for R. carmelita due
to the difficulty of locating broods in the field, and hatching
success data for artificial and natural removals were combined.

Since permanent removal of the adults led to very high
levels of predation independent of the level of parasitism
in the field, males of R. tristis were removed from their
brood for a short period of time to test the effectiveness of
parents at deterring parasites. Fourteen males were removed
for 24 h, after which the broods were collected and hatched
in the laboratory. Seventeen guarding males were left in place
during the removal experiment, and their broods were collected
simultaneously with the non-guarded broods to act as controls.

Effect of amount of care on hatching success. The number
of days of care, number of days to hatch and hatching suc-
cess were recorded for both species in the field. Broods took
a highly variable number of days to hatch depending on the
degree of synchrony in oviposition. The effect of proportional
care was also investigated. Proportional care is defined as the
total number of days of care given by the adult divided by
the number of days from when the first batch of eggs was
laid until the last batch hatched, i.e. the total brood incuba-
tion period. We fitted regression models to data on hatching
success, using ‘species’, ‘brood size’, and ‘proportional care’,
plus their interactions, as predictor variables. Both hatching
success and proportional care were arcsine square-root trans-
formed before analysis, as is appropriate for proportion data.
We used the AICc criterion to select between models. Finally,
to identify sources of egg mortality, we recorded the proportion
of eggs lost through parasitism, predation and cannibalism for
R. tristis broods in Uganda (n = 179) and R. carmelita broods
in Ghana (n = 23).

Energetic costs of care

Weight loss while guarding. Rhinocoris tristis males had
been previously shown not to lose weight while guarding
(Thomas & Manica, 2003). Six females of R. carmelita were
weighed daily while defending their brood in Tafo. The female
was removed from the brood at 09.00 hours and placed on an
Ohaus electronic balance. Two weight recordings were taken
for each female (each to the nearest 0.0002 g), after which
the female was immediately returned to the brood. Females
were checked 30 min after weighing to ensure that they had
not abandoned the brood as a consequence of being weighed.
Since females sometimes added a few eggs to previously laid
batches, which would obviously affect their weight, recordings
were only included for females that had completed oviposition.

Effect of weight on female fecundity in Rhinocoris carmelita.
Rhinocoris carmelita females that had been collected from the
field were paired with a male in a cage in Tafo until oviposition.
After a batch of eggs had been laid, females were removed
from the cage for 3 h each day over a period of 12 days. On
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each removal, females were placed in a small bottle with either
a high density (high feeding schedule) or low density (low
feeding schedule) of live Drosophila. Females were randomly
assigned to each treatment at the beginning of the experiment.
After 3 h, each female was returned to its cage and reunited
with the male, which had been fed in the intervening period.
The number of prey taken by each female (measured as the
number of dead Drosophila on the bottom of each bottle) and
the number of eggs laid by each female was recorded each day.

Survival costs of care

Data from mark–release–recapture studies on R. tristis and
R. carmelita were analysed using Program MARK (White &
Burnham, 1999) using the R package RMark (Laake & Rexs-
tad, 2008), which allows estimation of survival (!) while
accounting for variation in recapture probability (p). We
used a Cormack–Jolly–Seber model (‘CJS’ model in Pro-
gram MARK; Cormack, 1964), which allows ! and p to
vary – in this case between guarding and non-guarding indi-
viduals, between sexes, between species, and over time. More
complicated model assumptions such as multistate models,
which allow individuals to change between guarding and non-
guarding states (see e.g. Munguia-Steyer & Macias-Ordonez,
2007), were inappropriate owing to the small number of indi-
viduals switching between states during the observation period
(44 out of 858 males for R. tristis, of which only 19 were
resighted more than once in both conditions; no females for
R. carmelita).

We analysed data for R. tristis and R. carmelita separately.
We classified the ‘state’ of individual R. tristis at the time of
capture as ‘female’, ‘guarding male’, or ‘non-guarding male’,
and of individual R. carmelita as ‘guarding female’, ‘non-
guarding female’, or ‘male’, thus forming a three-level factor
‘STATE’.

To find the best model of ! and p on the basis of STATE
over the study period, we fitted multiple models to the data and
used an AICc criterion to choose the best model (Anderson &
Burnham, 1999). We first assessed the fit of the saturated model
[! (STATE + TIME)p(STATE + TIME)] using a median ĉ

approach (Lebreton et al., 1992) implemented in Program
MARK, and adjusted the dispersion parameter for subsequent
models accordingly, and using a quasi-AICc (“QAICc”) crite-
rion where this adjustment was performed. We first fitted a full
model [! (STATE + TIME)p(STATE + TIME)], then fitted [!
(STATE)p(STATE + TIME)] and [! (.)p(STATE + TIME)].

To test for differences in survival between guarding and
non-guarding individuals, we also incorporated models using
the two-level factor STATEFM, which simply classified individ-
uals based on sex, irrespective of guarding status. Similarly,
to test whether male and female survival differed, we incor-
porated models using the two-level factor STATEGNG, simply
classifying individuals based on guarding status irrespective of
sex. Hence, we also fitted [! (STATEFM + TIME)p(STATE
+TIME)], [! (STATEFM)p(STATE + TIME)], [! (.)p(STATE
+ TIME)], and [! (STATEGNG + TIME)p(STATE + TIME)],
[! (STATEGNG)p(STATE + TIME)], and [! (.)p(STATE +
TIME)].

Recapture probability may also vary between individuals.
Hence, we also fitted all the above models again, but con-
straining p for males and females to be equal, i.e. specifying
p(STATEGNG + TIME) rather than p(STATE + TIME). How-
ever, we always assumed that p was different among guard-
ing states (i.e. we rejected a priori all models incorporating
[p(STATEFM)] and [p(.)]), since guarding individuals remain
static for long periods of time and were very easily relocated
relative to non-guarding individuals. In addition, since obser-
vation sessions differed greatly in the numbers of bugs encoun-
tered generally, in all models we allowed p to vary discretely
with time (i.e. certain weeks having higher p than others).

Promiscuity costs of care

Density and sex ratio of natural populations. To estimate
the likelihood of encountering mates in a natural population,
population density and local sex ratio were estimated for both
species. A first estimate was obtained for the sites at Kawanda,
Kabanyolo and Tafo, by counting and sexing all R. tristis and
R. carmelita adults encountered in 20 m2, with five replicate
counts per species.

A more extensive set of density estimates was obtained over
2 years at NAARI, where the two species coexisted. To do
this, we again used mark–release–recapture data, this time
using closed population models to estimate population size for
each species on each site, and restricting analyses to those
sites where each species had been seen at least once dur-
ing the study. To ensure that we could reliably assume that
the population was closed during the sampling period, the
mark–release–recapture data described above were recast into
blocks of six sampling sessions, one session per day, and we
estimated population density over each 6-day block. To allow
for maximum population mixing between successive density
estimates, data from every alternate 6-day block were dis-
carded. Thus, each site was sampled daily for 6 days, followed
by a 22-day break (i.e. 8 day break, then 6 days where sam-
pling data were discarded, plus a further 8 day break).

First, the assumption that the population was closed was
tested for each 6-day block by fitting two open-population
CJS models: first with the survival parameter ! constrained
to equal one, then with ! unconstrained (Stanley & Burn-
ham, 1999). Populations were assumed to be closed if these
two models were statistically equivalent. Thereafter, we used
Huggins closed-population models, which fit models of cap-
ture probability p and recapture probability c. Population size
is estimated as a derived parameter from the fitted model
(Huggins, 1989). After adjusting for overdispersion using the
median ĉ method as described above, we tested between mod-
els allowing p and c to vary with time and among individuals
of different states. Population density was calculated as the
number of individuals per m2, by simply dividing the estimated
population size by the area of each site (100 m2).

Female mating preferences. We followed the design that
Ridley and Rechten (1981) used to investigate female
preference for guarding males in the three-spine stickleback.
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Rhinocoris tristis males and females were collected from the
field at Kawanda and isolated for 2 days in holding cages.
Eighty females were assigned randomly to cages containing
one stem of Stylosanthes and no food. Cages either contained
a male guarding eggs (+, n = 40) or a non-guarding male ($,
n = 40). Pairs were left together for 4.5 h after which females
were transferred to another cage, either ‘+’ or ‘$’ for a further
4.5 h. Twenty different females were used in each of the four
pair combinations (+/+, $/$, +/$, and $/+). If females
were in the process of ovipositing after 4.5 h then they were
left to complete laying before the switch was made. Males
riding females after 4.5 h were separated.

Results

Benefits of care

Purpose of care. In the laboratory, in the absence of
predators and parasites, there was no significant difference
between the hatching success of guarded and unguarded broods
in both Rhinocoris species (R. tristis, mean ± SE: 79.1%
± 4.7%, n = 10 vs. 72.1 ± 4.9%, n = 8, t-test: t16 = 1.22,
P = 0.242; R. carmelita: 97.7% ± 1.2%, n = 10, vs. 93.0 ±
2.3%, n = 8 : t12 = 1.51, P = 0.154).

Effectiveness of care

Naturally abandoned R. tristis broods were significantly less
successful than guarded broods in the field (Fig. 1, t12 = 5.28,
P < 0.001), and the same result was observed when males
were permanently removed (Fig. 1, t9 = 12.7, P < 0.001).
When R. tristis males were removed for only 1 day, hatching
success in experimental broods was also significantly lower
than in controls due to increased parasitism (14.6 ± 4.1%
vs. 2.7 ± 0.6%: t19 = 2.82, P = 0.011). While sample sizes
for R. carmelita were limited, combining data from artificial
and natural removals showed that unguarded broods were
significantly less successful than guarded controls (Fig. 1;
t13 = 2.54, P = 0.025).

Effect of amount of care on hatching success. In R. carmelita,
the majority of eggs were laid in the first batch and there-
fore the time taken for all eggs to hatch (14.1 ± 0.3 day;
n = 16) was shorter and less variable than in R. tristis
(26.9 ± 0.7 day; n = 76), in which males received several
batches asynchronously (difference in duration, t89 = 17.0;
P < 0.001; ratio of variances: F15,75 = 0.034, P < 0.001).
Consequently, female R. carmelita actually guarded eggs for
a shorter period of time (12.9 ± 0.1, n = 16) than R. tristis
males (20.7 ± 0.5, n = 76; t81 = 14.21; P < 0.001) and for a
less variable period of time than did male R. tristis (F15,75 =
0.01, P < 0.001).

In models of hatching success, the best model (i.e. with
the lowest AICc value) contained only species, proportional
care, and their interaction as predictor variables (‘sp " prc’;
Table 1). The next best supported model (‘sp + brs + prc +

0.8

0.6

0.4

P
ro

po
rt

io
n 

ha
tc

he
d

0.2

0.0

Guarded Abandoned Removed Guarded Unguarded
R. tristis R. carmelita

Fig. 1. Proportional hatching success (median ± interquartile range,
boxes; and 90% CI, whiskers) in control broods, and following
natural abandonment and experimental removal in Rhinocoris tris-
tis (Uganda), and following combined removal/abandonment in
Rhinocoris carmelita (Ghana).

sp : prc’, "AICc = 1.75) incorporated an additional but very
weak effect of brood size with large standard error (effect size
0.0001 ± SE 0.0003) which, within this model, had no signif-
icant effect on model variance when removed (F1,89 = 0.233,
P = 0.63). Brood size was therefore not a good predictor of
hatching success for either species. In the best model, hatching
success increased with proportional care for both species, but
the relationship was shallower in R. tristis than in R. carmelita.
Broods that received close to 100% care had similarly high
hatching success for both species, but among broods receiving
substantially less than 100% care, R. tristis broods had higher
hatching success than R. carmelita broods (Fig. 2). However,
there was still much unexplained variation in hatching success
for both species (model R2 = 0.24).

Table 1. AICc table of the top 10 models of hatching success in
Rhinocoris tristis.

Model k AICc "AICc Weight Deviance

sp " prc 4 $4.37 0.00 0.448 4.66
sp + brs + prc + sp : prc 5 $2.62 1.75 0.186 4.65
sp + prc 3 $1.01 3.35 0.083 4.94
sp + brs + prc + sp :

brs + sp: prc
6 $0.83 3.53 0.076 4.64

sp + brs + prc + sp :
prc + brs : prc

6 $0.64 3.72 0.069 4.65

sp + brs + prc 4 0.77 5.14 0.034 4.93
sp + brs + prc + sp:

brs + sp: prc + brs: prc
7 1.15 5.51 0.028 4.64

sp " brs " prc 8 1.52 5.89 0.023 4.56
sp + brs + prc + sp: brs 5 1.98 6.35 0.018 4.88
sp + brs + prc + brs: prc 5 2.01 6.38 0.018 4.89

k , number of parameters; sp, species; prc, proportional care; brs, brood
size.
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Fig. 2. The relationship between proportional care (days of care/brood
incubation period) and hatching success of Rhinocoris tristis and
Rhinocoris carmelita in the field. Estimated best-fit curves from the
best model are given, along with 95% confidence intervals.

Sources of mortality. Within field broods of both R. tristis
in Uganda and R. carmelita in Ghana, predation accounted
for approximately half of egg mortality. Rhinocoris carmelita
females did not cannibalise eggs at all, while cannibalism by
R. tristis guarding males was frequent. As a result, parasitism
accounted for a much greater proportion of inviable eggs in

R. carmelita than in R. tristis broods (Fig. 3). However, para-
sitism and cannibalism were conflated in R. tristis since some
parasitised eggs were probably subsequently cannibalised.

Energetic costs of care

Weight loss while guarding. While R. tristis males were
previously shown not to lose weight while caring [difference
between initial and final weight: 1.7 ± 1.0 mg; paired t9 =
0.19, P = 0.85; as reported by Thomas and Manica (2005)], R.
carmelita females showed significant weight loss during care
($4.0 ± 1.1 mg, paired t5 = 3.46, P = 0.018), representing
8.55% ± 2.52% of their initial body weight.

Effect of weight on female fecundity in Rhinocoris carmelita.
Significantly more eggs were produced by R. carmelita females
on a higher feeding schedule compared with females on a
low feeding regime (63.9 ± 6.2 vs. 36.3 ± 8.1, t11 = 2.69,
P = 0.02). In addition, the total number of eggs produced
by a female was positively associated with the number of
Drosophila eaten (linear regression, R2 = 0.38, F1,12 = 9.28,
P = 0.01).

Survival costs of care

In mark–release–recapture studies at NAARI, we captured
1550 R. tristis (191 guarding males, 667 non-guarding males
and 692 females) across all 13 sites. Rhinocoris carmelita
was much rarer (18 captured individuals) and was therefore
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Table 2. QAICc table of the top 10 models of probability of survival and recapture between sampling occasions in Rhinocoris tristis.

Model k QAICc "QAICc Weight Deviance

!(STATEGNG) p(STATEGNG + TIME) 29 1442.01 0.00 0.32 696.80
!(STATEGNG + TIME) p(STATEGNG + TIME) 53 1444.04 2.03 0.12 648.44
!(STATE) p(STATEGNG + TIME) 30 1444.08 2.07 0.12 696.80
!(STATEGNG) p(STATE + TIME) 30 1444.08 2.07 0.11 696.80
!(1) p(STATEGNG + TIME) 28 1444.94 2.92 0.07 701.80
!(STATE) p(STATE + TIME) 31 1446.15 4.14 0.04 696.80
!(STATEGNG + TIME) p(STATE + TIME) 54 1446.17 4.16 0.04 648.44
!(TIME + STATE) p(STATEGNG + TIME) 54 1446.17 4.16 0.04 648.44
!(STATEFM) p(STATEGNG + TIME) 29 1446.30 4.29 0.04 701.10
!(STATEFM + TIME) p(STATEGNG + TIME) 53 1446.92 4.90 0.03 651.32
!(1) p(STATE + TIME) 29 1447.00 4.99 0.03 701.79
!(STATEFM) p(STATE + TIME) 30 1448.01 6.00 0.02 700.73
!(TIME + STATE) p(STATE + TIME) 55 1448.30 6.29 0.01 648.43
!(STATEFM + TIME) p(STATE + TIME) 54 1448.88 6.87 0.01 651.15

k , number of parameters; !, survival between sampling periods; p, recapture probability; STATE, individuals coded as ‘Female/Male non-
guarding/Male guarding’; STATEGNG, individuals coded as ‘Guarding/Non-guarding’; STATEFM, individuals coded as ‘Male/Female’; TIME, sample
dates coded as discrete factor.
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Fig. 4. Estimated survival (±SE) between observation periods for Rhinocoris tristis (females, guarding males, and non-guarding males) and for
all Rhinocoris carmelita individuals, back-transformed from model estimates. Survival for R. carmelita was modelled separately owing to scarcity,
indicated by a dashed separator. Bars with the same letters are statistically similar.

encountered too rarely to be included in the full model
including all variables. Hence we fitted multiple models to
R. tristis data only. The saturated model was overdispersed
with a median ĉ estimate of 1.387 (SE <0.001). Follow-
ing correction for overdispersion, the best model was [!
(STATEGNG)p(STATEGNG + TIME)] (Table 2); that is, non-
guarding males and females had similar estimated ! while
guarding males differed (Fig. 4). For R. carmelita we fit-
ted a separate model across all individuals (guarding and
non-guarding females, plus males), owing to its relatively
low abundance. This model [! (.)p(TIME)] was overdispersed

with a median ĉ estimate of 1.087. The estimate of ! for
R. carmelita was comparable to that for female and non-
guarding male R. tristis (see Fig. 4).

Promiscuity costs of care

Density and sex ratio. In our initial estimates from 1992
based on simple exhaustive counts over 20 m2 patches,
R. tristis was found at high densities in Kawanda (5.4 ± 0.3
in 20 m2, n = 5) and Kabanyolo (6.8 ± 1.1), whereas
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R. carmelita was found at much lower densities in Tafo
(1.2 ± 0.4; Kawanda vs. Tafo: t8 = 7.52, P < 0.0001;
Kabanyolo vs. Tafo: t8 = 6.84, P < 0.001). The sex ratio did
not differ significantly from 1:1 for R. tristis at Kawanda and
Kabanyolo (375 ! vs. 338 ", #2 = 1.92, d.f. = 1; P = 0.166)
or for R. carmelita at Tafo (176 ! vs. 165 ", #2 = 0.35,
d.f. = 1; P = 0.551).

In later studies in 2005, our mark–release–recapture data
at NAARI confirmed these results more rigorously, in an
area where the two species are sympatric. Here, we recast
our mark–release–recapture data into 6-day blocks separated
by 22 day breaks, as described above. First, for each 6-day
block, the closed population assumption was tested by fitting
two open-population CJS models: first with ! constrained
to equal 1, then with ! unconstrained (Stanley & Burnham,
1999). In no block was the unconstrained model preferred over
the constrained model, following correcting for overdispersion
using median ĉ (range of ĉ 1.19–2.01; range of "QAICc
for unconstrained model 2.07–56.58). Thus, we assumed each
6-day block was a closed population.

Again, we fitted separate models for each species because
the scarcity of R. carmelita precluded models based on sex
or guarding status. We restricted our analyses to sites where
each species had been recorded at least once (R. tristis: 13 sites
with one to five blocks per site, total number of blocks = 26;
R. carmelita: seven sites with two to five blocks per site,
total number of blocks = 21). For R. tristis, after adjust-
ing for median ĉ (range 0.98–1.77), the best model was
p(.)c(STATEGNG) for all 6-day blocks at all sites ("QAICc
to next most preferred model ranged from 1.99 to 19.59, data
not shown). In other words, the best model always incorporated

a single, time-independent capture probability for all individu-
als; recapture probability was also independent of time within
the 6-day block, and varied only between guarding and non-
guarding individuals. The parameter of interest, N , was esti-
mated as a derived parameter from the best model, and density
was calculated as N/100. For R. carmelita, owing to its scarcity,
we estimated a single capture and recapture probability, and
a single total estimate of density. Rhinocoris tristis individu-
als were estimated to occur at much higher densities than R.
carmelita; male and female R. tristis were found at similar den-
sities (Fig. 5). Estimated female : male ratios in R. tristis did
not differ significantly from 1:1 (median estimated sex ratio =
0.94, IQR 0.74, n = 27, Mann–Whitney U = 83, p = 0.46).

Female mating preferences in Rhinocoris tristis. When
females were first presented with a male, they were equally
likely to mate with guarding and non-guarding males (19 out
of 40 mated with a guarding male vs. 11 out of 40 for a
non-guarding male; #2 = 2.61, d.f. = 1, p = 0.106), but they
were much more likely to lay eggs for the former (15 out
of 40 laid with a guarding male vs. 4 out of 40 for a non-
guarding male; #2 = 6.90, d.f. = 1, p = 0.009). Females that
had failed to lay eggs when initially presented with a non-
guarding male were much more likely to lay eggs if they were
subsequently exposed to a guarding ($/+, 12 out of 18) than
a non-guarding male ($/$, 1 out of 18; Fig. 4; #2 = 5.13,
d.f. = 1, p = 0.024). Females that had failed to lay eggs when
initially paired with a guarding male were very unlikely to lay
any eggs during the second pairing (+/+ or $/$), with only
one female laying when paired with another guarding male
(+/+; Fig. 6).

1.0

0.8

0.6

E
st

im
at

ed
 in

di
vi

du
al

s 
pe

r 
m

2

0.4

0.2

0.0
Total Female Guarding male Non–guarding male

R. tristis R. carmelita

Fig. 5. Mean ± SE of estimated population densities of Rhinocoris tristis and Rhinocoris carmelita at sites where the species were encountered
at any point during mark–release–recapture studies at NAARI. Population densities for R. carmelita were modelled separately owing to scarcity.

! 2010 The Authors
Ecological Entomology ! 2010 The Royal Entomological Society, Ecological Entomology, 35, 639–651



Benefits and costs of parental care 647

80

60

40

%
 fe

m
al

es
 la

yi
ng

 w
ith

 s
ec

on
d 

m
al

e

20

0

n: 18 11 18 14

$/+ +/+ $/$ +/$

Fig. 6. The percentage of Rhinocoris tristis females that laid eggs for the second male, when presented with two males sequentially: non-
guarding/guarding ($/+), guarding/guarding (+/+), non-guarding/non-guarding ($/$), or guarding/non-guarding (+/$).

Discussion

Benefits of care

Both R. tristis males in Uganda and R. carmelita females in
Ghana effectively protected eggs against attacks by predators
and parasitic wasps by providing parental care. The benefits of
care in the field were substantial in both species in their respec-
tive locations, and removal experiments revealed that hatching
success decreased dramatically in the absence of guarding
adults. Despite different locations, predation accounted for sim-
ilar proportions of lost eggs in guarded broods of both species.
We found that guarded R. tristis broods lost a smaller propor-
tion of eggs to parasitoid activity than R. carmelita broods,
but we cannot be sure how many parasitised eggs were subse-
quently cannibalised. Hatching success in the absence of care
was similar for R. tristis and R. carmelita. Since total brood
hatch time was longer for R. tristis, instantaneous egg mortal-
ity was consequently lower than in R. carmelita, as reported
in Manica and Johnstone (2004). Supporting this, both the
benefits of caring constantly until eggs hatched (Fig. 1) and
the benefits of caring for only part of the time (Fig. 3) were
higher in R. tristis than in R. carmelita. These results suggest
either higher predation or parasite pressure, or more vulnera-
ble eggs in R. carmelita. Data on hatching success in the two
species were obtained from different locations, so we cannot
rule out country-wide differences in predator and parasite pres-
sure. Although we acknowledge that the non-sympatric results
must be compared with caution, in Uganda, where the species
are sympatric, R. carmelita still shows uniparental female care
(J. D. J. Gilbert, pers. obs.), and only the species’ scarcity pre-
vented parallel field removal experiments.

A recent study (Requena et al., 2009) reported comparable
findings in harvestmen to those presented here. Although the

authors found uniparental male care in Iporangaia harvestmen
to be as effective as female care in the related genus Acutisoma,
hatching success in unattended broods was significantly higher
in male carers than in female carers, just as we report here. In
male-caring harvestmen, females coat eggs with sticky mucus,
which the authors propose is added by females to compensate
for potential male inattentiveness whilst searching for mates,
or to reduce filial cannibalism by the male. They suggest
that similar egg protection should be evident in male-caring
assassin bugs, since male R. tristis gain sexually-selected
benefits from caring (Thomas & Manica, 2005 and this study),
cannibalise a proportion of their brood (Thomas & Manica,
2003; Gilbert & Manica, 2009), and suffer lower daily egg
mortality than R. carmelita (Manica & Johnstone, 2004).
Although no such coating is evident in R. tristis, the eggs are
unusually darkly coloured for assassin bugs (J. D. J. Gilbert,
pers. obs.). This may reflect investment in a thicker egg wall
by R. tristis, which Requena et al. (2009) also suggested, and
this would be a fascinating subject for future study.

High rates of predation and parasitism do not necessitate
parental care in insects, and many alternative forms of effective
defence are recorded (see Hinton, 1981; Tallamy & Schaefer,
1997). In Rhinocoris, most species show no care despite clump-
ing of eggs and high predation (R. bicolor broods showed only
14% hatching success, Thomas, 1994). Other Rhinocoris have
alternative strategies to reduce predation: R. venustus females
cover eggs with glutinous secretions (Miller, 1953), a strat-
egy with demonstrable protective benefits (Ang et al., 2008),
whereas R. kumarii females hide batches of eggs under boul-
ders (Ambrose & Livingstone, 1989). More detailed informa-
tion on parasitism and predation in non-caring species would
be needed to understand why R. tristis and R. carmelita have
evolved direct care rather than a non-caring strategy.
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Energetic costs of care

Rhinocoris carmelita lost significant weight while guarding
eggs, proving that parental care was costly either due to
decreased feeding opportunities or direct calorific expense.
In R. tristis, guarding males do indeed feed less frequently
than free ranging males (Thomas & Manica, 2005). More
generally, reduced feeding opportunities for guarding parents
occur in invertebrates [e.g. shieldbugs Antiteuchus tripterus
(Eberhard, 1975); earwigs Forficula auricularia (Lamb, 1976),
harvestmen (Buzatto et al., 2007); spiders (Colancecco et al.,
2007)] and fish [e.g. the scissortail sergeant, Abudefduf
sexfasciatus (Manica, 2002a)]. There is less evidence for direct
calorific expense during guarding in Rhinocoris. Thomas and
Manica (2005) showed that R. tristis males avoid losing weight
by cannibalising some of their own eggs (filial cannibalism,
see Manica, 2002b for a review). However, cannibalism
rates did not differ between field broods (with predation
and parasitism) and laboratory broods (without predation
or parasitism; Thomas & Manica, 2005). The energetic
cost of care therefore likely results from the decrease in
feeding opportunities during care. Because egg production in
R. carmelita was dependent on food supply, an association
common in insects (e.g. Slansky, 1980; Fink, 1986), this weight
loss probably reduces female R. carmelita future fecundity.
This is also likely to be the case in female R. tristis, since males
prefer to copulate with and guard larger females (Thomas &
Manica, 2005). Weight probably also affects male reproductive
success; guarding male R. tristis were significantly heavier than
non-guarding males, and often dislodged smaller non-guarding
males riding on the back of females, gaining matings and eggs
(Thomas & Manica, 2005).

Filial cannibalism was never observed in R. carmelita, even
though the energetic cost of care was high. This is perhaps
not surprising as filial cannibalism is usually associated with
males: as a result of anisogamy, almost the entire embryo is
provided by the female, and the male can therefore profit by
eating it. Females, however, cannot obtain a net energy gain
from eating their own eggs (reviewed in Manica, 2002b). Males
of R. tristis preferentially cannibalise peripheral eggs, which
also suffer high levels of parasitism, but do not seem able
to selectively consume parasitised eggs and probably also eat
healthy eggs (Thomas & Manica, 2003). Furthermore, males
of R. tristis guard eggs for a much longer period of time than
females of R. carmelita, and thus have to pay a higher energetic
cost for guarding. The cost of mistakenly eating healthy eggs
and the lower energetic demands of care probably prevented
the evolution of filial cannibalism in R. carmelita.

Survival costs

We found evidence of a survival cost of male care among
marked R. tristis in the field, contrasting with prior findings
based simply on observed longevity in the field (Thomas,
1994). Estimated survival was similar for males and females
when not guarding, but was significantly lower for guarding
males. First, guarding male assassin bugs are static for long
periods and very reluctant to leave eggs, even when attacked

by large enemies such as an ecologist (see e.g. Odhiambo,
1959; Nyiira, 1970). Second, guarding males may also have
been more conspicuous to enemies than non-guarding males,
given that guarding males were usually found on exposed
Stylosanthes stems rather than concealed within low-lying
vegetation as was typical for non-guarding males. However,
in a previous study, male R. tristis guarding broods on
exposed stems did not suffer greater rates of disappearance than
males guarding broods hidden under leaves, despite exposed
broods suffering higher egg mortality from parasites (Gilbert
& Manica, 2009). It may therefore be suppression of escape
behaviour in guarding males, rather than conspicuousness,
that accounts for their lower survival in the field. Encounter
rates for sympatric R. carmelita were much lower, but a
combined survival estimate for all encountered individuals was
similar to the survival estimate for non-guarding R. tristis
(Fig. 4).

Interestingly, survival costs for guarding females over non-
guarding females were not detected using similar models in
harvestmen (Buzatto et al., 2007). In this case ‘non-guarding
females’ were experimentally prevented from guarding where
they would otherwise have done so, thus controlling for
possible biases in quality of guarding versus non-guarding
parents. We were not able to include this control; guarding
and non-guarding male R. tristis may have differed in quality
such that guarding males tended to die sooner (e.g. if males
were trading off longevity against parental ability, which
is more likely if guarding males attract a higher degree
of competition over mates; see ‘brood takeovers’ below).
Neither were survival costs of egg-carrying detected using
more complicated multistate models in waterbugs (Munguia-
Steyer & Macias-Ordonez, 2007), although this behaviour has
been shown under laboratory conditions to incur predation
costs in a terrestrial bug species that also carries some eggs
attached to the body (Reguera & Gomendio, 1999).

Promiscuity costs of care

The density of R. tristis was much higher than that of
sympatric R. carmelita. High density was predicted to be a key
prerequisite for the evolution of male care with overlapping
broods (Manica & Johnstone, 2004). At higher density, R.
tristis should show higher encounter rates, leading to lower
promiscuity costs, as long as parental care is compatible with
further matings. This was clearly the case in R. tristis, where
males were seen mating with up to three females during a
single day (L. K. Thomas, pers. obs.).

Further lowering promiscuity costs of care, laboratory
female R. tristis preferred to lay eggs for guarding males.
Preference for guarding males is known in fish (Ridley
& Rechten, 1981; Marconato & Bisazza, 1986; Knapp &
Sargent, 1989; Kraak & Groothius, 1994; Manica, 2010) and
in harvestmen (Mora, 1990; Nazareth & Machado, 2010). To
our knowledge this is the first evidence for the phenomenon
in insects, although the idea was rejected in golden egg bugs
(Gomendio et al., 2008). Female choice for guarding males
should greatly reduce the promiscuity cost of care, and may

! 2010 The Authors
Ecological Entomology ! 2010 The Royal Entomological Society, Ecological Entomology, 35, 639–651



Benefits and costs of parental care 649

generate promiscuity benefits if females actively search for
males (Tallamy, 2000, 2001). It has been suggested (Jamieson
& Colgan, 1989) that females simply respond to increased
courtship by guarding males rather than the presence of
eggs. In R. tristis, this is unlikely because no visible male
courtship was observed in field or laboratory studies. Further,
unlike some male-caring fish, R. tristis males have no defined
‘parental phase’ when courtship occurs, so any increase in
courtship intensity by guarding males would be expected to
be matched by a comparable increase in non-guarders. Finally,
if females were simply responding to increased courtship by
guarding males, they would be expected to be more likely
to mate with, as well as lay for, guarding males. However,
this was not the case. In the sequential choice experiment,
although the first-presented males with eggs were more likely
to receive eggs, they were no more likely to mate with the
female compared with non-guarders.

The presence of brood takeovers (Thomas & Manica, 2005)
also argues against high promiscuity costs in R. tristis. Males
often forcibly usurp broods, and winners subsequently look
after the eggs. This behaviour has been documented in fish (e.g.
van den Berghe, 1988; Unger & Sargent, 1988) and recently
in harvestmen (Nazareth & Machado, 2010). Alloparental
care may provide promiscuity benefits through female choice
(Rohwer, 1978; Tallamy, 2000) and could also dilute predation
risk to one’s own offspring with unrelated eggs (McKaye &
McKaye, 1977; Constanz, 1985). The latter is unlikely to
apply to R. tristis since hatching success did not increase
with brood size. Furthermore, alloparental care could also
provide energetic advantages to filial cannibals that can feed
on unrelated eggs. However, male R. tristis do not show any
preference for feeding on unrelated eggs in a brood of mixed
parentage (Thomas & Manica, 2005).

The evolution of parental care

Present costs and benefits of care are not always repre-
sentative of the ancestral conditions when care evolved (e.g.
Eberhard, 1975). However, R. tristis and R. carmelita show
very similar biologies and therefore it is interesting to speculate
on why different sexes care in these two species. Manica and
Johnstone (2004) used an empirically-derived dataset (Thomas,
1994) to parameterise a model predicting which sex should
care in assassin bugs. Here we report these empirical find-
ings, updating some of them with more rigorous estimates.
The implications of these updates for the model’s predictions
are beyond the scope of this paper and will appear in a separate
manuscript; here, we merely discuss our findings qualitatively.

First, we detected a significant survival cost of care for
male R. tristis that was not evident from prior data based
on less rigorous methods (Thomas, 1994). Probability of sur-
vival was reduced by approximately 0.025 in guarding males
(Fig. 4) – close to the hypothetical ‘large survival cost’ of 0.03
suggested by Manica and Johnstone (2004). This is likely to
reduce the likelihood of male care evolution. However, we
note that under high population density, such as we found in
R. tristis, the net payoffs to a caring male are predicted to

be relatively insensitive to large mortality costs (Manica &
Johnstone, 2004, their Fig. 2c).

Second, and more important, promiscuity costs of care for
a potential guarding male were likely to be much higher in
R. carmelita. Promiscuity costs are the main determinant of
caring strategy, and are likely to depend on population density,
which determines mate encounter rates (Manica & Johnstone,
2004). Rhinocoris carmelita was found at low densities, and
thus was prone to potentially high promiscuity costs for
guarding males, but R. tristis was found at very high densities,
the highest recorded for any assassin bug (Thomas, 1994;
Manica & Johnstone, 2004).

Third, while both species incurred energetic costs of care
from decreased foraging, guarding R. tristis males offset
this cost by cannibalising some eggs, and hence prevented
weight loss. Guarding female R. carmelita, by contrast, never
cannibalised eggs and therefore lost weight. But cannibalism is
theoretically feasible for a potential guarding male R. carmelita
just as it would not be energetically feasible for a guarding
female R. tristis (Manica, 2002b). The energetic costs for
potential guarding male R. tristis and R. carmelita may again
depend on population density. To reduce the proportion of
their own offspring lost when they cannibalise eggs, males
cannibalise more eggs when broods are large (Sargent, 1988;
Manica, 2003) and when paternity is uncertain (Manica, 2004).
In R. tristis, high population density permits a high degree
of promiscuity. Therefore, brood sizes are relatively large
from multiple females contributing, and paternity uncertainty is
probably also high, both factors that reduce the costs to males
of cannibalising eggs. Potential guarding R. carmelita males,
by contrast, would have a high cost of cannibalism because
low density leads to low promiscuity and low brood sizes. Any
cannibal male would therefore likely be cannibalising his own
eggs, and each egg cannibalised would represent a relatively
large proportion of his brood.

Not only was R. tristis density very high relative to sym-
patric R. carmelita, but also relative to other, non-caring assas-
sin bug species encountered during this study (J. D. J. Gilbert
and L. K. Thomas, pers. obs.). Such high density in R. tristis
is likely to be the result of its local association with Stylosan-
thes, common but highly patchily aggregated across Africa. It
is interesting to note that the only two other known paternal
species of Rhinocoris (and, indeed, of assassin bug) were also
found at high densities on Stylosanthes in Uganda: R. albopi-
losus (8.7 ± 0.5 individuals in 20 m2; n = 5) at Kabany-
olo (Thomas, 1994), Kawanda (Odhiambo, 1959) and also at
NAARI (Gilbert & Manica, 2009); and R. albopunctatus, found
‘in large numbers’ on and near S. gracilis at Serere Agricul-
tural Research Station near Soroti (Nyiira, 1970). All three
paternal species of Rhinocoris are morphologically almost
indistinguishable. Therefore, it is possible to speculate that
increased density in an ancestral population caused by spa-
tial preference for patches of Stylosanthes may have led to
a decrease in the promiscuity costs of care and/or benefit of
cannibalism, and hence to the evolution of paternal care in
the ancestors of R. tristis. The basis of this preference for Sty-
losanthes shown by male-caring assassin bugs would now be
an interesting focus for further study.
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