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Abstract

Theoretical models of paternal care predict that facultative reductions in male

care may occur under certain conditions. One important parameter that has

been shown to influence the outcome of these models is a male’s confidence of

paternity. In this study, we tested whether the amount of care provided by

horned males in the dimorphic beetle, Onthophagus taurus, varied with his

confidence of paternity. Male care results in an increased weight of dung

provided in the brood masses produced by the pair. Using the sterile male

technique we showed that a horned male’s paternity declined with the

number of sneak males in the population. The relationship was nonlinear,

with paternity declining most rapidly between a frequency of one and three

sneaks, and stabilizing thereafter at about 50%. A horned male’s paternity was

directly related to the number of copulations with the female, relative to the

number of copulations achieved by sneaks. Horned males were shown to

reduce their care in relation to their declining paternity. Video analysis

demonstrated that reductions in male care occurred through a combination of

male desertion and a trade-off between caring and paternity assurance

behaviours. The number of fights with sneak males was negatively related to

the amount of care provided by a horned male. These results suggest that by

gauging his expected paternity through the number of fights with sneaks, a

horned male is able to assess his paternity and reduce his investment

accordingly. Our data thus provide strong empirical support for the proposed

link between paternity and paternal care.

Introduction

According to Hamilton’s rule (rb ) c > 0), the evolution

of parental behaviour should depend exclusively on the

costs to the parents (c) and the benefits to the offspring

(b), because the relatedness (r) between parent and

offspring should be the same for all offspring and for

both parents (Hamilton, 1964). However, sperm com-

petition because of multiple mating by females can

reduce the average relatedness between males and the

young produced by their mates, and is a widespread

phenomenon across animal taxa (Smith, 1984; Birkhead

& Møller, 1998). Thus, males often face the uncertainty

of investing in offspring to which they are not

genetically related. Given that males cannot increase

their fitness by investing in unrelated offspring, Triver’s

(1972) proposed that uncertainty of paternity would

favour male desertion because failure to assure paternity

prior to investment would put a male at a selective

disadvantage in competition with more reproductively

selfish individuals. Consequently, variation in a male’s

confidence of paternity has been proposed to explain

the observed inter and intrasexual differences in the

magnitude of paternal care provided (e.g. Ridley, 1978;

Alexander & Borgia, 1979).
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Theoretical models have sought to establish the

influence of confidence of paternity, the average prob-

ability that a male is the father of a given set of offspring

(Alexander, 1974; also referred to as certainty of pater-

nity; Maynard Smith, 1978, 1982), on the evolution of

paternal care. The early models of Maynard Smith (1978)

and Grafen (1980) concluded that as low confidence of

paternity will, on average, have an equal effect across all

breeding attempts, low confidence of paternity alone is

insufficient to select against paternal care. These models

assumed that paternity remains constant across all

matings, that individuals are unable to assess their own

level of paternity, and that the only cost of investment is

the missed opportunities for remating. However, it has

since been shown that by relaxing one or all of these

assumptions, reduced confidence of paternity can select

against the evolution of paternal care (Werren et al.,

1980; Winkler, 1987; Whittingham et al., 1992; Xia,

1992; Westneat & Sherman, 1993). Indeed, Westneat &

Sherman’s (1993) analysis showed how the outcome of

theoretical models can be highly variable, depending on

how each of these assumptions are adjusted.

Empirical studies of the influence of paternity on

paternal care have come predominantly from studies of

birds. Some have reported positive associations between

paternity and paternal care (e.g. Westneat, 1988; Lub-

juhn et al., 1993; Weatherhead et al., 1994; Sheldon &

Ellegren, 1998) whereas others have found no such

relationship (e.g. Wright & Cotton, 1994; Westneat,

1995; Whittingham & Lifjeld, 1995). It is difficult to

assess the general influence of confidence of paternity on

paternal care from such studies because positive relation-

ships can arise because of covariation between both

variables and a third causal factor such as male quality, or

because the experimental manipulations employed have

failed to have their proposed affect on confidence of

paternity (Schwagmeyer & Mock, 1993; Kempenaers &

Sheldon, 1997; Wright, 1998). Thus, evidence that

confidence of paternity can generate facultative variation

in patterns of paternal care remains elusive (Wright,

1998).

Wright (1998) advocated a whole mating system

approach to the study of paternity and paternal care.

Westneat & Sherman’s (1993) analysis concluded that

confidence of paternity should favour the evolution of

facultative paternal care. Their theoretical analysis was

based on the trade-off between effort expended in

obtaining matings and thus higher levels of paternity,

effort expended in caring for offspring, and effort expen-

ded in somatic maintenance and thus future reproduc-

tion. Importantly, this approach links paternal care and

paternity, not simply through the paternal effort func-

tion, but also through the trade-off between paternal

effort and mating effort (Wright, 1998). Wright (1998)

thus concluded that a better understanding of the link

between paternal care and paternity could be attained

through an integration of the research areas of sexual

selection and paternal care, and further, that experimen-

tal data on a wider range of taxa, more amenable to

experimental manipulation of the mating system, were

needed.

Parental care of eggs or young is typically rare among

invertebrates (Clutton-Brock, 1991). However, in dung

beetles belonging to the genus Onthophagus, biparental

care is common (Lee & Peng, 1982; Cook, 1988; Sowig,

1996; Hunt & Simmons, 1998a, 2000; Moczek, 1999).

During reproduction, members of this genus typically

remove portions of dung from the pad and pack it into

the blind end of tunnels constructed beneath the dung

pad. A single egg is deposited into an egg chamber and

sealed; one egg and its associated dung provision consti-

tutes a brood mass (Halffter & Edmonds, 1982).

Many Onthophagine dung beetles exhibit dimorph-

isms in the male body plan, in which large �major� males

develop enlarged horns on the head and ⁄ or pronotum

and small �minor� males are hornless (Cook, 1987; Emlen,

1996; Hunt & Simmons, 1997, 1998b, 2000). A male’s

morphology is determined by a hormonal switch that

governs his developmental pathway and is triggered by

the amount of dung provisioned by his parents in the

brood mass (Emlen & Nijhout, 1999). As such, the

alternative phenotypes are discrete and are dependent on

the environment provided by the parents (Hunt &

Simmons, 1997, 2000).

Male dimorphisms in this genus are also associated

with alternative mating tactics; horned males fight for

access to females whereas hornless males sneak copula-

tions with females that are being guarded by horned

males (Emlen, 1997; Moczek & Emlen, 2000). Further-

more, studies examining patterns of parental care have

shown that it is typically only the horned males that

provide assistance during brood mass construction (Cook,

1988; Hunt & Simmons, 1998a, 2000; Moczek, 1999). In

Onthophagus taurus, male provisioning commences with

the production of head horns and represents an �all-or-

none� tactic with all horned males providing a fixed level

of care (Hunt & Simmons, 2000). Provisioning by horned

males results in the production of significantly heavier

brood masses (Hunt & Simmons, 1998a, 2000) and as

adult size is largely determined by the quantity of dung

provided in the brood mass (Hunt & Simmons, 1997),

paternal care has a substantial effect on the phenotype

(Hunt & Simmons, 2000) and thus the future fitness of

adult offspring (Hunt & Simmons, 2001).

Two features of the mating system of O. taurus may

influence the probability that a horned male sires the

young he provisions, and hence the fitness benefits

associated with paternal care. First, females store sperm

and mate with multiple males so that competition will

exist between the sperm of different males to fertilize a

given female’s eggs (Tomkins & Simmons, 2000).

Secondly, hornless sneaks can outnumber horned males

by as much as 80% (Hunt et al., 1999), so that horned

males can have a high risk of being cuckolded. In
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situations where confidence of paternity is low, selection

should favour male desertion or at least reductions in his

level of care (Westneat & Sherman, 1993).

Previously, Moczek (1999) has shown that paternal

care in O. taurus is facultative. When in the presence of

another male, horned males appear to reduce their level

of care and increase their investment in mate-securing

behaviours. Here we utilize this apparent plasticity in

male behaviour to examine empirically the relationship

between paternity and paternal care. We experimentally

manipulate the mating system of O. taurus by varying the

numbers of sneak males associated with a breeding pair.

We quantify changes in confidence of paternity for

horned males as sneak frequencies are varied, and how

horned males respond to increasing sneak frequency in

terms of the amount of dung they contribute to brood

masses. Furthermore, we use video analysis to ascertain

whether reductions in a horned male’s care are the result

of male desertion or whether increased guarding activ-

ities reduce the amount of care he is able to provide. We

consider the implications of confidence of paternity in

the evolution of paternal care in this species.

Materials and methods

General procedures

Onthophagus taurus were collected using baited pit traps

from Margaret River in the south-west of Western

Australia. Beetles were maintained for 2 weeks in a

mixed laboratory culture with constant access to fresh

cow dung to ensure that all beetles were reproductively

mature and were mated. Three hundred females were

established in individual breeding chambers (PVC pip-

ing, 25 cm in length and 6 cm in diameter), three

quarters filled with moist sand topped with 250 mL of

cow dung, and left for a period of 1 week. Breeding

chambers were then sieved and brood masses removed.

Brood masses were buried in moist sand and reared

through to adulthood. On emergence, the pronotum

widths of males and females were measured using

digital calipers and the horn lengths of males were

measured using an eyepiece graticule with a binocular

microscope.

Sneak frequency and confidence of paternity

We used the sterile male technique (Boorman & Parker,

1976) to examine the effect sneak frequency has on

confidence of paternity for a horned male. Five sneak

frequency treatments were examined with the number

of hornless males varying from one to five housed with a

single breeding pair. A total of 28 replicates were estab-

lished for each of the sneak frequency treatments. In half

of these, the horned male was irradiated and the sneaks

remained fertile, and in the other half the sneaks were

irradiated and the horned male remained fertile. Varying

frequencies of sneaks are likely to influence the numbers

of matings a female has, which in turn could influence

natural levels of fertility. Therefore, natural levels of

fertility and sterility for females exposed to fertile and

irradiated males were assessed in a further 10 replicates

per sneak frequency treatment, half where all males were

irradiated and half where all males were fertile. Males

were sterilized using 11 Krads of gamma radiation from a

cobolt-40 source. Preliminary experiments found that

this dosage was optimal for this species; 99.11 ± 0.89% of

eggs fertilized by sperm from irradiated males failed to

hatch but the dose had no impact on male viability for

the first 5 days following irradiation, or on their ability to

court females and obtain matings (Hunt & Simmons,

2001).

Following irradiation, each horned male was paired

with a randomly selected virgin female and placed in a

small plastic container (9 · 9 · 5 cm) that was three

quarters filled with moist sand and topped with 10 mL of

cow dung. The pairs were left for 1 day to ensure that

mating took place. On the second day, pairs were placed

in an independent breeding chamber (PVC piping, 25 cm

in length and 6 cm in diameter), three quarters filled

with moist sand topped with 250 mL of cow dung, and

maintained for 1 day. This enabled pairs to establish

breeding tunnels and start provisioning brood masses.

Thus, introduced sneaks would have to compete against a

horned male that was actively defending a female’s

breeding tunnel. On the third day, sneak males were

added to the breeding chambers. At the end of the fifth

day, breeding chambers were sieved and brood masses

collected. The chambers were re-established for an

additional week with only the female present. At the

end of this week, chambers were sieved and brood

masses collected. Brood masses from both periods were

maintained for 4 days at 25 �C and then scored as fertile

or sterile to assign paternity. Paternity was calculated as

the proportion of all eggs fertilized by fertile or sterile

males. Proportions were arcsine transformed for statisti-

cal analysis, although raw proportions are presented for

ease of interpretation.

This experimental design permitted a horned male–

female pair to produce brood masses undisturbed by

sneaks for a 1-day period. As a result, a proportion of

brood masses produced in the first 5 days of the exper-

iment are expected to be sired exclusively by the horned

male. To correct for this, 20 pairs were established in

independent breeding chambers where half of the

horned males were irradiated and half where they were

fertile, and maintained for 1 day. Chambers were then

sieved and brood masses counted. The mean number of

brood masses produced by these pairs (2.35 ± 0.25 brood

masses) was subtracted from those sired by the horned

males over the first 5 days of the experiment so that a

horned male’s paternity was not inflated.

We selected males for this experiment from the

extremes of the pronotum width-horn length distribution
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(Fig. 1). Males were then randomly selected from these

horned and hornless classes so that the sizes of horned

and hornless males was random with respect to the sneak

frequency treatments and the sequence of irradiation

treatments (Fig. 1). Likewise, females were chosen at

random so that female size did not differ between sneak

frequency treatments, or between irradiation order

treatments (see Fig. 1).

Sneak frequency and levels of paternal care

The same five sneak frequency treatments were used to

examine the influence of varying numbers of sneaks on

paternal care. A total of 14 replicates were established

for each of the sneak frequency treatments. A horned

male was randomly paired with a virgin female and

placed in an independent breeding chamber, three

quarters filled with moist sand and 250 mL of cow

dung, and the pair left to breed for 1 week. Chambers

were then sieved and brood masses collected. Chambers

were re-established for a second week of breeding in

which we added the corresponding number of sneak

males. At the end of the second week, breeding

chambers were again sieved and brood masses collected.

Fourteen replicates were established as controls, in

which only the horned male was present in both weeks.

In both weeks, excess sand was removed from brood

masses using a dissecting probe and the brood masses

were dried to constant weight at 60 �C. After drying, any

remaining sand was removed and all brood masses were

counted and weighed to the nearest 0.01 mg. Males and

females were selected for this experiment as described

above and in Fig. 1.

Behavioural analysis

To determine the proximate causes of changes in the care

provided by horned males, we observed their provision-

ing behaviour using glass ‘ant farms’. Provisioning

behaviours were examined both in the absence of sneaks

and when one or three sneak males were present during

breeding. These treatments were selected as they encom-

passed the complete range of confidence of paternity

experienced by a horned male during provisioning

(see Results). Ant farms were constructed from two

sheets of 0.5 mm glass (215 · 130 mm) separated by

two glass strips (200 · 15 mm) along their length and a

single strip along their width (130 · 15 mm). A single

strip (130 · 15 mm) was used to seal the entrance once

beetles had been added. Ant farms were held together

using four alligator clips along their length and were

mounted in wooden bases for stability. This design

created a sealed internal chamber with a dimension of

200 · 100 mm for observations.

Each ant farm was three quarters filled with moist sand

and topped with 50 mL of fresh cow dung. A single

randomly selected virgin female was added to each

chamber. Once a breeding tunnel was constructed and

the female had started provisioning a brood mass, a single

horned male was introduced into the tunnel. Once

paternal assistance was observed, the corresponding

number of sneak male(s) were added to the chamber

and recording started. Provisioning behaviour was

recorded using a time lag video recorder (Sony SVT

124P, Tokyo, Japan) via a Sony CCT video camera (XC-

999P) fitted with a wide angle lens (VCL-03S12XM). All

recordings were made under dim lighting in a constant

temperature room at 25 �C. Each recording was made for

the entire duration required to produce a single brood

mass, a process that may take up to 14 h (Hunt &

Simmons, 2002). Thus, all recordings were made at a

tape speed of 10 frames s)1. Our sampling regime

contrasts that used by Moczek (1999) where male

behaviour was examined for only three 30-min sampling

periods over a 24-h period. We have shown that the level

of care provided by horned males varies consistently

through the breeding cycle so that spot sampling may not

Fig. 1 The scaling relationship between pronotum width and horn

length for male O. taurus used in the experimental examination of

the relationship between sneak frequency and paternity. Horned

(squares) and ’hornless’ (circles) males were selected, so they

differed significantly in both horn morphology and body size (horn:

F1,558 ¼ 2781.3, P < 0.0001; pronotum: F1,558 ¼ 3510.5, P < 0.0001).

Note that hornless males have a rudimentary horn the length of

which is also measured. Males were randomly selected from these

classes and allocated to the sneak frequency treatments, with half in

each treatment being irradiated (open symbols) and half remaining

fertile (solid symbols). The size of horned males and the mean size of

hornless males did not differ significantly across the sneak frequency

treatments, the irradiation sequence treatments, and there was no

significant interaction (F-values ranged from 0.48 to 2.02, all P-

values n.s.). Likewise, female body size did not differ significantly

between the sneak frequency treatments they were assigned to,

across irradiation sequence of the males she was paired with, and

there was no significant interaction (F-values ranged from 0.44 to

3.04, all P-values n.s.).
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accurately reflect the true levels of care provided by

males (Hunt & Simmons, 2002). A total of five replicates

were recorded for each of the three sneak frequency

treatments. At the completion of recording, the con-

structed brood mass was removed from the observation

chamber, dried, excess sand removed with a dissecting

probe, and weighed to the nearest 0.01 g.

The behaviours performed by a horned male during

offspring provisioning can be broadly categorized as

either paternal effort or mating effort. Paternal behav-

iours were collectively described as cooperative because

these contributed to the production of the brood mass

and included: Removing, the male separates a small

portion of dung from the pad; Carrying, the male carries

a portion of dung to the brood chamber; Packing, the

male packs dung into the blind end of the brood

chamber; Gathering from pad, the male moves from the

brood chamber to the pad to remove a portion of dung;

and Gathering from tunnel, the male moves from the

brood chamber to collect a portion of dung stored in

the tunnel. In contrast, behaviours associated with

mating effort do not benefit the offspring but rather

constitute behaviours that increase a male’s paternity.

Such behaviours were collectively described as nonco-

operative and included: Patrolling, the male moves up

and down the tunnel without collecting or carrying

portions of dung; Guarding, the males remain motion-

less at the entrance to the breeding tunnel, or at the

entrance to the brood chamber where the female is

provisioning, or are engaged in aggressive interactions

with sneaks; Interacting with female, including head to

head interactions within the tunnel, courtship and

mating. A male was assumed to have deserted his mate

if, after mating, he left the breeding tunnel and did not

associate with the female during the provisioning of the

brood mass.

Each tape recording was analysed and the proportion

of time spent in each behaviour was recorded to

standardize for differences in the overall time taken to

produce a brood mass.

Results

Sneak frequency and confidence of paternity

In our control treatments where all males were irradiated

there was no significant influence of sneak frequency on

the proportion of eggs that hatched (F4,20 ¼ 0.42, n.s.)

which averaged 0.02 ± 0.01 across all treatments. Sim-

ilarly, where all males were fertile, there was no

influence of sneak frequency on the proportion of

eggs that hatched (F4,20 ¼ 0.48, n.s.) which averaged

0.97 ± 0.01 across all treatments.

The proportion of eggs fertilized by irradiated sperm in

each experimental replicate was calculated as

PR ¼ 1 ) [(x ) z) ⁄ (p ) z)] where x was the observed

proportion of brood masses containing viable eggs, z was

the proportion of viable eggs produced when all males

were irradiated and p was the proportion of viable eggs

produced when all males were fertile (Cook et al., 1997).

When the horned male was irradiated PR gave his

fertilization success relative to the fertile sneaks. When

the horned male was fertile, his fertilization success was

1 ) PR. Values less than or greater than 1 can be

generated when z > x, so we corrected the data according

to Cook et al. (1997).

The paternity data were analysed using a two-factor

ANOVAANOVA with sneak frequency treatment and irradiation

sequence (horned-fertile or horned-sterile) as main

effects. There was a significant effect of the number of

sneaks on a horned male’s paternity (F4,130 ¼ 21.448,

P < 0.0001) (Fig. 2) but there was no significant irradi-

ation effect (F1,130 ¼ 1.257, n.s.) and no significant

interaction (F4,130 ¼ 2.068, P ¼ 0.09). The ability of a

horned male to protect his paternity against sneak males

was nonlinear, declining most rapidly between one and

three sneak males and then stabilizing beyond this sneak

frequency (Fig. 2).

To determine if a horned male’s paternity was influ-

enced by his phenotype, we further analysed the data

using an ANCOVA with the number of sneak males as the

main effect, a horned male’s pronotum width as the

covariate and the horned male’s paternity as the depen-

dent variable. A horned male’s paternity was significant-

ly related to the number of sneak males present

(F4,130 ¼ 20.49, P < 0.0001) but was not related to the

pronotum width of the horned male (F1,130 ¼ 0.73, n.s.).

Qualitatively similar results were attained if horn length

was used instead of pronotum width (number of sneaks:

F4,130 ¼ 20.29, P < 0.0001; horn length: F1,130 ¼ 0.76,

n.s.).

Fig. 2 The relationship between sneak frequency and the propor-

tion of offspring sired by the horned male. Treatments with different

letters differ significantly at P < 0.05 (LSD test).
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Sneak frequency and levels of paternal care

Brood mass weight
We have shown elsewhere that brood mass weight

decreases to a value predictable from female provision-

ing alone when paternal provisioning is experimentally

removed (Hunt & Simmons, 2000). We examined the

influence of sneak frequency on paternal care by

looking at the change in the weight of brood masses

produced after sneak males were added (weight of

broods in week 1 ) weight of broods in week 2) and

assume that any change in brood mass occurs because

horned males cease to provision, an assumption sup-

ported by our behavioural data below. There was a

significant effect of sneak frequency on the change in

weight of brood masses produced across weeks

(F5,82 ¼ 7.69, P < 0.0001) (Fig. 3). Pairs exposed to

sneak males in week 2 showed a reduction in brood

mass weight, while control pairs showed no change in

brood mass weight between weeks 1 and 2 (Fig. 3). The

reduction in brood mass weight was nonlinear, with

the greatest decline in brood mass weight occurring

between zero to three sneaks and then stabilizing

beyond this sneak frequency (Fig. 3).

Brood mass number
There was a significant effect of sneak frequency on the

change in number of brood masses produced across

weeks (F5,82 ¼ 5.72, P < 0.001) (Fig. 4). When exposed

to sneak males, pairs showed a linear reduction in the

number of brood masses produced, while control pairs

tended to produce more brood masses in week 2

(Fig. 4).

Behavioural analysis

Rates of desertion by horned males
There was a significant effect of the number of sneaks on

the rate of desertion by the horned male (v2
2 ¼ 8.74,

P < 0.01). Only one of six horned males deserted in the

control treatment (16.67%), whereas 14 of 19 deserted in

the single sneak treatment (73.68%) and 18 of 23 in the

three sneak treatment (78.26%). The rate of desertion in

both the single sneak (v2
1 ¼ 7.77, P < 0.01) and three

sneak treatments (v2
1 ¼ 8.52, P < 0.01) were significantly

higher than in the control treatment, but did not differ

between the single and three sneak treatments

(v2
1 ¼ 1.19, n.s.).

Behaviour of nondeserting horned males
For horned males that did not desert their mate, we

analysed the proportion of time they spent performing

cooperative (paternal care) and noncooperative (mating

effort) behaviours using a linear discriminant analysis.

The first canonical discriminant function explained 98%

of the variance and significantly classified the data into

control and sneak treatment groups (Wilks’ k ¼ 0.036,

eigenvalue ¼ 18.794, d.f. ¼ 14, P < 0.01). The second

function explained the remaining 2% of variance and

was of little importance in discriminating between these

groups (Wilks’ k ¼ 0.72, eigenvalue ¼ 0.388, d.f. ¼ 6,

n.s.). The standardized canonical discriminant functions

show that when exposed to sneaks, horned males

increased the proportion of time spent guarding females

and decreased the proportion of time spent provisioning

the brood mass (Table 1). Conversely, in the absence

of sneaks horned males increased the proportion of

time spent provisioning and decreased the proportion of

time spent guarding. As such there was a significant

negative relationship between a horned male’s score on

Fig. 3 The relationship between sneak frequency and the change in

the mean weight of brood masses produced by a horned male–

female pair. Treatments with different letters differ significantly at

P < 0.05 (LSD test).

Fig. 4 The relationship between sneak frequency and the number of

brood masses produced by a horned male–female pair. Treatments

with different letters differ significantly at P < 0.05 (LSD test).
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discriminant function 1 and the weight of the brood

mass produced by the pair; pairs produced significantly

heavier brood masses in the absence of sneak males

(F1,14 ¼ 29.80, P < 0.0001) (Fig. 5).

Not surprisingly, the total number of matings by sneak

males increased significantly with the number of sneak

males present (F2,14 ¼ 12.60, P < 0.01) (Fig. 6). Like-

wise, the total number of matings by horned males also

increased significantly with increasing sneak frequency

(F2,14 ¼ 4.67, P < 0.05) indicative of retaliatory copula-

tions in the presence of sneak males (Fig. 6). However,

the proportional number of matings by a horned male

decreased with increasing sneak frequency (F1,14 ¼ 8.20,

P < 0.01; control ¼ 100%, one sneak ¼ 70 ± 12.2%,

three sneaks ¼ 55.3 ± 6.3%) in qualitative and quanti-

tative agreement with the negative relationship between

paternity and sneak frequency seen in Fig. 2. It is

noteworthy that in all cases where matings were

observed, the horned male was the last male to mate

with the female prior to egg deposition (14 ⁄ 14, binomial

probability P < 0.0001). In one of the control treatments

we did not observe mating during recording, but assume

the pair had mated prior to the onset of provisioning

which is when recording started.

A multiple regression using the number of matings

attained by a horned male and the number of fights with

intruding sneak males against brood mass weight showed

that the level of care provided by a horned male was

significantly reduced as the number of fights with

intruding sneak males increased (b ¼ 0.41 ± 0.12,

t2 ¼ 3.31, P < 0.006) but was unrelated to the number

of matings he attained with a female (b ¼ )1.34 ± 1.88,

t14 ¼ 0.71, P ¼ 0.49). Thus, by assessing the number of

fights with sneak males, a horned male seems able to

gauge his confidence of paternity and adjust his invest-

ment accordingly.

Discussion

In this study we provide clear evidence of a link between

paternity and paternal care in the biparentally caring

dung beetle O. taurus. The level of care provided by a

horned male was related to the probability of siring

offspring. Video analysis demonstrated that the reduction

in care with declining paternity occurs through a com-

bination of direct and indirect behavioural mechanisms.

As a male’s confidence of paternity decreased, he was

more likely to desert his mate, or if he remained, a

greater proportion of his time budget was directed

towards paternity assurance leaving relatively less time

available for parental duties.

Table 1 Structure matrix for the discriminant function analysis of

the influence of sneak frequency on provisioning behaviours of

horned males.

Behaviour Function 1

Guarding 0.778*

Packing )0.529*

Removing )0.351*

Interacting with female� )0.104

Patrolling )0.233

Gathering from pad )0.245

Gathering from tunnel )0.139

Carrying )0.176

*Largest absolute correlation between each behaviour and any

discriminant function.

�This behaviour not used in the discriminant analysis because it

failed the tolerance test at a minimum tolerance level of 0.001. Fig. 6 The mean (±SD) number of matings by horned (open bars)

and sneak males (closed bars) in each of the sneak frequency

treatments.

Fig. 5 The relationship between discriminant function one, which

is directly related to the proportion of time spent providing care,

and the weight of brood masses produced. Open circles represent

horned males when no sneak males are present, the grey circles

when one sneak male is present and the dark circles when three

sneak males are present.
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Confidence of paternity

Tomkins & Simmons (2000) found that when a female

mates with just two males, sperm competition conforms

to a mechanism of random sperm mixing so that each

male obtains half of the offspring produced by the

female. The results presented here suggest that this

pattern of sperm utilization changes little with more

extensive multiple mating. Females mated one to two

times when one sneak was present and between two and

six times when three sneaks were present. The fertiliza-

tion success of horned males declined from an average of

83% with one sneak to 50% with three sneaks. These

figures provide a close fit to our behavioural observations

which showed a horned male’s relative share of copula-

tions declined from 70% when one sneak was present to

55% when three sneaks were present. Thus a male’s

share of fertilizations was proportional to his share of

copulations. The presence of increasing numbers of

sneaks decreases a male’s relative share of copulations

and his confidence of paternity.

We found that the absolute numbers of copulations

performed by horned males increased with increasing

sneak frequency. Studies of birds have found that males

will perform retaliatory copulations following copula-

tions by extra-pair males (reviewed in Birkhead &

Møller, 1992) and Parker’s (1990) theoretical models of

ejaculation strategies predict that males should increase

their ejaculate size in copulations following a detected

sneak copulation. Such tactics should function in pro-

tecting a male’s paternity in the face of sneak copula-

tions. Our data show that in the highest sneak frequency,

on average a horned male was able to match the

copulation frequency of sneaks and obtained half of the

fertilizations. This suggests that males do not increase

the size of their ejaculate in retaliatory copulations. If

they had, we would have expected them to obtain

relatively more fertilizations than expected for their

copulation frequency. Interestingly, males were found

to adjust their levels of paternal provisioning in relation

to the number of aggressive interactions with sneak

males, rather than their absolute number copulations

with the female, suggesting that encounter rate with

sneaks, which will increase with sneak frequency, may

represent a more reliable cue to confidence of paternity.

Theoretically, reduced paternity will have different

effects on paternal care depending on the extent to which

paternity varies between breeding attempts and whether

or not this variation is predictable (Whittingham et al.,

1992; Westneat & Sherman, 1993). Paternity should only

influence paternal care if it is variable and either

predictable, so that males evolve a behavioural response

over evolutionary time, or if it can be directly assessed to

allow facultative adjustments within a given breeding

attempt (Maynard Smith, 1978; Grafen, 1980; Werren

et al., 1980; Winkler, 1987; Whittingham et al., 1992;

Xia, 1992; Westneat & Sherman, 1993). Indirect cues to

confidence of paternity have been assumed for a number

of experimental studies of birds, and have included such

cues as male age (Morton et al., 1990), time away from

the female during her fertile period (Hatchwell & Davies,

1990; Koenig, 1990) and both the absolute (Møller,

1988, 1991; Burke et al., 1989; Davies et al., 1992) and

relative number of copulations (Møller, 1988, 1991).

However, despite the large number of paternity studies in

birds, with few exceptions (Burke et al., 1989; Davies

et al., 1992), information relating to the reliability of

these cues in predicting paternity is still unavailable (see

Wright, 1998 and references therein). Therefore, in

many cases it is difficult to ascertain whether the

experimental technique being used to manipulate a

male’s confidence of paternity is appropriate or even

effective (Schwagmeyer & Mock, 1993; Kempenaers &

Sheldon, 1997; Wright, 1998). This was not the case in

our study of O. taurus. Experimental manipulation of

sneak frequency had a clear effect on confidence of

paternity and males adjusted their provisioning in rela-

tion to the numbers of encounters they had with sneak

males.

Paternity and paternal care

The findings of this study contribute to an extensive list

of empirical studies targeting the relationship between

paternity and paternal care, but represent one of the first

to target a taxa other than birds and to utilize an

experimental manipulation of the mating system

(Wright, 1998). Empirical studies on a number of bird

species have claimed to show that males facultatively

reduce their level of care in response to a lowered

paternity (Møller, 1988; Møller & Birkhead, 1991, 1993;

Davies et al., 1992; Dixon et al., 1994; Weatherhead et al.,

1994; Wright & Cotton, 1994; Freeman-Gallant, 1996;

Lifjeld et al., 1998). However, other studies demonstrate

no such effect (Lifjeld et al., 1993; Stutchbury et al., 1994;

Westneat, 1995; Westneat et al., 1995; Whittingham &

Lifjeld, 1995; Dunn & Cockburn, 1996; Yezerinac et al.,

1996; Birks, 1997). Likewise, comparative studies across

bird species have provided both support for (Møller &

Birkhead, 1993; Møller & Cuervo, 2000) and against

(Schwagmeyer et al., 1999) a role for paternity in the

evolution of paternal care.

There are a number of reasons why these earlier

studies have proved equivocal. A link between paternity

and paternal care can arise as a result of covariation with

male phenotype. Males may, for example, vary in their

phenotypic quality. Poor quality males may be unable to

guard their mates effectively and thereby suffer higher

levels of sperm competition than males of high quality. If

phenotypic quality also influenced a male’s ability to

provide care, a link between paternity and paternal care

would arise, although paternity itself had no causal

influence on paternal care (Kempenaers & Sheldon,

1997; Wright, 1998).
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In birds, females have been shown to be more likely to

engage in extra-pair copulations and produce extra-pair

young when paired with males having relatively unat-

tractive secondary sexual traits (e.g. Smith, 1988; Norris,

1990; Kempenaers et al., 1992; Graves et al., 1993;

Hasselquist et al., 1995). Thus, unattractive males are

likely to have a low confidence of paternity compared

with attractive males, and this is unlikely to vary

between breeding attempts. Under such conditions, a

relationship between paternity and paternal care is not

expected (Maynard Smith, 1978; Grafen, 1980; Westneat

& Sherman, 1993). Moreover, unattractive males have

actually been found to invest more in paternal care than

attractive males, because they have lower opportunities

to invest in extra-pair mating activity (Møller & Thorn-

hill, 1998). Thus, it is perhaps not surprising that studies

of birds have yielded such conflicting results given that in

general they have not accounted for potentially con-

founding variables associated with the mating system of

the species under study (Kempenaers & Sheldon, 1997;

Wright, 1998).

In our study we compared the care provided by

individual males under experimentally induced condi-

tions of high and low confidence of paternity, thereby

controlling for potentially confounding differences

between males in phenotypic quality. Horned males were

more likely to desert a female when sneaks were added to

a breeding chamber, or if they remained, they reduced

their level of provisioning. Two of the studies of birds that

have supported a link between paternity and paternal

care also observed changes in paternal care across

breeding episodes of the same pair (Dixon et al., 1994;

Freeman-Gallant, 1996). Moreover, although body size

and horn length are significant predictors of the compet-

itive success of horned males (Moczek & Emlen, 2000),

our data showed that in the context of our experiments,

paternity was not dependent upon either body size or

horn length. We have shown elsewhere that the level of

male care is similarly independent of male phenotype

(Hunt & Simmons, 2000) so that the link between

paternity and paternal care demonstrated here cannot

be explained by phenotypic variation between males.

An important result of our study is that we found the

trade-off between paternal care and mating effort that is

thought necessary for a link between paternity and

paternal care (Westneat & Sherman, 1993). The propor-

tion of a male’s time budget spent provisioning offspring

was inversely related to the proportion of time spent

mate guarding and copulating with the female. The

addition of sneaks into a breeding chamber thus resulted

in males reducing the proportion of time they spent

provisioning offspring and increasing the proportion of

time they spent mate guarding. In an independent study

of the same species, Moczek (1999) similarly found a

switch from cooperative to noncooperative behaviour

when a single male competitor was added to a breeding

chamber.

Costs and benefits of extra-pair copulations

The results of this study lead to the obvious question,

why do females mate with sneak males? Within a

species, the prevalence of extra-pair copulations will

depend on the costs and benefits of the female behaviour

and on the efficiency of male counter strategies to avoid

losing paternity (Westneat, 1995). Therefore, the occur-

rence of extra-pair copulations by females may often be

viewed as the outcome of intersexual conflict, with the

caring male attempting to control the mating behaviour

of the female and the female evolving mechanisms to

conceal such behaviour (Gowaty, 1996). In O. taurus,

extra-pair copulations are not forced as the female must

willingly open her genital tergite in order to mate.

Therefore, it is possible that females may actively mate

with hornless sneaks to derive genetic benefits for her

offspring. Support for this is provided by a recent study

by Kotiaho et al. (2001) in which male courtship rate in

O. taurus was shown to be condition-dependent. There

was high genetic variance in courtship rate and females

showed a strong directional mating preference for males

with higher courtship rates. More importantly though,

courtship rate was genetically correlated with condition

and found to be unrelated to male morphology, so that a

hornless sneak with a high courtship rate will not only be

preferred by females but this trait should convey herita-

ble variation in condition to her offspring (Kotiaho et al.,

2001). Qualitatively similar findings have been suggested

for a number of bird species (Wetton & Parkin, 1991;

Mulder et al., 1994; Møller & Thornhill, 1998; Hoi-

Leitner et al., 1999; Møller, 2000).

Nevertheless, the presence of sneaks in the population

may represent a significant cost for females. Copulation

lasts for 2–3 min (Tomkins & Simmons, 2000) during

which females are unable to continue provisioning. We

found that increasing the frequency of sneaks in the

population increased the total number of copulations

performed by a female. Associated with this increased

copulatory activity was a significant reduction in the

number of brood masses produced. Females may mini-

mize the costs of continued courtship and mating by

permitting sneaks to copulate, what Thornhill & Alcock

(1983) referred to as convenience polyandry. Alterna-

tively, these costs may be outweighed by the genetic

benefits accrued by mating with high condition sneak

males.

Concluding remarks

Although paternal care is generally rare in insects (Zeh &

Smith, 1985), those species in which it does occur

represent ideal models for the experimental analysis of

facultative adjustments in parental care. Paternal care

has been associated with high paternity in male brooding

water bugs (Smith, 1979), although it seems that high

paternity in this species is fixed across breeding episodes
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by the demand for repeated copulations by the caring

male prior to oviposition. Male burying beetles provide

extended paternal care via the preparation of carcasses

and the feeding of altricial larvae (Eggert & Müller,

1997). Facultative adjustment of paternal care has been

demonstrated in Nicrophorus orbicollis (Scott, 1998) but it

is not known if males adjust their care in relation to

confidence of paternity. Nutrient provisioning by male

katydids may also be facultative, depending on a male’s

probability of fertilizing eggs (Simmons, 1995; Simmons

et al., 1999). As noted by Wright (1998) studies of birds

have dominated this area of research, yet birds may not

be the ideal models for the experimental manipulations

that are required to elucidate the link between paternity

and paternal care. Our study illustrates the utility of

insect models in addressing the complex link between

paternity and paternal care, and we hope it will stimulate

an increased effort in this area of research.
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