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Abstract The leaf-curling spider Phonognatha graeffei
incorporates a twisted leaf into the central hub of its
orb-web that is used as a retreat. This species is unusual
among orb-weaving spiders because males cohabit in the
leaf retreat with both immature and mature females,
mating with the former shortly after the female molts.
Cohabitation appears to be a form of mate-guarding
because cohabiting males respond agonistically to rival
males that venture onto the web, and their behaviour
depends upon the reproductive status of the female;
males defending immature females are more aggressive
than those defending virgin, adult females. Males cop-
ulate with previously mated females for significantly
longer than with virgin females. Females may canni-
balise cohabiting males, which occurs independently of
whether the female has been deprived of food. Females
that cannibalise a single male do not have a higher fe-
cundity than non-cannibalistic females.

Key words Male-male competition · Mate-guarding ·
Orb-weaving spiders · Sexual cannibalism ·
Sperm competition

Introduction

The potential for multiple mating by females is respon-
sible for the extraordinary diversity of mechanisms
males utilise to secure their reproductive investments
against rival males. Mate-guarding, in which the male
attempts to prevent other males from copulating with his
mate, is a particularly widespread mechanism (Thornhill

and Alcock 1983; Birkhead and Møller 1992; Alcock
1994; Andersson 1994). Males may guard females from
other males before and/or after copulation has taken
place, with the timing apparently depending upon pat-
terns of sperm precedence and the duration of female
receptivity. Pre-copulation mate-guarding of immature
females is likely in species in which the first male to mate
secures the most fertilisations, whereas post-copulation
mate-guarding is likely if the last male has sperm pre-
cedence (Ridley 1983; Alcock 1994).

The timing and duration of pre-copulation mate-
guarding in species with first male sperm precedence will
depend upon the length of time females are receptive,
and the expected encounter rate of males with un-
guarded, virgin adult females (Parker 1974; Ridley
1983). There may be little, if any, pre-copulation mate-
guarding if males are likely to encounter many receptive,
virgin females that are not guarded by other males. If,
however, males expect to encounter very few virgin,
adult females that are not guarded, selection may favour
males that guard immature females against rivals (Par-
ker 1974), and mate with them as soon as they attain
sexual maturity. Successfully guarding an immature fe-
male ensures that the male will be the first to mate with
her and hence fertilise the majority of her eggs. In con-
trast, a mature female may have already mated and
hence her value, in terms of the expected reproductive
success of the male, will be lower if males are unable to
distinguish between virgin and mated adult females. In
which case, males may guard immature females more
vigorously than mature females (Austad 1984). While
mate-guarding affords the advantage of fertilising most
of the eggs of the female, it may also attract several
costs, including loss of foraging opportunities and
greater exposure to predators (Parker 1974).

Both pre- and post-copulation mate-guarding occur
in spiders (e.g. Austad 1984; Jackson 1986; Watson
1990; Dodson and Beck 1993; Eberhard et al. 1993), and
the former appears to be common among orb-weaving
spiders (e.g. Robinson and Robinson 1980; Miyashita
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1993; Elgar and Fahey 1996). Male orb-weaving spiders
usually attain sexual maturity before females, and these
adult males do not build webs but rather seek mating
opportunities. After locating the web of a female, the
male may remain at the centre or edge of the orb-web,
interact aggressively with other males, and attempt to
copulate with the female shortly after she attains sexual
maturity (Robinson and Robinson 1980). While this
behavior increases the probability that the male is the
first to mate, remaining in close proximity to the female
may also increase the risk of cannibalism, which is
common in orb-weaving spiders (Elgar 1992).

The leaf-curling spider Phonognatha graeffei is an
orb-weaving spider that is ubiquitous throughout east-
ern Australia (Main 1976). Leaf-curling spiders build
webs among shrubs in both lightly wooded areas and
suburban gardens. They are easily recognised by the
curled leaf that is incorporated into the central hub of
the web and used by the resident spider as a retreat
(Thirunavukarasu et al. 1996). Males are smaller (5 mm
in length and c. 20 mg) and mature earlier than females
(8 mm in length and c. 60 mg at sexual maturity but
increasing to over 260 mg before ovipositing). Sexually
mature males may share the leaf retreat with either im-
mature or mature females. Females oviposit about 4
weeks after mating, depositing up to 200 eggs into an egg
sac that is sealed in a dead leaf.

Here, we describe the patterns of cohabitation in
P. graeffii, and examine whether this behavior represents
a form of mate guarding. In particular, we investigate
whether the vigor of male guarding behavior depends
upon the reproductive status of females, and what fac-
tors determine the outcome of any contests between
males. We also evaluate the risk to males of sexual
cannibalism by females and the potential benefits of this
behaviour to females.

Materials and methods

Immature male and female P. graeffei were collected in early Jan-
uary from a coastal population at Sandringham, Port Phillip Bay,
Victoria. The spiders were maintained in individual containers with
a moist atmosphere and fed three to five blowflies Lucilia cuprina
(Diptera) each week. Maintaining females in this way allowed us to
be certain of the mating status of each female.

Courtship and mating trials were carried out in perspex mating
frames (40 × 50 × 10 cm) with removable panels. Females of
known reproductive status (immature, adult virgin or mated) were
weighed, placed in the mating frame and allowed to build a web.
Small pieces of paper littered the floor of the frame, and the female
incorporated one of them into the web to use as a retreat. If nec-
essary, parts of the paper retreat were carefully cut away so that it
was possible to observe the behaviour of the spiders inside the
retreat. A male of known reproductive status was weighed and
placed at the base of the mating frame. The trial was abandoned if
courtship had not commenced within an hour of the male being
placed in the mating frame. We recorded the behaviour of both the
male and female, and the onset and duration of copulation bouts.
Copulation was deemed to commence when the male grasped the
abdomen of the female with his forelegs, and inserted a pedipalp

into her genital opening. Copulation consisted of a series of alter-
nate pedipalp insertions, each lasting a few minutes. We defined the
duration of copulation as the time from when the male made his
initial palpal insertion until he withdrew his palp for the final time,
just prior to releasing his grasp on the female and separating from
her.

Mating trials involved both adult virgin and mated females. A
male mating with a virgin female was allowed to cohabit with the
female until the following day, after which he was removed and a
second male was introduced. We recorded the courtship and cop-
ulation behaviour of the female and both the males, and the onset
and duration of copulation bouts.

We examined whether the duration of cohabitation influenced
female fertility by comparing the proportion of eggs from which
spiderlings emerged of females that associated with males for dif-
ferent durations. Males were allowed to mate with virgin females
and then removed from the courtship frame after either (1) 1 h of
copulation, (2) 24 h of cohabitation, or (3) several days of cohab-
itation. We also collected mature females from field populations in
order to obtain estimates of female fertility under natural condi-
tions. We assume that the different periods of cohabitation reflect
differences in the duration and/or frequency of copulation, since
pairs copulate frequently while cohabiting. Females were main-
tained in isolation after mating, fed flies ad libitum, and allowed to
oviposit. The eggs were then separated from the egg-sac, counted
and incubated in vials within a humid perspex box. The hatchlings
were counted and removed as they emerged, thereby preventing
intra-brood cannibalism.

The duration of post-copulation cohabitation was recorded for
males placed with either immature females; virgin, mature females;
or mated females. Males paired with an immature female usually
cohabited until she moulted, and then they mated. We monitored
each pair every day after mating had taken place and noted the
position of the male on the web. A male was defined as ‘‘cohabit-
ing’’ if he was sharing the retreat with the female.

We examined whether cohabitation is a form of mate-guarding
by recording the response of cohabiting ‘‘resident’’ pairs of different
reproductive status to male intruders. A male was introduced into a
web of either an immature or mature virgin female and allowed to
enter the leaf retreat and cohabit with the female. After 24 h, an-
other male was introduced at the base of the mating frame and
allowed to venture onto the web. We then recorded the behaviour
of both the defending and intruding males. In separate trials, we
placed a second female at the base of the mating frame with a web
and pair of cohabiting spiders, and recorded which spider re-
sponded to the female intruder.

The relationship between female fecundity and sexual canni-
balism was examined by comparing the fecundity (number of eggs
in the clutch) of females under different diets and cannibalism
frequencies. Females were assigned randomly to one of three can-
nibalism treatments: cannibalism of a male immediately after
mating; cannibalism of a male three weeks after mating; or no
cannibalism. Each male was chilled before being given to the fe-
male, which facilitated her ability to capture him. Following mat-
ing, females were assigned randomly to one of two dietary regimes,
consisting of either one fly per day or one fly every 3 days, and
maintained in small containers until they oviposited. The eggs were
removed from their protective silk sac and counted.

We examined whether sexual cannibalism was influenced by the
nutritional state of the female by comparing the frequency of
cannibalism among well-fed and food-deprived pairs. Pairs of
males and females were allowed to mate and then assigned ran-
domly to one of two treatments; one group of spiders were food-
deprived for one month while the other group were fed daily. All
pairs were monitored each day, and we recorded any incidence of
cannibalism.

All statistical analyses were performed using SYSTAT 5.2
(Wilkinson 1992). Data were log-transformed in order to normalise
their distributions. Non-parametric tests were used if normal dis-
tributions were not obtained by transformation. Unless stated
otherwise, values given are means ± SE and the null hypothesis
was rejected if the a-level was less than 0.05.
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Results

Courtship and copulation

After locating the web, the male approached the leaf
retreat from the lower part of the orb-web. The resident
female usually tugged on the web when she detected the
vibrations of the male, and the male responded by rap-
idly flexing his abdomen up and down. These abdominal
flexions continued as the male made his way towards the
leaf retreat, and he often paused for several minutes
during this time. The reproductive status of the female
had no effect on the frequency with which females tug-
ged on the web (Table 1). However, males reached the
leaf retreat of immature females more quickly than of
mature virgin females and took the longest time to reach
mated females (Table 1).

The male entered the leaf retreat from the top, posi-
tioned himself below the ventral surface of the adult
female, grasped her abdomen with his front two pairs of
legs and inserted his pedipalps alternately into the gen-
ital opening of the female, tapping on her epigynum
between insertions. Copulation consisted of a series of
consecutive pedipalp insertions, each of which lasted a
few minutes, and was terminated when the male released
his grasp on the female and separated from her. An
analysis of covariance revealed that the duration of
copulation for males mating with previously mated fe-
males was significantly longer (136.58 ± 8.42 min,
n = 18) than that for males mating with virgin females
(100.85 ± 5.15 min, n = 43; F1,57 = 7.978, P < 0.008),
but was not influenced by either male weight
(F1,57 = 0.354, P > 0.5) or female weight (F1,57 = 0.143,
P > 0.5), or any of the interactions among these factors
and covariates (P > 0.07 in all tests).

Duration of cohabitation and defence against intruders

Adult males released into frames with sexually mature
females entered the leaf retreat and proceeded to copu-

late shortly afterwards. Males released into frames with
penultimate instar females similarly entered the leaf re-
treat, remaining there with the immature female. Mating
then occured within a day after the female moulted into
her final, adult instar. Males stayed with the female for
several days after mating before leaving the web. Males
that moved off the web usually remained at the ex-
tremities of the mating frame or left it if the frames were
opened, and it seems likely that, under natural condi-
tions, males do not return to a female after leaving her
web. Therefore, we estimated the duration of post-cop-
ulation cohabitation, under laboratory conditions, to be
the number of days spent by a male sharing the female’s
retreat prior to moving to the extremities of the mating
frame. There was no significant difference in the mean
duration of post-copulation cohabitation between males
that had mated with recently moulted females (1.6 ± 0.9
days, n = 11), virgin mature females (0.4 ± 0.1 days,
n = 16) or mated females (1.3 ± 0.4 days, n = 17;
Kruskal-Wallis test statistic = 4.506, df = 2, P > 0.1).

The reproductive status of the female influenced the
behaviour of both defending and intruding males. In
general, males competing over immature females had
higher frequencies of both abdominal flexions and web-
tugs than males competing over adult virgin females
(Table 2). Cohabiting males pulled on the webs signifi-
cantly more frequently (mean = 1.40 ± 0.37 per min)
than intruding males (mean = 0.70 ± 0.17 per min;
tpaired = 2.91, df = 29, P < 0.01). There was no signifi-
cant difference in the frequency of abdominal flexions
between cohabiting (mean = 0.97 ± 0.36 per min) and
intruding males (mean = 0.71 ± 0.22 per min; tpaired =
1.35, df = 29, P > 0.18).

The contests between defending and intruding males
resulted in one individual being ejected from the web,
either by being chased off the edge of the web or, fol-
lowing physical contact, by dropping off the web. The
outcome of these contests was not influenced by female
status: 53% (n = 15) of males cohabiting with immature
females ejected the intruder, compared with 40%
(n = 15) of males cohabiting with a mature virgin female
(Yate’s corrected v2 = 0.134, P > 0.7). In contrast, the

Table 1 Courtship duration of males introduced to female Phonognatha graeffei at different developmental stages. Values are means with
standard errors in parentheses. All values were log-transformed before applying the one-way analysis of variance

Immature Adult F

Virgin Mated

Number of trials 10 43 18

Mean time to reach the leaf 2.21 5.58 14.67 3.130*
retreat (min) (0.42) (0.82) (0.54)

Mean time spent outside the leaf 4.21 3.34 1.74 0.433
retreat (min) (1.91) (0.82) (0.54)

Mean frequency of female web 0.74 0.66 0.62 0.026
tugs (per min) (0.38) (0.13) (0.18)

*P < 0.05
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larger male won 90% (n = 30) of these interactions
(Yate’s corrected v2 = 19.2, P < 0.001), suggesting that
body size is a more important determinant of competi-
tive ability than tenure on the web. In these contests, the
mean weight difference between large and small males
was 14.7 ± 1.7 mg.

Both males and females chased intruding spiders that
ventured onto the orb-web, but the sex of the defending
spider depended on the sex of the intruder. The cohab-
iting male reacted in all of the 30 trials involving an
intruding male. In contrast, only females reacted in the
five trials involving an intruding female (Fisher’s exact
probability < 0.001).

Cohabitation and female fertility

P. graeffei copulated numerous times over several days,
and the fertility of females was influenced by the dura-
tion of male cohabitation and hence the frequency and/
or total duration of copulation. Females that cohabited
with males for less than an hour had a lower fertility (the
proportion of eggs in the clutch from which spiderlings
emerged) than females that cohabited over longer peri-
ods and thus could copulate more frequently (Fig. 1).
An analysis of covariance with duration of male co-
habitation as the main factor and female fecundity as a
covariate revealed that female fertility was influenced
significantly by the length of cohabitation (F3,40 = 4.56,
P < 0.008), but not by female fecundity (F1,40 = 3.39,
P > 0.07) or an interaction between these variables
(F3,37 = 2.44, P > 0.08).

Sexual cannibalism

Females sometimes cannibalised their mate after mating,
but the frequency of cannibalism was not influenced by

the availability of food: 26% (n = 34) of the females
provided with food every day cannibalised their mate
compared with 27% (n = 11) of females that were de-
prived of food.

The fecundity of females was not increased by can-
nibalising a single male (Fig. 2). An analysis of covari-
ance with two levels of feeding regime and 3 levels of
cannibalism (no cannibalism, cannibalism immediately
after mating and cannibalism 3 weeks after mating) as
factors, and the initial weight of the female and the time
from mating until oviposition as covariates revealed that
female fecundity was significantly influenced by the
feeding regime (F1,50 = 125.43, P < 0.001) and initial
female weight (F1,50 = 5.90, P < 0.02), but not by the

Fig. 1 The number of fertile eggs produced by female Phonognatha
graeffei following different durations of cohabitation with males.
Values are means with standard error bars and sample sizes above

Fig. 2 The mean number of eggs produced by female P. graeffei fed
either one fly each day or one fly every 3 days and either no males, one
male immediately after mating (male early) or one male 3 weeks after
mating (male late). Values are means with standard error bars and
sample sizes above

Table 2 Behaviour of intruding males and males defending im-
mature or adult, virgin females in P. graeffei. Values are means
with standard errors in parentheses

Female reproductive
status

Mann-
Whitney

Immature Adult
U

Number of trials 15 15

Defending male
Mean frequency of 1.25 0.70 152*

abdominal flexions (per (0.46) (0.18)
min)

Mean frequency of web- 1.89 0.92 159*

tugs (per min) (0.57) (0.45)

Intruding male
Mean frequency of 1.06 0.32 160*

addominal flexions (per (0.30) (0.32)
min)
Mean frequency of web- 1.01 0.39 175**

tugs (per min) (0.28) (0.18)

*P < 0.05, **P < 0.01
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occurrence of cannibalism (F2,50 = 0.47, P > 0.6), time
until oviposition (F1,50 = 1.49, P > 0.2), or the interac-
tions among these variables (P > 0.45 in all cases). The
fecundities of experimental females (on both dietary
regimes) fell within the range of females collected from
the field population (range 77–238, mean =
149.8 ± 41.2, n = 31), suggesting that the experimental
dietary regimes were similar to those experienced by
females in natural populations. There was also a positive
correlation between female fecundity and female weight
immediately prior to oviposition for females collected
from the field (r = 66, n = 31, P < 0.001).

Discussion

Males of P. graeffei cohabit in the leaf retreat of both
immature and mature females. In our experiments, all
males cohabited with immature females, typically mat-
ing with them after they had completed their final moult,
and leaving after a relatively brief period of post-copu-
lation cohabitation. This pattern of pre-copulation co-
habitation between sexually mature males and sexually
immature females is widespread in spiders (Jackson
1986; Miller and Ramey Miller 1986; Dodson and Beck
1993), including orb-weaving spiders (Robinson and
Robinson 1980; Prenter et al. 1994; Elgar and Fahey
1996).

The active defence of females by cohabiting males
suggests that pre-copulation mate-guarding is the pri-
mary function of cohabitation (see also Austad 1983;
Prenter et al. 1994). P. graeffei is an entelegyne spider,
currently placed within the Nephilinae (Hormiga et al.
1995). The spermatheca of entelegyne spiders consists of
two ducts; the insemination duct that opens near the
vaginal opening and into which the male intromittent
organ dispenses seminal fluid, and the fertilisation duct
from which sperms issue when the eggs are fertilised
(Austad 1984). The first sperms to enter females with
this so-called ‘‘conduit’’ spermathecal tract are likely to
be nearest the fertilisation duct and hence may be the
first to be used in fertilisations (Austad 1984; Watson
1991; Eberhard et al. 1993; Christensen and Cohn 1988;
but see Masumoto 1993). Thus, males that cohabit with
an immature female, defending her from rival males and
mating with her when she attains sexual maturity may
have a higher reproductive success than males that leave
immature females in search of receptive, sexually mature
females.

It is not clear why males defend immature females
more vigorously than mature virgin females, since both
are equally valuable to the male in terms of the pro-
portion of eggs he is likely to fertilise. One explanation is
that if females mate with several males, then the fertili-
sation success of males mating with females they en-
counter as adults will be lower, on average, than that
when mating with females they encounter as immatures.
If males cannot discriminate accurately between adult,

virgin females and mated females, then adult, virgin fe-
males will be less ‘‘valuable’’ to males than immature
females, and accordingly should be defended less vig-
orously (e.g. Austad 1983; Enquist and Leimar 1990).
Although courting males in this study reacted differently
to virgin and mated adult females, suggesting that they
can distinguish between female reproductive condition,
this may reflect differences in the behaviour of females
(e.g. Watson 1993; Singer and Riechert 1995) rather
than active discrimination by the males.

The duration of pre-copulation cohabitation may be
a function of the risk of mortality associated with co-
habitation and the probability of locating another un-
guarded female closer to sexual receptivity. The latter
appears to be low for some orb-weaving spiders
(Christenson and Goist 1979; Robinson and Robinson
1980; Miyashita 1993; Elgar and Fahey 1996; Elgar and
Bathgate 1996). The leaf retreat may reduce the risk of
mortality by either sexual cannibalism or predation
during pre-copulation cohabitation. Cohabiting males
may be less conspicuous to predators because they are
concealed within the leaf retreat, a feature that is not
common to other orb-weaving spiders. Additionally, the
leaf retreat appears to provide males with at least some
protection from pre-copulation sexual cannibalism,
which occurs at a lower rate in P. graeffei than in other
orb-weaving spiders (Elgar and Nash 1988; Elgar and
Fahey 1996). The female leaf-curling spider resides in the
lower half of the retreat with her front legs resting on the
orb-web, and the male enters the retreat from the top of
the leaf where he remains. The size of the retreat makes
it virtually impossible for the female to turn around
swiftly and cannibalise her prospective mate. Not sur-
prisingly, male P. graeffei may remain with immature
females for a long time; in our laboratory population,
one male cohabited with an immature female for 39
days, and the female of another cohabiting male moul-
ted twice before reaching sexual maturity (see also
Christenson and Goist 1979; Jackson 1986; Toft 1989).
Selection may favour males that guard any encountered
immature female if the encounter rate with virgin fe-
males and the risk of pre-copulation sexual cannibalism
are low (see also Ridley 1983). Pre-copulation mate-
guarding may still be favoured even if females remain
sexually receptive after mating, if the male that mates
first fertilises more eggs than subsequent males.

The duration of copulation in P. graeffei is consid-
erably longer than that of most other araneid spiders
(Elgar 1995). Copulation in araneids typically lasts a few
minutes, and consists of one pedipalp insertion followed
by a bout of male courtship and then a second pedipalp
insertion. There may be little selection for shorter cop-
ulation durations in P. graeffei compared with other
araneids, if the leaf retreat provides protection from
both predation and sexual cannibalism (see Elgar 1995).
Male P. graeffei copulate for significantly longer with
mated females than with virgin females. Similar patterns
have been recorded in several other spiders (Elgar 1995).
The longer duration of copulation for mated females can
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be interpreted within the context of sperm competition.
For example, males may copulate for longer with mated
females in order to increase the amount of sperm
transferred, thereby decreasing the value of the sperm of
the rival male (Andrade 1996).

Why do male P. graeffei remain with females after
mating, despite the possibility of finding other receptive
females and the potential risk of sexual cannibalism?
First, the duration of post-mating cohabitation, and
hence the frequency and/or duration of copulations,
influences female fertility. Males that remain with sex-
ually mature females for 24 h fertilise fewer eggs than
those that remain with the female for longer periods. In
fact, the fertility of captive females that spend more than
2 days in post-copulation cohabitation is similar to that
of females collected from the field, suggesting that the
typical duration of post-copulation cohabitation in the
field is greater than 2 days. Like other orb-weaving
spiders, female P. graeffei will mate with several males
(Austad 1984; Elgar 1995; but see Elgar and Bathgate
1996), and post-copulation cohabitation could represent
a further period of mate-guarding (Christenson and
Goist 1979, Robinson and Robinson 1980) if the pattern
of sperm priority depends upon inter-copulation time.
For example, the sperm may take some time to reach the
seminal receptacles and are more easily displaced while
in the sperm ducts. Additionally, females may tolerate
cohabiting males after the initial copulation because
their fertility might otherwise be reduced.

One cost of post-mating cohabitation is the risk of
sexual cannibalism. Buskirk et al. (1984) predicted that
post-copulation sexual cannibalism with male complicity
will evolve when the number of expected matings during
the lifetime of a male (in the absence of sexual canni-
balism) is low, and that the increase in reproductive
output through sexual cannibalism is high. There was no
evidence that the consumption of an additional male by a
female increased her reproductive output (see Elgar and
Nash 1988; Andrade 1996). Thus, while a female may
benefit by cannibalising a male (as she would by con-
suming any single prey item), post-mating sexual canni-
balism cannot benefit males, and hence this form of
sexual cannibalism with male complicity is unlikely to
evolve in this species.
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