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Abstract. Understanding behavioural decisions relative to host use for feeding or
reproduction by foraging parasitoids requires not only the study of metabolic
pathways followed by nutrients, but also the quantification of lifetime fitness gains
of each alternative behaviour. By using a combination of observational and
manipulative approaches, the lifetime host-feeding gains are measured both in
terms of fecundity and longevity in the parasitoid Eupelmus vuilletti. Host-feeding
increases both egg production and longevity. The increase in fecundity is mainly
determined by the amount of lipids obtained whereas the lifespan extension is
mainly determined by carbohydrates. Proteins obtained through host-feeding
have been implicated previously in egg production by parasitoids but protein
intake has no effect on fecundity and longevity in E. vuilletti. The amount of
nutrients gained through host-feeding and invested in eggs is variable and changes
over the lifetime of the animal. Therefore, lifetime feeding gains are best under-
stood through the construction of dynamical budgets running over the entire
lifespan of an insect.
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Introduction

Dynamic state models have been used extensively as a
powerful technique in evolutionary ecology to make
detailed predictions about the optimal behavioural deci-
sions of organisms such as parasitoid wasps (Chan &
Godfray, 1993; Collier et al., 1994; Godfray, 1994; Heimpel
etal., 1994, 1998; Collier, 1995; Roff, 2002). In turn, these
behavioural models play an important role in predicting the
population dynamics and stability of host—parasitoid inter-
actions and the outcome of biological control efforts (Kidd
& Jervis, 1989; Murdoch, 1990; Kidd & Jervis, 1991b;
Krivan & Sirot, 1997). Parasitoids search the environment
for hosts, usually other insects, in which to lay their eggs.
However, reproduction is not the only way to use the
host. Indeed, in many species, female parasitoids use the
host for feeding, instead of ovipositing. Even though con-
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current host-feeding and oviposition are sometimes
observed, it is usually assumed that host-feeding kills the
host or reduces its quality as an oviposition site (Jervis &
Kidd, 1986; Heimpel & Collier, 1996). Thus, on finding a
host, a female parasitoid makes a series of behavioural
decisions, such as whether or not to renounce the opportun-
ity for current reproduction (oviposition) in favour of
anticipated chances for future reproduction (host-feeding).
These decisions are inevitably associated, at least in part,
with physiological thresholds. Theoretical studies have
shown that the optimal behavioural decision relies heavily
on the nature and function of host-feeding (Jervis & Kidd,
1986, Mangel, 1989; Chan, 1991; Kidd & Jervis, 1991a;
Houston et al., 1992; Chan & Godfray, 1993; Collier et al.,
1994; Collier, 1995; Heimpel et al., 1998). Whether nutrients
obtained from host feeding are employed for egg produc-
tion, maintenance, or both, has consequences for the way in
which parasitoids partition their time and energy between
reproduction and feeding activities (Chan & Godfray, 1993;
Rivero & Casas, 1999a). The incorporation of physiological
realism into models of parasitoid behaviour and popula-
tion dynamics has thus raised a series of new questions
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concerned with the pattern of resource allocation to egg
production and metabolic maintenance in relation to adult
diet in females.

Adult nutrition can have important effects on lifetime
reproductive success of female parasitoids (e.g. Hagan,
1986; Jervis et al., 1996). Under natural conditions, syno-
vigenic parasitoid species may exploit both host haemo-
lymph and nonhost foods such as nectar, honeydew and,
to a lesser extent, pollen (Leius, 1961; Jervis & Kidd,
1986; Jervis etal., 1992, 1993; Heimpel & Collier, 1996;
Jervis etal., 1993, 1996; Jervis & Kidd, 1996; Gilbert &
Jervis, 1998; Jervis & Kidd, 1999). Current knowledge of
the effects of adult feeding on lifetime reproductive suc-
cess is fragmented and ambiguous, both with respect to
intractable differences in the experimental conditions and
interspecific differences in the nature and quantity of the
nutrients consumed (Heimpel & Collier, 1996; Heimpel
etal., 1997, Rivero & Casas, 1999a; Giron etal., 2002).
Most studies have examined the relationship between
sugar feeding and longevity or the effect of host-feeding
on fecundity (mainly under conditions of unlimited sugar
availability) (reviewed by Heimpel & Collier, 1996).
Experiments in which the effect of different adult diets on
fecundity and longevity are compared suggest that, for many
host-feeding species, sugars that occur naturally in nectar
or honeydew increase longevity, and that host-feeding
provides materials for egg maturation (reviewed by Jervis
& Kidd, 1986 and Heimpel & Collier, 1996). However,
the effect of host-feeding on lifetime reproductive success
is a question that has remained largely unaddressed,
because only a limited number of studies exist in which
the lifetime host-feeding gain (in terms of fecundity and
longevity) has been empirically quantified (Heimpel ez al.,
1994, 1997; Collier, 1995).

The positive correlation between host-feeding and
fecundity is well established (Doten, 1911; Flanders, 1935;
Bartlett, 1964; Jervis & Kidd, 1986; Heimpel & Collier,
1996). The clearest case is for anautogenous species in
which the parasitoid emerges with no mature eggs and
host-feeding must precede oviposition to ensure egg pro-
duction (Jervis & Kidd, 1986). Recent studies using direct
tracking of radioactively-labelled amino acids (obtained by
host-feeding) into eggs confirm a direct link between host-
feeding behaviour and incorporation of the nutrients in eggs
(Rivero & Casas, 1999b; Rivero et al., 2001). However, few
studies have tried to quantify the value of a single host-
feeding meal in terms of the number of eggs produced
(Heimpel et al., 1994, 1997; Collier, 1995).

The effect of host-feeding on parasitoid longevity has
received much less attention than the effect on fecundity.
However, in certain species, such as Eupelmus vuilletti, host
haemolymph is the only source of food available for adult
females to sustain both reproductive and metabolic needs
(Giron et al., 2002). The influence of host-feeding on para-
sitoid longevity appears to vary as a function of experi-
mental conditions, composition of the host-feeding meal
and the ability of females to utilize the ingested nutrients
(Giron etal., 2002). Indeed, in some species host-feeding
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has no effect on longevity, in some it does, whereas in others
it does only if a sugar source is also available (reviewed by
Jervis & Kidd, 1986; Heimpel & Collier, 1996; see also
Heimpel et al., 1997).

Models aiming to predict when a parasitoid should trade
an opportunity for current reproduction (i.e. laying egg) to
feed from the host, and thus increase the chances for future
reproduction (i.e. survive and producing eggs), need to
quantify the lifetime fitness advantages of each alternative
behaviour. Measuring the proximate increase in fitness
from laying an egg is, at least a priori, a relatively straight-
forward task. However, measuring the increase in fitness
from feeding is not so simple because it involves a set of
complex physiological processes running over different time
scales (Rivero & Casas, 1999b). Such measures can be con-
ducted in two ways: (i) observational or (ii) manipulative
approaches. On one hand, observational studies have the
advantage of providing a picture of what really happens
over a long period without perturbing the system. However,
they are unable to explain the physiological processes
involved. On the other hand, manipulative studies are help-
ful in understanding the physiological mechanisms under-
lying decisions, but have the disadvantage of being
conducted usually over a short period of time without tak-
ing into account physiological processes occurring over a
lifetime period. Indeed, due to the delay required for the
nutrients ingested through feeding to be converted into
eggs, and the possibility of storage of resources for later
use, fitness advantages from a single feeding event are likely
to be spread over the lifetime of the parasitoid. Thus, they
cannot be measured in terms of the number of eggs laid or
produced per unit time, except when using a final count at
the end of the life of the parasitoid (Collier, 1995; Heimpel
etal., 1997; Rivero & Casas, 1999b).

In this study, a detailed investigation is made of the life-
time pattern of host-feeding and oviposition in Eupelmus
vuilletti (Crawford) (Hymenoptera, Eupelmidae), a parasi-
toid that feeds and oviposits on third—fourth-instar coleop-
teran larvae. Eupelmus vuilletti is the only species for which
there is quantitative data on food consumption and nutrient
allocation to eggs, making it one of the best known para-
sitoids for the study of host-feeding. Indeed, several key
physiological parameters related to the nutritional pay-off
of a single host-feeding event have been previously meas-
ured, such as the biochemical composition of a single host-
feeding meal and the composition of a single egg (Rivero &
Casas, 1999b; Rivero et al., 2001; Giron et al., 2002; Giron
& Casas, 2003a,b). In the first part of this study, lifetime
estimates of host-feeding activity are obtained and explored
in relation to consequences for fecundity and longevity.
These new results are combined with previous physiological
data to determine how the nutritional value of individual
host-feeding events influence lifetime fitness. The role of
specific host-feeding nutrients in influencing fecundity and
longevity is not investigated directly, but was assessed by
reference to the results from previous work and by using the
known energetic value of nutrients and conversion efficien-
cies. The generality of the findings is discussed, as well as
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the similarities to and differences from studies on other
parasitoid species.

Materials and methods

Eupelmus vuilletti is a tropical, solitary, host-feeding ecto-
parasitoid of third- and fourth-instar larvae of Callosobru-
chus  maculatus  (Fabricius) (Coleoptera, Bruchidae)
infesting Vigna unguiculata (Fabaceae) pods and seeds.
Females are synovigenic (i.e. they are born with some
immature eggs and need to feed, in this case from the
host, to sustain egg production). However, females rarely
use the same host for oviposition and for feeding (D. Giron
etal., unpublished observations). Culturing and all experi-
mental procedures were carried out in a controlled tempera-
ture room under a LD 13:11h photoperiod, a temperature
cycle of 33°C (light): 23°C (dark), and a constant 75%
relative humidity. All experiments were conducted without
any sugar source available and hosts comprised the only
source of food for adult parasitoid females.

The complete sequence of host-feeding and oviposition
events were recorded in a large series of females over their
lifetime. For this purpose, 50 newly emerged females were
placed individually in a small Petri dish and given one host
per hour for a total of 6h (between 09.00 and 15.00h,
corresponding to peak daily activity; D. Giron, personal
observation). This was repeated until the females died.
The number of eggs laid, the number of hosts fed upon
during a the lifespan of a female, and the duration of each
host-feeding event were recorded. Hosts provided to
females had been previously extracted from the V. unguicu-
lata seeds and placed inside a gelatin capsule as previously
described Gauthier & Monge (1999). This system does not
alter either the natural behaviour of females or their life
expectancy (Giron etal., 2002), and allows experimental
control over the number and the developmental stage of
the hosts. It also facilitates the recording of the number of
eggs laid and the number of host-feeding events.

To determine the quantity of haemolymph consumed
during a host-feeding event, 70 newly emerged females
were weighed individually (Supermicro Sartorius, Richmond,
U.K.) and immediately placed in a small Petri dish with three
fourth-instar hosts (as above). Females were observed con-
tinuously until a host-feeding event took place. Females were
weighed immediately after they finished feeding and the
amount of food consumed during their first host-feeding
was estimated by subtracting the mass before and after
feeding. The duration of each host-feeding event was also
recorded.

Results

Females host-fed, on average, 18.21 +1.87 times during
their life (mean & SE, n=48) and an average of 1.39 £0.05
times per day (n=461). The number of host-feeding events
performed per day remained approximately constant over

the lifespan of females with no clear differences before and
after day 7 (Fig. 1).

The mean duration of one host-feeding event was
17.30 £0.84min (n=461). The duration of each host-
feeding event positively increased over the lifespan of
females (Fig. 2a). This increase in feeding duration divided
itself into three phases. During the first 7 days, the duration
of host-feeding events showed only a slightly positive
increase (slope =0.87). After 7days, the duration of host-
feeding events increased rapidly (slope=3.39) and finally
levelled off after approximately 17 days postemergence.

Females wet weight increased on an average of
0.2540.17mg (n = 68) per host-feeding event. The amount
of host haemolymph consumed increased with increasing
duration of host-feeding (Fig. 2b). This relationship was
nonlinear (linear regression: y=0.103 x In(x)+ 0.096,
2 =0.25).

Females lived an average of 13.1+0.7days (n=48) and
the mean number of eggs laid during their life was 31.7 +3.2
eggs (n=48). Fecundity was strongly correlated with the
number of host-feeding events performed (linear regression,
slope=1.53, intercept =3.90, r*=0.80, Fy47=174.12,
P <0.05) (Fig. 3a) as well as longevity (linear regression,
slope=0.31, intercept=7.40, >=0.79, F,47=164.25,
P <0.05) (Fig. 3b). A multiple regression incorporating
both longevity and number of host-feeding meals for pre-
dicting fecundity (d.f.=3, mean-square=6323.229,
F=72.149, P=0.000) revealed a significant interaction in
the effect of both factors on lifetime fecundity, with a pre-
dominant effect of host-feeding over longevity (Table 1).

Discussion

Whether host-feeding provides nutrients exclusively for egg
production, exclusively for maintenance, or both, has been
an enduring topic in studies of the behavioural and evolu-
tionary ecology of parasitoids. Indeed, this question
appears to be crucial for understanding whether the evolu-
tionary trade-off between current and future reproduction
(a fundamental constraint on the reproductive success of
parasitoids) is mostly limited by the eggs available in the
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Fig.1. Mean (£SE) cumulative number of host-feeding events
performed by Eupelmus vuilletti females over their lifetimes.
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Fig.2. (a) Duration of host-feeding events over the lifetime of a
female. The solid line represents the mean value obtained through a
spline regression (Lowess algorithm, tension =0.5). (b) Amount of
host haemolymph consumed as a function of time spent host-
feeding. The solid line represents regression of amount of host
haemolymph consumed against time spent host-feeding
(»=0.103 x In(x) +0.096, *=0.25) and dashed lines are lower
and upper 95% confidence limits.

ovarioles or by the time available to lay them (e.g. Driessen
& Hemerik, 1992; Getz & Mills, 1996; Rosenheim, 1996,
1999; Heimpel & Rosenheim, 1998; Heimpel ezal., 1998;
Mangel & Heimpel, 1998; Sevenster etal., 1998; Casas
etal., 2000; Ellers etal., 2000; Jervis etal., 2001, 2003).
Previous studies have largely consisted of comparisons of
egg production and longevity in host-fed and unfed females
(reviewed by Jervis & Kidd, 1986; Heimpel & Collier, 1996).
Because most studies have been conducted with sugars
provided ad libitum, there are only few estimates of the
host-feeding gain per se for any parasitoid species (Heimpel
etal., 1994, 1997; Collier, 1995). Thus, there is an important
need to study not only the metabolic paths followed by
nutrients, but also the physiological budget of parasitoids
to enable these evolutionary questions to be answered
unequivocally (Rivero & Casas, 1999a; Rivero etal., 2001;
Giron et al., 2002).

The positive correlation between host-feeding and
fecundity observed in the present study confirms that host-

Parasitoid lifetime reproductive success 439

100

Fecundity (numer of eggs)

0 10 20 30 40 50
Total number of host-feeding events

30 (b)

Longevity (days)

0 10 20 30 40 50

Total number of host-feeding events

Fig. 3. Lifetime benefits of host-feeding. (a) Relationship between
fecundity and number of host-feeding events over the lifetime of a
female. (b) Relationship between longevity and number of host-
feeding events.

feeding has a positive influence on egg production. The
results also show that E. vuilletti females ingest at each
host-feeding event an average of 0.25uL of host haemo-
lymph (in insects, haemolymph density is approximately
1kg/L; Hoffman, 1995). By using the mean biochemical
composition of host haemolymph (Giron et al., 2002) and
the average composition of one egg (Giron & Casas, 2003b),
it is possible to estimate that one host-feeding event allows a
female to produce a maximum of 1.93 eggs (assuming that
eggs are produced exclusively from nutrients gained during
host-feeding) (Table 2). This theoretical maximum repro-
ductive host-feeding gain is limited by the small quantity of
lipids obtained by a female during host-feeding. Indeed, the
quantity of sugars and proteins obtained may lead to the
production of a much larger number of eggs.

The estimation of the real reproductive host-feeding gain,
obtained by following individual females during all their
lives, is 1.53 eggs per host-feeding event realized. This result
matches well with the theoretical maximum reproductive
host-feeding gain of 1.93 previously obtained. However,
the conversion factor of lipids ingested into eggs is known

Table 1. Multiple regression testing for tehe effects of longevity, host-
feeding and their interaction on lifetime fecundity of Eupelmus vuilletti.

Source SE t P

Longevity 0.746 2.402 0.021
Host-feeding 0.433 4.665 0.000
Longevity x host-feeding 0.024 —2.216 0.032
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Table 2. Maximal potential number of eggs produced from nutrients gained from a single host-feeding event.

Host haemolymph composition
(ng pL™") (mean + SE)

Parasitoid egg composition
(ng) (mean + SE)

Maximal potential output
(no. of eggs)

Proteins 20.45+0.68
Sugars 17.39 £ 1.35
Lipids 2.23+0.44

0.2940.01 17.62
0.334+0.01 13.18
0.2940.01 1.93

to be less than 1 (as was assumed in the above calculation)
and is usually considered to be around 0.8 (McNeill-
Alexander, 1999). By multiplying the theoretical maximum
reproductive host-feeding gain by this conversion factor,
1.54 eggs per host-feeding is obtained. This result closely
matches the real reproductive host-feeding gain found in the
current study. The increase of fecundity observed in host-
fed females can therefore be considered as mainly set by the
amount of lipids they obtain by feeding on the host.

The positive correlation between host-feeding behaviour
and longevity observed in this study confirms that host-
feeding gain must be considered not only in terms of egg
production, but also in terms of survival. By conducting a
series of microinjections of host haemolymph sugars into
E. vuilletti females, a previous study has shown that host
haemolymph sugars (mainly trehalose and sucrose) are the
main nutrients responsible for the increase in female long-
evity in host-fed females, and that one host-feeding event
increases the lifetime by 0.33 days (Giron et al., 2002). The
results obtained in the present study are 0.31 days of sur-
vival obtained per host-feeding event. The lifetime results
therefore match well the manipulative results previously
obtained. Therefore, host-feeding increases female survival
and the lifetime extension can be considered to be mainly
due to the intake of sugars.

Although there is now a good understanding of the fate
of lipids and sugars, there is no clear picture for proteins.
Previous results have shown a clear allocation of proteins to
reproduction (Rivero & Casas, 1999b; Rivero et al., 2001).
Most studies assume that synovigenic parasitoids host-feed
to sustain the highly protein demands associated with egg
production (Jervis & Kidd, 1986; Heimpel & Collier, 1996).
However, the present results indicate that acquisition of
proteins for reproduction is probably not the main purpose
of host-feeding behaviour in synovigenic parasitoids.
Indeed, an average female gains 90 pug of proteins through-
out its life (summing over host-feeding events and using
known quantities in haemolymph) and invests only one-
tenth of this in eggs (Giron & Casas, 2003b).

Because females live for approximately 7days without
food (Giron etal., 2002) and require at least three host-
feeding events to live an additional day, host-feeding should
increase after day 7. However, the number of host-feeding
events performed per day remains approximately constant
over the lifespan of females, with no clear differences before
and after day 7. The duration of each host-feeding event
during the life of a female is increased from day 7 onwards
(Fig. 2b). This behavioural strategy may allow females to
obtain the required nutrients and, at the same time, reduce

their need to embark on costly and hazardous host foraging
trips for food (Flanders, 1942; Bartlett, 1961; Iwasa et al.,
1984; Barzman, 1992; Heimpel & Collier, 1996). The posi-
tive relationship between the time spent in host-feeding
activities and the weight increase runs in favour of this
hypothesis.

Host-feeding gains are thus achieved both in terms of
survival and egg production (Fig. 4). Host-feeding contrib-
utes to an increased fecundity both by providing nutrients
for egg maturation and by increasing longevity, and there-
fore simply giving the female more time to lay eggs. A
multiple regression incorporating both longevity and num-
ber of host-feeding meals for predicting fecundity revealed a
significant impact of both factors on lifetime fecundity, with
a predominant effect of host-feeding over longevity. The
combination of manipulative and observational approaches
allows a good quantitative estimate of the long-term feeding
gains from a single host meal to be obtained. To the
authors’ knowledge, the only other species for which such
estimates are available is Aphytis melinus (Heimpel et al.,
1994, 1997; Collier, 1995). Through comparisons between
host-fed and control females, it has been estimated that,
in A. melinus, host-feeding increases fecundity and that
females mature approximately two eggs during a 2-day
period (Heimpel ezal., 1994; Collier, 1995). The host-
feeding gain is four eggs when integrated over the whole life
of the parasitoid (Heimpel et al., 1997). In this species, the
increase in lifespan per host-feeding meal is 0.6 days. How-
ever, this increase was observed only when an additional

Host-feeding
Host haemolymph

Sugars Proteins Lipids
Trehalose + Sucrose
/ ?\
Survival Reproduction

0.3 days per host-feeding event 1.5 days per host-feeding event

Fig.4. Schematic diagram showing the state of understanding of
the reproductive and survival gains from the nutrients obtained
through host-feeding in Eupelmus vuilletti. The fate of the large
amounts of proteins obtained is currently unknown, but appears to
be of less quantitative importance.
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sugar source was available (Heimpel etal., 1994, 1997;
Collier, 1995). In the absence of sugar, lifetime reproductive
success is extremely low, even if host-feeding occurs. The
possible explanations of this ‘sugar dependence’ could
involve the consumption of a sugar-poor fat body (instead
of a sugar-rich haemolymph as in the present case), a low
level of host haemolymph sugars or an inability of females
to metabolize the ingested sugars (Giron eral., 2002).
Further experiments are thus required to estimate host-
feeding gains in the absence of available sugar and in
respect of the quantity and quality of food consumed, in
Aphytis as well as in a wide variety of parasitoid species.
The results presented here, together with those previously
obtained, demonstrate that nutrient acquisition and alloca-
tion to reproduction are not only variable, but even change
systematically over the lifetime of animal (Giron & Casas,
2003b). Such gradual changes in food intake during the life
history, as a function of either development, reproduction
or ageing, is well documented for a variety of insects such
as Orthoptera, Coleoptera, Diptera or Hymenoptera (e.g.
Bernays & Chapman, 1972, 1994; Bernays & Simpson, 1982;
Chapman & de Boer, 1995; Chapman, 1998). By contrast,
much less is known about the rules for nutrient allocation to
reproduction or survival, except mainly for Lepidoptera
(Boggs, 1992, 1997a,b; O’Brien et al., 2000, 2002). A proper
quantification of lifetime feeding gains and associated deci-
sions in parasitoids will therefore require estimates at both
ends of the life cycle of an animal, leading naturally to
dynamic budgets over the entire lifetime of an insect.
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