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Abstract For insect parasitoids, knowledge of their flight capability is essential for a
general understanding of the relationship with their hosts. For instance, flight
capacity might partly determine their efficacy as biological control agents. Ibalia
leucospoides Hochenwarch (Hymenoptera: Ibaliidae) is a solitary, pro-ovigenic
parasitoid of the woodwasp, Sirex noctilio Boidin (Hymenoptera, Siricidae), an
economically important pest of softwood forestation. This study explores the flight
capacities of I. leucospoides females and assesses the effects of a sugar-rich food
supply and crowding on female flight performance, by using computer-linked flight
mills. The present study shows: (1) a high variability in flight potential of I.
leucospoides females, (2) no effects of food supply and grouping on wasp flight
(flight distance and speed), (3) a significant effect of body size and wing loading on
flight performance and, (4) a significant body mass loss during the flight dependent
on the total distance flown. The lack of effect of food on a highly energy-demanding
activity as flight may be related to the life-history traits and nutritional strategies of
this parasitoid. The relevance of these observations for the use of I. leucospoides as a
biological control agent is discussed.
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Introduction

Insects often engage in foraging flights in search for different resources, such as
food, mating partners, nesting sites or hosts. Such movements can take place at very
different scales, from moving between patches to long-distance displacements
between distant populations (Johnson 1969; Desouhant et al. 2003). For parasitoids,
insects that lay eggs in or on other arthropods, long distance dispersal may
contribute to the stability and persistence of species interactions (Hassell and May
1973; Roland and Taylor 1997). In turn, among several attributes, the dispersal
capability of parasitoids could affect success of biological control programs. High
flight capability may encourage fast expansion from the initial release point, as well
as colonization of uninhabited sites (i.e. isolated host patches) and re-invasion of
areas where the parasitoids become extinct (Kidd and Jervis 2007).

For many insects, in metabolic terms, flight is the most costly of all activities
(Chapman 1998). The large amounts of energy consumed in flight can be obtained
from different sources such as carbohydrates, fat and protein. Generally, in the
Diptera and the Hymenoptera, carbohydrates constitute the main fuel burnt during
flight (Chapman 1998; Roff 1977; Vogt et al. 2000; Suarez et al. 2005), whereas to
sustain flight Lepidoptera, Orthoptera and Hemiptera mainly burn lipids (Cockbain
1961; Beenakkers 1969; Sappington et al. 1995; Rivero and Casas 1999). In
parasitoids, adult metabolic resources originate from nutrients accumulated during
larval development (the ‘teneral resources’) and from the food obtained as adults.
Food can be obtained from the hosts themselves (in host-feeding species) or from
non-host sources, such as extra-floral and floral nectar or honeydew (Jervis and Kidd
1996; Jervis et al. 1992; Rivero and Casas 1999).

In many agro-ecosystems where parasitoids are introduced as biological control
agents, the availability of plant-derived food sources can be highly variable
(Siekmann et al. 2001). In many cases food is unavailable where hosts are found
(Jervis and Kidd 1996; Sirot and Bernstein 1996; Tenhumberg et al. 2006; Bernstein
and Jervis 2008). Thus, it is widely held that sugar-rich food supplementation in
target areas and/or prior to parasitoid release should improve the success of
biological control (Jervis and Kidd 1996; Lewis et al. 1998; Bianchi et al. 2006).
This is because adult feeding with sugar sources increases longevity and fecundity in
many parasitoids species (Schmale et al. 2001; Siekmann et al. 2001). Furthermore,
food provisioning may also increase flight capability (Wanner et al. 2006), allowing
a faster spread of parasitoids and a higher host searching efficiency (Stapel et al.
1997; Lewis et al. 1998; Kidd and Jervis 2007). Consequently, the effects of sugar-
rich food supply during rearing and in field conditions on life history traits should be
carefully evaluated.

Ibalia leucospoides Hochenwarth (Hymenoptera, Ibaliidae) is a solitary,
koinobiont and pro-ovigenic parasitoid of the woodwasp Sirex noctilio Boidin
(Hymenoptera, Siricidae) (Spradbery 1977; Madden 1981). Woodwasps are
primitive xylophages that attack pine trees. While S. noctilio is native to
Mediterranean Europe, in the last century it has successfully invaded Australia,
New Zealand, South Africa, South America and North America (Hoebeke et al.
2005). In most regions where S. noctilio has established, it has become an
important pest of pine tree forestation, due to its reported outbreak population
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dynamics during which tree mortality can be severe (Corley et al. 2007). I. leucospoides
is one of several bio-control agents adopted for pest management purposes of
woodwasp populations (Hurley et al. 2007). The parasitoid, also native to Europe, was
introduced into Australasia in the early 1960′s. I. leucospoides has established
throughout the invasion range of S. noctilio, mostly through accidental introductions,
together with its host (Madden 1988). Under field conditions, I. leucospoides may
parasitize up to 40% of its hosts.

Because of its applied importance there is a growing research effort on I.
leucospoides. Most work has focused on its hosts foraging behaviour (Chrystal
1930; Madden 1968; Spradbery 1970a, b; Fernández-Arhex and Corley 2005;
Martínez et al. 2006; Fernández-Arhex and Corley 2010), but to date, no attempts to
evaluate its flight capacity and its relationship with rearing conditions (i.e.: food
provisioning; housing in groups) have been made. In cultivated forest systems, trees
attacked by S. noctilio are spatially aggregated, especially during long-lasting
endemic population phases, during which overall S. noctilio densities are typically
low (Corley et al. 2007). Although host foraging and feeding behaviour of I.
leucospoides are not known in its natural environment, in cultivated forests I.
leucospoides emerge within host aggregates, where floral nectar is rare or absent.
Given the importance of this parasitoid in S. noctilio management programs,
knowledge on the effects of housing conditions (i.e.: food provisioning; crowding)
on flight performance can be helpful in the context of mass rearing and release
protocols.

The present study investigates whether sugar supply and crowding influence
flight capacity in I. leucospoides. The study focuses on the effects of sugar-rich food
supply and housing with con-specifics, on female flight performance, as measured in
flight mill systems (Schumacher et al. 1997; Blackmer et al. 2004; Wanner et al.
2006; Senger et al. 2007; Bruzzone et al. 2009). Morphological traits such as size
and wing loading which are likely contributors to flight abilities are also taken into
account (Roff 1977; Byrne et al. 1988; Dudley and Srygley 1994; Shirai 1995;
Cronin et al. 2000).

Materials and Methods

Ibalia leucospoides attacks eggs and first instar larvae of Sirex noctilio
woodwasps. I. leucospoides life cycle is closely related to the development of
woodwasp larvae, usually lasting 1 year (but see Corley et al. 2004). This species
was first recorded in pine tree plantations in NW Patagonia in 1993, at the time
woodwasps were first detected. Since, it has become established in most pine
plantations in the region.

Parasitoids were reared from pine (Pinus contorta) logs collected in the field,
from several heavily attacked plantations located in NW Patagonia (Argentina).
Once felled, trees were cut into 1 m-long logs and kept individually in locker-type
cages under ambient indoor conditions, at 21°C, until insect emergence occurred.
Each morning newly emerged insects were collected from the cages and immediately
placed in individual plastic containers with food or water (see below in
“Experimental Design” section).
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Experimental Design

The influence of two factors, food access (“feeding”) and crowding (“conspecifics”)
was tested according to a factorial design. Feeding had two conditions: fed animals
provided with 30% diluted honey solution ad libitum and unfed wasps with access
only to distilled water. In turn, conspecifics also had two levels: isolated females
(housed in individual containers, immediately after emergence) and grouped females
(housed in the same container, in groups of four). The storage containers were of
251 cm3, a relatively small volume for four rather large individuals (13.41 mm, mean
body length). Wasps to be tested of the grouped treatment were picked at random
from the cage immediately before the experiment.

All tested animals were kept under the corresponding treatment for 7 days within
a rearing chamber under semi-controlled temperature and humidity conditions
(temperature 21 ± 0.1°C; 54% r.h.), and a LD 16:8 h photoperiod. Flight trials began
4 h after to the onset of the photo-phase. Each female flew in the mills for 22 h and
was weighed (Scientech SA210; Scientech, Boulder, Colorado, USA; to the nearest
0.0001 g.) immediately before and after flight. The differences in weight before
flight were used as a measure of any interference between individuals while feeding
in groups. In addition, the weight before flight and the weight after flight were used
to calculate loss of body mass (see below). Seven days of food deprivation ensured that
fed and unfed wasps differed in their carbohydrate energy reserves (D. Fischbein,
unpublished data).

Two morphological variables were measured: hind tibia length (TL, in cm) and
wing loading (WL = body mass (g)/wing area (cm2). The left and right wings of each
wasp were digitally scanned and with the aid of an image processing software
(HOJA Software, Verga A.R., INTA IFIVE Argentina, 2001) the forewing and hind
wing areas measured.

Flight Mills

To study the effects of food consumption and grouping on the flight performance of
I. leucospoides, flight mills were used based on the model of Bruzzone et al. (2009).
Four mills were run simultaneously on each day of experimentation. Each female
was anesthetized with CO2 for 20 s (Bruzzone et al. 2009; Yu et al. 2009) and the
dorsal side of the thorax was glued to one end of an L shaped insect pin, using
cyanoacrylate glue. The pin was shaped in order to create a suitable flight angle and
greater surface area of contact between the pin and the insect thorax. Finally, the
opposite free end of the pin was attached to one end of a wooden, horizontal rod.
Wasps were left to recover for 15 min before flight tests.

The rotation of the mills was detected by infrared optical sensors connected
through a circuit to the parallel port of a microcomputer. A Python script was
designed to collect data from the interface board. Each spin made by the wasp was
recorded when the beam of light generated by a LED was interrupted by the end of
the wooden rod opposite to the one where the insect was held. The computer
recorded each revolution (48.7 cm) as the wasp propelled the wooden rod
(15.5 cm long). For each flight mill, the programme recorded every spin, speed
rotation (m.s-1) and accumulated flight distance (km). The data series, which
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consisted of a series of irregularly separated events (records of each time the wasp
activated the sensor), were re-sampled to a series of speed data uniformly separated
by 1 s. On this basis, the following flight parameters were estimated: total distance
flown in kilometres, maximum 30 min-running mean speed throughout the whole
flight (V30min, m.s-1) and maximum 60 s-running mean speed, also through the
duration of flight (V60s, m.s-1).

The running mean speed is a mean obtained from a speed data set using a fixed
time interval (i.e.: 60 s and 30 min). This running mean speed reduces the noise and
reveals the speed tendencies. As new data were added to the series, the first data is
eliminated, enabling the period to remain constant. As aforementioned, we
calculated the running mean speed using two different periods (short and long time
intervals) to ensure better quality information. The short periods (60 s) result in a
closer and more sensitive tracking of speed changes while long intervals (30 min)
enable us to track a long term tendency in speed variation. I. leucospoides females
started to fly soon after they were introduced in the flight mills. Wasps flew for
several hours and stops of variable periods were frequently observed (D. Fischbein,
pers. obs). Again, the use of moving intervals allowed us to cope with inactivity
periods, reducing the noise produced by them.

Statistical Analysis

For the analyses of the influence of feeding, conspecifics and morphological
variables on the different flight parameters, a linear model assuming a normal
distribution of residuals was used. Flight parameters and morphological variables
were log transformed to take into account allometric relationships. The data were
first fitted to an initial model and then least significant variables were progressively
removed from the model until a minimal appropriate model was obtained (i.e. a
simplified model in which all terms are significant). We tested the effect of removing
successive factors and variables by means of ANOVA. Single factors or variables
incorporated into significant interactions were maintained in the minimum adequate
model (Crawley 2007). The initial model fitted to the data was loge (flight
parameter) = loge(WL)* feeding * conspecifics + loge(TL) * feeding * conspecifics,
where * represents the sum of the influences of three-way interactions, two-way
interactions and the four single variables. Inspection of residuals confirmed the fit to
a normal distribution.

To assess whether the presence of conspecifics would cause interference while
feeding, the effects of feeding, conspecifics and hind tibia length on the weight
before flight were analyzed. A linear model assuming a normal distribution of
residuals was used and the weight and hind tibia length were log transformed. A
backward procedure was used to remove non-significant factors and interactions
between factors, and to select the final models. Residuals were examined to confirm
that the final models accurately fitted the data.

To further compare the effect of access to food on metabolic expenses in flight,
the loss of body mass during flight as a function of log-transformed total distance
flown and feeding was examined. The total body mass change was estimated as log
(initial mass—final mass)/initial mass. All data analyses were done using the R
statistical environment (R Development Core Team 2008).

460 J Insect Behav (2011) 24:456–467



Results

There was high variability in flight performance of females of Ibalia
leucospoides (Fig. 1). Flight parameters studied were neither affected by feeding
(total distance flown: F(1,61)=0.03, P=0.856; V30min: F(1,62)=2.10, P=0.152;
V60s: F(1,60)=0.62, P=0.432) nor by mass housing (conspecifics; total distance
flown: F(1,60)=0.004, P=0.946; V30min: F(1,60)=0.05, P=0.823; V60s: F(1,61)=
0.82, P=0.367).

The variability in total distance flown by female wasps was mostly accounted for by
morphological variables (wing loading and tibia length) (Table 1). Larger females flew
farther than smaller females (TL: F(1,62)=6.11, P=0.016) and, females with high wing
loading flew longer total distances than females with low wing loading (WL: F (1,62)=
7.32, P=0.008). Wing loading had a significant effect on the maximum running mean
speeds, both V30min and V60s increasing with wing loading (F(1,63)=7.73, P=0.007
and F(1,63)=17.66, P<0.0001, respectively).
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Fig. 1 Flight parameters of I. leucospoides females according to the factorial design; a V60s, b V30min
and c total distance flown. Flight parameters studied were neither affected by feeding nor by conspecifics
(backward linear model: P<0.005). The thin horizontal line of each box plot marks the median of the
sample and the thick horizontal line marks the mean of the sample
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Variations in weight before flight were analyzed in order to test whether some
interference between wasps might have occurred while they were fed under the
grouped housing conditions. Weight was significantly affected by feeding; fed
females were heavier than unfed ones (mean±SE: 0.0401±0.0014 g and 0.0354±
0.0017 g, respectively; F(1, 62)=14.205, P<0.001), but this effect was independent
of the presence of conspecifics. No interaction between feeding and conspecifics
affected weight before flight (F(1, 59)=1.52, P=0.22). In addition, the variability in
wasp’ weight was also explained by tibia length (F(1,62)=135.16, P<0.0001).
Finally, the body mass loss during the flight trial was affected by total distance
flown (F(1,61)=5.89, P=0.018) (Fig. 2), but was neither affected by feeding (F(1,60)=
1.68, P=0.198) nor by interaction between the two explanatory factors (F(1,59)=0.91,
P=0.342).
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Fig. 2 Female body mass loss during flight trials plotted against total distance flown (m, log-transformed).
The total body mass change was estimated as log (initial mass—final mass)/initial mass

Table 1 Mean (± SE) morphological variables and weights of I. leucospoides females according to the
factorial design

Wing loading
(g/cm2) Mean±SE

Tibia length (cm)
Mean±SE

Weight before flight
(g) Mean±SE

Percentage body mass
loss Mean±SE

n

Fed and isolated 0.0869±0.0015 0.4739±0.0075 0.0419±0.0016 9.48±1.10 19

Fed and grouped 0.0833±0.0026 0.4563±0.0071 0.0381±0.0022 11.86±1.47 17

Unfed and isolated 0.0730±0.0040 0.4492±0.0125 0.0326±0.0026 9.56±1.43 13

Unfed and grouped 0.0792±0.0030 0.4581±0.0089 0.0377±0.0022 8.14±1.33 16
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Discussion

This study is the first one to quantify the flight capacity of Ibalia leucospoides, a
biocontrol agent of Sirex noctilio, which is one of the most economically significant
pests of softwood forestation. The present study assessed whether flight performance
of I. leucospoides was affected by unlimited access to sugar-rich food and the
presence of conspecifics (data controlled for body size). Our findings show in
general, a high variability in the flight performance of females of I. leucospoides.
Two morphological variables (tibia length and wing loading), which are surrogate
variables of body size, affected flight potential. The total distance that could be
flown by wasps increased with tibia length and wing loading, and speed increased
with wing loading. Conversely, feeding and presence of conspecifics did not affect
flight parameters. According to the results obtained, access to food and body size
(TL) increased female weight before flights, regardless of the presence of (and
contact with) con-specifics. Finally, body mass loss of females during flight trials
depended only on the total distance flown.

I. leucospoides females are capable of long-distance flights but exhibit about half
of the flight potential of their host S. noctilio (the latter ranged between a minimum
of 1 to a maximum of nearly 50 km per day in similar experimental conditions
[Bruzzone et al. 2009]). However, recent field studies suggest that S. noctilio
dispersal within a forest is very limited -less than 150 m- exhibiting a highly
clumped spatial pattern of tree attacks during the endemic phase of host population
growth (Corley et al. 2007). It is worth mentioning that even displaying half of host
flight capacity, the flight potential of I. leucospoides may allow them to fly from tree
to tree searching for hosts. Therefore, the flight potential displayed by I.
leucospoides females could allow a thorough exploitation of host patches within
and between aggregates of pest-attacked trees within pine plantations (see also
Corley et al. 2010). However, whether I. leucospoides is able to follow its host
during a regional spread process remains as an open question.

Flight capacity in insects is affected by their morphological traits. For example,
Shirai (1995) showed that the larger moths of Plutella xylostella display greater
flight abilities than smaller ones. Another example is Sirex noctilio; large females are
capable of longer and faster flights than smaller ones (Bruzzone et al. 2009).
Furthermore, Dudley and Srygley (1994) and Berwaerts et al. (2002) in their studies
on the relationship between morphological variation and variation in flight
performance have found a positive correlation between speed or acceleration
capacity, and both size indicators and wing loading. According with this, in the
present study, wasps with greater body sizes and wing loading ratios are able to fly
longer distances than smaller ones. This fact may be due to a greater level of body
teneral reserves. In addition, a high wing loading ratio increases flight speed.
Therefore, the wing loading per se had an effect on flight performance in I.
leucospoides, independently of adult feeding treatment. In this sense, this study
provides additional evidence that morphological traits are crucial aspects of flight
capability in insects.

Adult feeding with sugar is known to increase longevity and fecundity in many
parasitoid species (Schmale et al. 2001; Siekmann et al. 2001), and to modify the
propensity to search for hosts (Takasu and Lewis 1995; Stapel et al. 1997). Adult
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food consumption, namely by providing additional resources, may increase flight
performance. For instance, Wanner et al. (2006) showed for the synovigenic
parasitoid species Cotesia glomerata, that fed adult female wasps are able to increase
flight capacity. They also showed that nectar with different nutritional values has
different effects on flight activity in this species. In contrast to these findings, in this
study flight parameters in I. leucospoides were not affected by prior access to food. It
is possible that such an effect may manifest itself on subsequent days of flight. For
instance, it is possible that carbohydrate energy reserves in unfed wasps are
sufficient to fuel 1 day of flight at a similar level as fed wasps, but that flight on later
days would be reduced or not feasible.

An alternative explanation for this lack of effect of food provisioning on flight
capacity of I. leucospoides females may be related to the life-history traits and
nutritional strategies of this species. Parasitoid wasps differ in their egg maturation
strategies (Flanders 1950; Jervis et al. 2001). Some parasitoids emerge with their
entire or near entire, complement of eggs (the so-called pro-ovigenic parasitoids) and
some others continue to mature eggs throughout their reproductive life (the so-called
synovigenic parasitoids). While the synovigenic parasitoids need to feed (from hosts
or sugar sources) to fuel both somatic functions and reproduction, pro-ovigenic
species may rely on sugar sources for maintenance and locomotion only (Rivero and
Casas 1999; Jervis et al. 2001; Rivero et al. 2001; Pelosse 2008). As a consequence,
females of pro-ovigenic species should, in theory, have lower need for supplemen-
tary food (Jervis and Heimpel 2007). Given that I. leucospoides is a nearly pro-
ovogenic parasitoid, it is possible that the effects of food obtained as an adult on
flight performance is minimal. In this species, females could carry a nutrient storage
(obtained during their larval development) sufficient to meet all their maintenance
and locomotion needs.

Although the age-dependent variation in flight capacity can be a recurrent pattern
attributed to species-specific temporal changes in physiological status (Johnson and
Rowley 1972; Schumacher et al. 1997; Elliott and Evenden 2009; Lukáš et al. 2010)
this is not a rule for all parasitoids. For example, flight duration of Nasonovia
vitripennis does not differ between young and old individuals (King 1993). In the
present study, female wasps of a given age -7 days old- were used. This age lies in the
middle range of the estimated female lifespan. Additional studies should be performed
to discern if flight behavior at different ages retains the same characteristics.

No effects of housing in groups of 4 were noted on flight parameters. Females do
not interfere with each other when feeding in groups and have a similar body mass
increase compared with females housed alone with a food source. This observation,
coupled with the results noted for the feeding treatment, can have important applied
implications. The results indicate that mass rearing, even in the absence of food
provisioning, is unlikely to negatively affect the subsequent flight performance of
released parasitoids and so success in the biological control of S. noctilio populations
in pine plantations. These results were obtained by analyzing tethered flight; the next
step is to confirm these findings in free flight experiments. This study is a first
attempt to evaluate conditions of food provisioning and grouping in the setting of
laboratory mass rearing of this species. Additional efforts have to be made to
understand how to manipulate the fitness of this parasitoid prior to release in order to
maximize their efficiency in pest control.
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The lack of effect of food intake on a highly energy-demanding activity as flight
may reflect a particular property of pro-ovigenic parasitoids. However, further
research is required to provide empirical evidence of the dynamics of nutrient
utilization during flight and of the potential role that food could have on other life
history traits (longevity and fecundity) of I. leucospoides.
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