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Abstract

Liotryphon caudatus, an ichneumonid parasitoid of codling moth (Cydia pomonella), is known to perform host-feeding on 
late-instar host larvae. In this study, we examine the relationship between host-feeding, parasitisation behaviour and nutritional 
requirements of L. caudatus females and the impact on oogenesis and parasitism success. Using a series of laboratory experiments, 
we demonstrate that female L. caudatus lacking access to hosts for host-feeding were not able to develop mature eggs. Females 
successfully attacked only the immobile stages of codling moth to either host-feed or parasitise. No major differences in host attack 
behaviour were observed between naïve and experienced females, as both performed host-feeding similarly. However, experienced 
females exhibited significantly greater parasitisation success. We also found that when fed honey, female longevity increased up to 
fivefold compared to having only host-feeding opportunities or to a pure water control. Additionally, success in killing host larvae 
through host-feeding or parasitism was significantly enhanced with the access to honey. Overall, our findings emphasize that the 
presence of a carbohydrate source (honey) and a suitable host for host-feeding (immobile larval stages) are essential for the effective 
parasitisation and host-feeding performance of L. caudatus, as well as for the prolonged survival of females. This study provides 
new insights into the nutritional requirements, host preferences, and behavioural strategies of L. caudatus and underscores the 
importance of host-feeding for the reproductive success and survival of this parasitoid.
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Introduction

Some hymenopteran parasitoid species engage in 
host-feeding, defined as the consumption of host hae-
molymph and tissues by adult females (Jervis and Kidd 
1986; Jervis et al. 2008). This behavior is typically ob-
served in synovigenic species, which, unlike proovigenic 
ones, do not emerge with mature eggs and therefore rely 
on nutrients from host material and other sources for egg 
maturation. Host-feeding is generally classified as either 
destructive, where the host is killed, or non-destructive, 
where feeding occurs without lethal damage (Jervis and 
Kidd 1986). It plays a key role in egg development, 

especially in idiobiont species, which often require pro-
tein intake after emergence to generate eggs. For instance, 
within the Ichneumonidae, and particularly in the sub-
family Pimplinae, host-feeding is considered common, 
with species often alternating between parasitizing and 
killing hosts through feeding (Bartlett 1963; Ueno 1999; 
Zijp and Blommers 2001; Shaw 2009; Shaw et al. 2011).

Thus, the effect of parasitoids on their host pop-
ulations is likely to be underestimated when only 
considering parasitoid offspring production, because 
host-feeding can cause additional host mortality (Kidd 
and Jervis 1989). Host-feeding has been shown for over 
140 species belonging to 17 hymenopteran parasitoid 
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families (Johnston 1915; De Bach 1943; Campbell 
1963; Jervis and Kidd 1986; Bernardo 2006; Zhang 
et al. 2022). But comparative or systematic studies on 
how host-feeding relates to age, experience or nutri-
tional status of females are still scarce.

The codling moth parasitoid Liotryphon caudatus 
(Ratzeburg) (Hymenoptera: Ichneumonidae, Pimplinae) 
was also observed doing host-feeding (Sandanyaka et 
al. 2016). This parasitoid is a solitary ectoparasitoid 
(Mills et al. 1996) and usually attacks the pre-pupal, 
already cocooned larvae of the codling moth, Cydia po-
monella (L.), found in the bark of trees (Mills 2005). In 
laboratory experiments, L. caudatus females were able 
to lay on average 150 eggs during lifetime (Davis et al. 
2016). Parasitoid larvae hatch up to seven days after 
oviposition and feed on their host’s body content. They 
molt once and spin a tan transparent cocoon within the 
host’s cocoon. The adult wasp hatches after three to four 
weeks. L. caudatus overwinters as larva or a cocooned 
pupa (Bartlett 1978). According to Kuhlmann and Mills 
(1999), the wasp mainly parasitises Cydia sp. and other 
Torticid species, but can attack also other Lepidopteran 
species, which produce thin cocoons and reside under 
the bark of trees (Cushman 1913).

Liotryphon caudatus is a regularly observed natural 
enemy of C. pomonella (Athanassov et al. 1997; Mills 
2005) and has been introduced as classical biological 
control agent in North America and New Zealand (Mills 
2005; Cole and Walker 2011). In Germany, it occurs main-
ly in extensive meadow orchards (personal observation), 
but its regulatory role and its specific habitat require-
ments requires further clarification and more knowledge 
on its life history. For instance, the role of the observed 
host-feeding in egg maturation, survival, and parasitism 
success of this parasitoid species as well as for additional 
host mortality has not yet been explored.

In this laboratory study, we examine the relationship 
between host-feeding, parasitisation behaviour and nutri-
tional requirements of L. caudatus females. Specifically, 
we investigated whether host-feeding is preferentially 
performed on certain stages of the codling moth’s life cy-
cle, and whether it contributes to increased mortality of 
cocooned codling moths. We also explored whether naïve 
and experienced female parasitoids tend to use hosts dif-
ferently for host-feeding or parasitisation and attempted 
to clarify the importance of host-feeding for the oogene-
sis of the females. Additionally, we assessed the effects of 
host-feeding on fecundity and longevity of the parasitoid 
under different diet treatments.

Materials and methods
Rearing of Cydia pomonella

Codling moths were held in cylinder-like cages made of 
plastic frame covered with gauze (volume app. 3 l) in a 
rearing room at 23 °C ± 2 °C under long-day (16 h light: 

8 h darkness) conditions. Adults were supplied with hon-
ey and water. Oviposition took place on plastic foil, which 
was removed and exchanged regularly. After hatching, 
neonate larvae were put singly into medication cups 
(10 ml) filled with a layer of artificial diet. When larvae 
reached the 5th instar, they were transferred to corrugated 
cardboard for pupation and for further codling moth rear-
ing. Alternatively, a part of the 5th instar larvae were used 
for rearing of L. caudatus.

Rearing of Liotryphon caudatus

Rearing of L. caudatus was established during summer 
2016. Wasps came from several meadow apple orchards 
in Germany. Species identification was done according to 
Fitton et al. (1988) and confirmed by molecular barcod-
ing (COI-Analysis performed by AIM GmbH, Leipzig, 
Germany). Adult wasps were maintained in one cage 
(50 cm × 30 cm × 30 cm (height × depth × width)) built 
out of Perspex with two flap doors, allowing easy access 
to provide feeding and host larvae. The rearing was main-
tained at room temperature (about 20 °C, not regulated) 
and under long-day (16 h light: 8 h darkness) conditions. 
Parasitoids had always access to water and honey. Three 
times a week, 5th instar codling moth larvae ready for 
spinning their cocoon were added into the rearing cage 
in cardboard rolls and exposed to the parasitoids for one 
week. Then parasitised larvae were removed out of the 
cage and put into an incubator (23 °C ± 2 °C; 16 h light: 
8 h darkness) to allow further development. Adult para-
sitoids hatched approximately four weeks later and were 
collected for rearing or using in experiments.

Acceptance of different developmental stages 
of the host

This experiment tested whether L. caudatus females ac-
cept different stages of the host for parasitisation and/or 
predation. From ten to one day before the experiment, 
codling moth larvae (5th instar) were placed individually 
in transparent plastic drinking straws (diameter: 0.5 cm, 
length: 2.5 cm). This procedure was repeated to obtain 
codling moth larvae in four developmental stages (ear-
ly mobile 5th instar, immobile 5th instar, cocooned larvae, 
pupa) in these straw pieces. On the day of the experiment, 
straw pieces with codling moth of a particular develop-
mental stage were put into petri-dishes and fixed with 
tape, so that at the end five hosts of the same stage were 
presented to one L. caudatus female, which was added for 
one hour (non-choice-situation). In total, 60 L. caudatus 
females were tested, thus 15 females on each particular 
developmental stage of the host. Females of different age 
(at least several days old, but exact age unknown) had 
been removed from the rearing cage 48 hours prior to the 
experiment, so they likely had oviposition experience and 
mature eggs in their ovaries. Host acceptance behaviour 
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was assessed by counting contacts on the different host 
stages which were provided every female parasitoid wasp 
in one petri dish. As “contact” several behaviours belong-
ing to parasitisation were determined, including examina-
tion with antennae, ovipositor probing or host feeding at-
tempts. After exposure, host larvae were transferred into 
medication cups and placed into an incubator (23 °C ± 
2 °C; 16 h light: 8 h darkness) until emergence of parasit-
oid or codling moth. Controls with codling moth larvae of 
the various developmental stages, which had not been ex-
posed to parasitoids, were also kept at similar conditions.

Host-feeding and parasitisation behaviour of 
L. caudatus of different age

This trial was performed to determine if there are dif-
ferences in host-feeding activity of L. caudatus females 
which are naïve (freshly emerged up to one day old, no 
oviposition experience, without access to hosts or con-
tact to male L. caudatus) or experienced (at least one 
week old, taken out of the rearing with oviposition, 
host-feeding experience and mating opportunity). All 
L. caudatus had the opportunity to consume honey and 
water. Two days before the trial, late 5th instar codling 
moth larvae were put individually into drinking straw 
pieces to allow them to build their cocoon before be-
ing exposed to the parasitoid. One day before the tri-
al, L. caudatus females were isolated in petri-dishes as 
described before. This experiment was performed with 
10 naïve and 10 experienced parasitoid females. After 
placing two host larva into the petri dish with the fe-
male, observation took place for three hours, then these 
host larva were exchanged by two new larva. In total, 
we conducted this host exposure four times per parasit-
oid female (meaning in total 12 hours of observations 
per female). All observations were documented by a 
video camera (software Noldus Media Recorder®, Ver-
sion 5.0) placed above the petri-dish to allow subsequent 
video analysis of the behavioural pattern of L. caudatus 
during host exposure (software Noldus Observer® XT, 
Version 10). The following behavioural steps were de-
fined: (1) resting, (2) moving, (3) grooming, (4) drink-
ing water/eating honey, (5) searching: antennal tapping 
on substrate, (6) repeatedly jabbing the larvae with ovi-
positor (before parasitisation or injure for host-feeding), 
(7) host-feeding, (8) parasitisation including oviposition. 
For statistical analysis the behaviours (1), (2), and (4) 
were summarized as “for parasitisation or host-feeding 
not relevant”. In contrast, behaviours (3), (5), (6), (7), (8) 
were considered as behaviours identified as “host-killing 
relevant” and were analyzed as single behaviours. After 
exposure to the female parasitoid, host larvae were put 
into medication cups and further incubated (23 °C ± 2° 
C; 16 h light : 8 h darkness). Parasitism was assessed by 
counting the number of emerged L. caudatus males and 
females from exposed host larvae. The number of suc-
cessfully emerged codling moth was determined as well.

Development of eggs in L. caudatus females 
depending on host-feeding

The trial was set up to determine if host-feeding is es-
sential for oogenesis and egg maturation in L. caudatus. 
Freshly hatched L. caudatus males and females were 
paired in 200 ml plastic cups with water and honey. Ten 
pairs were created, with five of them receiving five cod-
ling moth larvae weekly (treatment “host-feeding”), the 
others were kept without hosts. Pairs were held with water 
and honey at room temperature (about 20 °C; 16 h light : 
8 h darkness). Females of both treatments were killed and 
dissected one, three, seven, 14, 21, or 28 days of the ex-
periment (thus one, three, seven, 14, 21, or 28 days after 
hatching) to examine ovaries for mature eggs (size and 
number) under the stereo microscope. Ovaries of freshly 
hatched females were also studied. Egg lengths in ovaries 
were visually compared to freshly laid eggs on hosts to 
assess egg ripening status. Due to limited availability of 
females from the rearing, we could conduct these dissec-
tions only with one female per time point and treatment.

Survival and parasitism capacity of L. caudatus 
at different nutritional conditions

This trial aimed to assess the effect of host-feeding in 
comparison to other nutritional sources on survival of 
L. caudatus females. Four feeding conditions were con-
sidered: (W) survival when provided only water, (WL) 
survival when provided water and host larvae in corru-
gated cardboards (5th instar, cocooned), (WH) survival 
when provided water and honey, (WHL) survival when 
provided water, honey and five codling moth larvae 
(5th instar, cocooned) in corrugated cardboards. Fresh-
ly hatched L. caudatus males and females were put in 
pairs into Perspex cylinders (1 l volume), covered with 
petri-dish lids and held at room temperature (about 
20 °C; 16 h light: 8 h darkness) and exposed to one of 
these feeding treatments. Water was provided as dental 
cotton roll soaked with water. Honey was provided as 
thin strikes on parafilm. All provisions were exchanged 
in weekly intervals. Number of replicates varied from 
21 to 24 parasitoid females per treatment. Host larvae 
which had been exposed to L. caudatus for parasitisation 
were placed into an incubator (23 °C ± 2 °C; 16 h light 
: 8 h darkness) and hatched hosts, parasitoids and dead, 
probably killed, larvae were counted in 10 (WL) and 11 
(WHL) repetitions. Control mortality was assessed by 
incubation of codling moth larvae (5th instar) without 
being exposed to L. caudatus at the same conditions.

Statistical analysis and manuscript preparation

Data analysis was performed using R (R Core Team, 
2022). Prior to analysis, all experimental data were plot-
ted and tested for normality and homogeneity of variance. 
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When the assumptions for ANOVA were not met, the 
non-parametric Kruskal- Wallis test to detect differences 
in treatments was applied. Differences in the duration of 
behaviours between experienced and naïve females were 
assessed using t-tests after performing a log transforma-
tion of the data. The parasitism rates of experienced and 
naïve females were compared using General Linear Mod-
els (GLM) with a binomial distribution. Survival analysis 
was conducted using Kaplan-Meier analysis following a 
Log-Rank test. Parasitism rates were compared between 
the two treatments where host larvae had been exposed 
using GLM with a binomial distribution.

Some parts of the manuscript were edited using Lan-
guage Editing Software DeepL Pro Translator. Also, 
ChatGPT (GPT-4, OpenAI) was used to assist with the 
development of R scripts for data analysis. It helped to 
clarify programming syntax, suggest code structures, and 
helped identify and correct errors in the R code.

Results
Acceptance of different developmental stages 
of the host

Females of L. caudatus exhibited variable acceptance of dif-
ferent host stages (Kruskal-Wallis test: χ² = 14.35, df = 3, p = 
0.0025). Immobile host stages (immobile, cocooned, pupa) 
were more contacted than the mobile ones. However, post-
hoc pairwise comparisons using Dunn’s test with Bonferroni 
correction indicated significant differences only between 
mobile host larvae and the pupa (p = 0.0009) (Fig. 1)

In total, 300 host larvae had been exposed to the par-
asitoid females. Of these, 84% successfully emerged as 
living adult codling moths. In contrast, 51 dead codling 
moths (dead 5th instar larvae or dead pupae) were counted, 
of which 41 larvae (80%) showed signs of mold growth 
and some also injuries, probably from host-feeding or 

oviposition attempts. Notably, only one male L. cauda-
tus emerged. In the control group, larval mortality was 
similar (15%), so no clear conclusions could be drawn 
regarding the influence of host-feeding or parasitisation 
on the host mortality.

Host-feeding and parasitisation behaviour of 
L. caudatus of different age

According to the video observation, the parasitisation and 
searching behaviour of L. caudatus females included six 
different steps: (1) Host searching: the wasp examined the 
(host) substrate by anntenal tapping on the surface (drink-
ing straw and surroundings). If it found tiny holes in the 
substrate, it inserted its head and, if necessary, its thorax, 
followed by antennae movements to check whether a host is 
present. (2) Contact and paralysis: Once a host was found, 
the parasitoid tried to penetrate the host larva with its ovi-
positor. To do this, its abdomen bended. (3) Oviposition: 
If host contact was successful, the wasp’s abdomen began 
to tremble and then went into regular abdominal contrac-
tions. During this time, the egg was laid on the paralyzed 
host. (4) Grooming: After successful oviposition, the wasp 
groomed itself. (5) Host-feeding: If the female decided to 
host-feed, parasitisation was interrupted and it withdrew its 
ovipositor from the host. Subsequently, it positioned itself 
(head first) into the drinking straw until it contacted the site 
of host injured by the paralysis. Then, host-feeding began 
directly at the site, or the host was pulled out from the co-
cooning site using the mouthparts, and host-feeding took 
place outside the tube. During host-feeding, the female 
consumed the leaking haemolymph of the injured host. A 
further behavior, which was observed during the experi-
ment, was categorized as (6) attempt (attacking without 
host): the female performed behaviour (1), followed by ab-
domen bending and penetrating movements though there 
was no host larva inside the drinking straw. Moreover, no 

Figure 1. Number of parasitising contacts performed by L. caudatus females (n = 15 for each treatment, in total n = 60) on different 
developmental stages of codling moth (different letters indicate significance for p < 0.05 in all comparisons). Box plot: median: 
black line, 25th and 75th percentile, red dot = mean value.
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abdominal contractions were observed here. Behaviours 
which did not affect parasitisation or host-feeding were 
resting or walking. When a female wasp was resting, it just 
did nothing at a random place in the petri-dish. When a 
wasp was walking, it walked without noticeable antennal 
movement somewhere in the petri-dish. Also drinking and 
eating honey were behaviours, which could not be associat-
ed with parasitisation nor host-feeding. Therefore, resting, 
walking, and drinking/eating was summarized as a group 
“not relevant” for host parasitisation or host-feeding. Be-
haviours (1) - searching, (3) – parasitisation, (5) host-feed-
ing, (6) – attempt were further analyzed by measuring the 
duration of these different steps as well as the total time 
duration for “not relevant behaviour” by Noldus Observ-
er®. Parasitisation was defined as a sequence of contact 
and paralysis, oviposition, and grooming behaviours, as 
these consistently occurred in succession. “Not relevant 
behaviour” was conducted by naïve females more often 

than by experienced ones (t = -7,65, p < 0.0001). Periods of 
“searching” were shorter than parasitisation in both female 
groups (naïve: t = 4.7, p < 0.0002, experienced: t = 7.0, p 
< 0.001). Host-feeding was performed significantly longer 
than parasitisation by naïve (t = 3,41, p < 0.0266), but not 
by experienced females. Experienced females tended to 
spend more time in parasitisation than naïve ones, but this 
difference was not significant. Host-feeding was observed 
only eight times and took on average 38 min per event 
(ranging from 30 sec to 114 min). Naïve females (n = 5) 
tended to invest more time in this behaviour (on average 
42 min), but the difference was not significant from experi-
enced females (n = 3) (Fig. 2).

Parasitism rate of exposed hosts (expressed as pro-
portion) was significantly higher in the group of expe-
rienced females than of naïve ones (Fig. 3, GLM with 
binomial data distribution, chi² = 34.8, p < 0.001). 
On average, 0.7 ± 0.28 male parasitoids hatched from 

Figure 2. Time [min] that was allocated by L. caudatus females (naïve or experienced) to different behaviours when exposed to 
host larvae (Cydia pomonella). Total number of observed behaviours: naïve females: attempt n = 3, host-feeding n = 5, not relevant 
n = 40, parasitisation n = 18, searching n = 26; experienced females: attempt n = 21, host-feeding n = 3, not relevant n = 37, parasit-
isation n = 31, searching n = 35. Time of observation for each individual wasp (10 naïve and 10 experienced females) was 12 hours. 
Box plot: median: black line, 25th and 75th percentile, red dot = mean value.

Figure 3. Proportion of vital codling moth (left), parasitized codling moth (middle) and of host-fed host larvae (right) per parasitoid 
female of experienced and naïve L. caudatus after exposure of eight host larvae for 12 h. Box plot: median: black line, 25th and 75th 
percentile, red dot = mean value, * indicates significance and ns no significance for p < 0.05 in all comparisons).
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the eight hosts exposed to each of the experienced 
L. caudatus female in contrast to 0.25 ± 0.17 males 
from hosts, offered to naïve females. Female prog-
eny was generated only by experienced L. caudatus 
with 2.9 ± 0.49 female progeny/parasitoid female on 
average. In both groups, dead host larvae (5th instar) 
occurred which neither had developed to parasitoids 
nor to adult codling moths (in total, 16 dead host larvae 
in the exposure to naïve females; seven dead host lar-
vae in the exposure to experienced females). Assuming 
that this mortality of hosts was due to host-feeding, 
the host-feeding rate was higher in naïve females, 
but not significantly (naïve females: 1.3 ± 0.37 dead 
hosts/female; experienced females: 0.7 ± 2.28 dead 
hosts/female; GLM with binomial data distribution, 
chi² = 2.17, p = 0.141; Fig. 3). The proportion of 
completely developed vital codling moth was signifi-
cantly lower (GLM with binomial data distribution, 
chi2 = 6.026, p < 0.05; Fig. 3) when host larvae had 
been exposed to experienced females (naïve females: 
6.4 ± 0.4 vital hosts/female; experienced females: 
3.2 ± 0.28 vital hosts/females).

Development of eggs in L. caudatus females 
depending on host-feeding

According to the dissections, L. caudatus females had 
three ovarioles per ovary where eggs were surrounded 
by follicle cells (Fig. 4, Day 1). Females which had the 
possibility for host-feeding were able to form eggs which 
had a length about 300 μm after 3 days. The eggs became 
bigger in female wasps that were dissected at a later time 
(about 800 μm egg size after 7 days) until they reached 
a final length about 1700 μm after 14 days (Fig. 4). Eggs 
of this size were found also in ovaries of older L. cau-
datus females (21 days, 28 days) and match the size of 
mature, already deposited L. caudatus eggs on the host 
(own observation). In contrast, females with no opportu-
nity for host-feeding did not produce any mature eggs and 
eggs remained at a size of 240 μm after seven days and 
of 470 μm after three weeks. After 14 days, no eggs were 
found inside the ovaries and in the individual dissected 
after 28 days the ovary was collapsed (Fig. 4).

Survival and parasitism capacity of L. caudatus 
at different nutritional conditions

Survival probability of female wasps was significantly in-
fluenced by diet (Kaplan Meier: χ2 = 89.3, d.f. = 3, p-value 
< 0.0001, Fig. 5). On average, starving females lived about 
five days (5.5 ± 2.2a days) with water only. Those females 
that had the opportunity for host-feeding did not live sig-
nificantly longer (7.1 ± 5a days with water and host larvae). 
As soon as L. caudatus females had access to honey, they 
lived about five times longer than without sugar source (31 
± 15.3b days supplied with honey and water; 31.7 ± 15.3b 

days supplied with honey, host larvae and water (differ-
ent letters indicate significance according to log-rank test, 
Bonferroni correction, χ2 = 1, p < 0.05 in all comparisons).

The parasitisation of offered hosts was significantly 
higher when females had access to honey (GLM with bi-
nomial data distribution, χ² = 12.09, p < 0.001; WHL: 
14.0% ± 1.6%, WL: 6.7% ± 1.3%) (Fig. 6). The sex ratio 
(male : female) of fully developed offspring was 1 : 1 for 
the WL treatment, and 2 : 1 for WHL treatment.

Discussion

In this study, we investigated the relationship between 
host-feeding and parasitisation behaviour of L. cau-
datus females, focusing on the impact on oogenesis, 
parasitism success, parasitoid fitness and codling moth 
mortality. The species L. caudaduts is known to conduct 
host-feeding (Sandanayake et al. 2016), but detailed in-
vestigations of the aforementioned characteristics have 
been lacking. Our findings point to some important life 
history traits of this parasitoid species regarding the 
preferred host developmental stage, the importance of 
host-feeding and other nutritional requirements for re-
productive success and parasitoid survival and how ex-
perience level affects parasitoid behaviour.

Regarding the preference for host development stages, 
the L. caudatus females contacted immobile host stages 
more often than mobile ones. These results confirm pre-
vious findings that already cocooned, but not yet pupal 
immobile host stages of codling moth were the main tar-
gets parasitised by L. caudatus in the field Mills (2005). 
Parasitisation by L. caudatus in the field probably occurs 
when the host larva is already in its cocoon site in the 
bark of apple trees, which provides a firm, immobile sub-
strate (own observation). Mobilization and escape of the 
cocooned host larva from this hiding place is rather un-
likely compared to the situation in our experimental set-
up. In general, limitations of our study are certainly due 
to the somewhat non-natural experimental conditions, 
which might have influenced the behaviour of L. cauda-
tus females compared to natural conditions. In addition, 
Cole and Walker (2011) showed that first instar larvae 
of L. caudatus larvae cannibalised parasitoid eggs and 
larvae in superparasitism situations, which reduced par-
asitoid survival by about 50%. Moreover, Ueno (1997) 
showed for the related Pimpla nipponica (Uchida) that 
the percentage of hosts yielding wasp offspring decreased 
with increasing host exposure periods. Both events prob-
ably happened also in our experiments resulting in high 
mortality of host larvae without any emerging parasitoid 
offspring due to repeated oviposition on a single host. In a 
previous study it has been shown that L. caudatus lays its 
eggs on cocooned 5th larval stage (Mills 2005; Davis et al. 
2016). This is why we used the cocooned larval stage for 
further experiments, which also evoked more parasitisa-
tion contacts compared to the mobile stage (although not 
statistically significant). In addition, we cannot exclude 
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that L. caudatus may also prefer different host stages for 
host-feeding or for parasitisation, as it was shown for 
the parasitoid Necremnus tutae Ribes & Bernardo (Hy-
menoptera: Eulophidae) regarding its host Tuta absoluta 
(Meyrick) (Lepidoptera: Gelechiidae) (Zhang et al. 2022) 
and this requires further study.

According to Jervis and Kidd (1986), different types 
of host-feeding behaviour occur, depending whether or 
not host-feeding is performed on the same host individual 
that is used for oviposition and whether the host is killed 
by the feeding (destructive) or not. In the related Ephi-
altes species the host-feeding is described as destructive 
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Figure 4. Development of ovaries and egg production of L. caudatus females which had opportunity for host-feeding (with host) or not 
(without host). Pictures were taken from one to 28 days after the adult wasp had hatched. Size of the scale bar (sb) varies in the different 
figures: Day 1 without host: sb = 200 μm; Day 1 with host: sb = 200 μm; Day 3 without host: sb = 500 μm; Day 3 with host: sb = 100 μm; 
Day 7 without host: sb = 200 μm; Day 7 with host: sb = 500 μm; Day 14 without host: sb = 500 μm; Day 14 with host: sb = 500 μm; 
Day 21 without host: sb = 200 μm; Day 21 with host: sb = 500 μm; Day 28 without host: sb = 1000 μm; Day 28 with host: sb = 500 μm).
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(Jervis and Kidd 1986). According to our results, also L. 
caudatus performs destructive host-feeding, because all 
codling moth larvae being definitively host-fed (three 
hosts by experienced and five hosts by naïve parasitoids) 
did not further develop, thus had obviously been killed.

We had expected that naïve, freshly emerged females 
may host-feed more frequently due to unsatisfied nutrition-
al requirements for egg maturation. We could not confirm 
this in our observational experiment, because the different 

behaviours occurred only in small numbers and the short ob-
servation period covered only 12 hours in the lifetime of the 
parasitoids. Nevertheless, in this one-day experiment, naïve 
and not mated females indeed parasitised less in compari-
son to experienced females and they also spent significant-
ly more time on host-feeding relative to their parasitisation 
efforts. This suggests that naïve females allocate a greater 
proportion of their time to host-feeding rather than parasitis-
ing hosts confirming assumptions of Heimpel et al. (1994).

Figure 4. Continued.
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In contrast, experienced females showed a more bal-
anced distribution of time between these two behaviours, 
with parasitisation being more prevalent. This finding 
highlights the potential role of host-feeding in the nutri-
tional and reproductive strategy of L. caudatus, particu-
larly in the context of egg maturation, which may require 
additional resources before parasitisation can be optimal-
ly performed (Heimpel et al. 1994).

In fact, the results obtained from dissecting L. cauda-
tus females with and without the possibility for host-feed-
ing suggest that egg maturation was only successful in 
females with the opportunity for host-feeding. In non 
host-fed females, the egg maturation occurred much 
more slowly and eggs also did not reach the full size ex-
ceeding 800 μm. These findings are comparable to Lei-
us (1961), who showed in laboratory experiments with 
the Pimpline Itoplectis conquisitor (Say) that wasps laid 
only few eggs without previous host-feeding. This means 
the formation of mature eggs may be not solely linked 
to host-feeding, but the number of offspring significantly 

increases with host-feeding (Leius 1961; Ueno 1999); 
probably also true for L. caudatus. Most parasitoid Hy-
menoptera, including all ichneumonids investigated, are 
unable to synthesize their own lipids de novo from car-
bohydrate sources. Therefore, they need to obtain all fats 
from their food source or even change host metabolism 
while developing in the host to obtain more lipids un-
til they emerge as adults (Visser et al. 2010; Visser and 
Ellers 2011; Visser et al. 2012,). This may depend also 
on the similarity of lipid profiles from parasitoid and its 
host. Itoplectis conquistor for example has a very simi-
lar lipid profile to its host (Leius 1961). Quicke (2015) 
pointed out, that this might be a general principle of the 
ichneumonid subfamily Pimplinae being close in protein 
or lipid profiles to their hosts. Pimpla nipponica, for ex-
ample, is able to produce a relatively small number of 
eggs (around 20) without host-feeding during the early 
stage of its life, but is no longer capable of oviposition 
later on without access to host food. (Ueno 1999). Here 
the author suggested that these eggs had been produced 
using stored resources in the female. After these initial 
phases of egg laying, female wasps need to do host-feed-
ing for further egg production (Ueno 1999). We observed 
that L. caudatus females carry anhydropic yolk-rich eggs, 
like all ectoparasitoid species do (Quicke 2015), and they 
developed three ovarioles per ovary, surrounded by folli-
cle cells. Anhydropic eggs are described to be typically 
large and are produced in parasitoid species that conduct 
host-feeding (Jervis and Kidd 1986). They contain all the 
necessary nutrients that are needed for complete embry-
onic development and females have only limited egg stor-
age capacity (Jervis and Kidd 1986). Muscidifurax zarap-
tor (Kogan and Legner) (Pteromalidae), which also has 
yolk-rich eggs and three ovarioles per ovary, is capable of 
resorbing unlaid eggs, giving the parasitoid greater flex-
ibility in resource allocation for egg production or host 
searching and maintenance, as reported by Antolin and 
Williams (1989). Our results suggest that this strategy 
may also be applicable to L. caudatus, being an explana-
tion why ovaries totally collapsed in the female not being 
host-fed after 28 days in our observation.

Longevity of females was not significantly enhanced 
when offering host larvae as food source in comparison to 
starved females (only water), whereas survival of females 
having access to sugar sources (e.g. honey) increased 
more than fivefold in comparison. Thus, host-feeding 
alone did not have a life-extending effect on L. caudatus, 
whereas the provision of honey significantly increased the 
lifespan of the tested individuals. This was found also in 
other studies with species performing host-feeding (Leius 
1961; Ueno 1997). Parasitisation rates were higher when 
wasps had access to honey, which is in line with findings 
for other parasitoid species (Mátray and Herz 2022; Hu 
et al. 2024). This suggests that not only the availability of 
a protein source, but also access to sugar resources like 
floral nectar in the field is crucial for fully exploiting the 
potential of L. caudatus.

Figure 5. Survival of L. caudatus females provided with water 
(Treatments: Var = W: water; Var = WL: water and host larvae; 
Var = WH: water and honey; Var = WHL: water and honey and 
host larvae. N females: W = 24, WL = 14, WH = 23, WHL = 21.

Figure 6. Parasitisation rate of exposed codling moth larvae in 
the survival experiment. WHL: Female L. caudatus had access 
to water, honey and larvae; n = 11, WL: Female L. caudatus had 
access to water and larvae; n = 10. (Box plot: median: black 
line, 25th and 75th percentile, red dot = mean value, * indicates 
significance for p < 0.05).
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Conclusion
While the observed L. caudatus host-feeding be-
haviour has already been documented (Sandanayake et 
al. 2016), it has now been confirmed in this study and 
further emphasize its critical importance for female 
egg maturation and parasitism success. In addition, 
this is the first study demonstrating the combined ef-
fects of host-feeding and sugar access on parasitism 
success and survival in L. caudatus.

The results underscore the crucial role of both sugar 
sources and host-feeding opportunities for optimal par-
asitism performance in L. caudatus. Thus, the absence 
of either resource may significantly impair the parasit-
oid’s parasitism capacity, suggesting that in natural con-
ditions, where these resources may be limited, the effi-
ciency of L. caudatus for natural regulation of its most 
important host C. pomonella could be compromised.	  
Therefore, the access to carbohydrate sources like honey-
dew or nectar of flowering plants in the orchard ecosys-
tem should be ensured by means of habitat management. 
For instance, the introduction of flowering strips can serve 
L. caudatus and also other parasitoids without enhancing 
the pest (Mátray and Herz 2021; Mátray and Herz 2022), 
and promote pest regulation in apple orchards (Cahenzli 
et al. 2019). On the other hand, the availability of suffi-
cient or even surplus host larvae in a patch in the apple 
tree bark located by L. caudatus can be expected as a con-
sequence of the known aggregation behaviour of codling 
moth larvae (Jumenan et al. 2009), which provides oppor-
tunities for both host-feeding and parasitism. It would be 
of high interest to clarify the species-specific ecological 
relevance of these findings under field conditions.
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