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Abstract Many arthropod predators and parasitoids
exhibit either stage-speciWc or lifetime omnivory, in that
they include extra-Xoral nectar, Xoral nectar, honeydew or
pollen in their immature and/or adult diet. Access to these
plant-derived foods can enhance pest suppression by
increasing both the individual Wtness and local density of
natural enemies. Commercial products such as Amino-
Feed®, Envirofeast®, and Pred-Feed® can be applied to
crops to act as artiWcial-plant-derived foods. In laboratory
and glasshouse experiments we examined the inXuence of
carbohydrate and protein rich Amino-Feed UV® or Amino-
Feed, respectively, on the Wtness of a predatory nabid bug
Nabis kinbergii Reuter (Hemiptera: Nabidae) and bollworm
pupal parasitoid Ichneumon promissorius (Erichson)
(Hymenoptera: Ichneumonidae). Under the chosen conditions,
the provision of either wet or dry residues of Amino-Feed
UV had no discernable eVect on immediate or longer-term
survival and immature development times of N. kinbergii.
In contrast, the provision of honey, Amino-Feed plus
extraXoral nectar, and extraXoral nectar alone had a marked
eVect on the longevity of I. promissorius, indicating that

they were limited by at least carbohydrates as an energy
source, but probably not protein. Compared with a water
only diet, the provision of Amino-Feed plus extraXoral
nectar increased the longevity of males and females of
I. promissorius by 3.0- and 2.4-fold, respectively. Not only
did female parasitoids live longer when provided food, but
the total number of eggs laid and timing of deposition was
aVected by diet under the chosen conditions. Notably,
females in the water and honey treatments deposited greater
numbers of eggs earlier in the trial, but this trend was
unable to be sustained over their lifetime. Egg numbers in
these treatments subsequently fell below the levels
achieved by females in the Amino-Feed plus extraXoral
nectar and cotton extraXoral nectar only treatments.
Furthermore, there were times when the inclusion of the
Amino-Feed was beneWcial compared with cotton extraXoral
nectar only. ArtiWcial food supplements and plant-derived
foods are worthy of further investigation because they
have potential to improve the ecosystem service of biolog-
ical pest control in targeted agroecosystems by providing
natural enemies with an alternative source of nutrition,
particularly during periods of prey/host scarcity.

Keywords Biological pest control · Egg-limitation · 
Food sprays · Gossypium hirsutum · 
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Introduction

Many arthropod predators and parasitoids exhibit either
stage-speciWc or lifetime omnivory, in that they include
plant-derived foods, such as pollen, nectar, extra-Xoral nec-
tar or honeydew, in their immature and/or adult diet (Hagen
1986; Coll and Guershon 2002; Wäckers and van Rijn
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2005). Plant-derived foods can enhance pest suppression
through improved nutrition, enhancing one or more mea-
sures of natural enemy Wtness, such as longevity, fecundity
or foraging behaviour (e.g., Georgiev 2005; Lee and Heim-
pel 2007; Wade and Wratten 2007). In this way, individual
daily and/or lifetime attack rates may increase through
expanded searching for location of suitable prey/host, and
indirectly, through increasing rates of egg maturation and/
or daily and lifetime reproductive output (Heimpel and Jer-
vis 2005; Winkler et al. 2006). Secondly, natural enemies
may be attracted to, and aggregate around, patches contain-
ing these foods (Lavandero et al. 2005), resulting in
increased parasitism or predation by virtue of their greater
localised density, rather than increased individual attack
rates (in fact the latter may decline due to locally high
densities).

Various habitat manipulation tactics have been proposed
to boost the provision of plant-derived foods to natural ene-
mies in both organic and conventional agroecosystems,
(Landis et al. 2000; Zehnder et al. 2007). Although Xowering
non-crop “insectary” plants situated within or surrounding
crop areas can provide natural enemies with plant-derived
foods (e.g., Lavandero et al. 2005; Pontin et al. 2006), there
are several drawbacks associated with this approach. These
include lost income on land devoted to the non-crop,
disruption to standard agronomic practices, and establish-
ment and maintenance costs (particularly if plants become
invasive weeds).

A potentially more reWned and controlled habitat
manipulation tactic that has been proposed involves the
application of solutions rich in carbohydrates and/or pro-
teins to crops to act as artiWcial supplemental food sources
for natural enemies (e.g., Ben Saad and Bishop 1976;
Mensah and Singleton 2002, 2003; Wade et al. 2008). The
underlying rationale is to improve the synchrony of herbi-
vore and natural enemy populations through time and space
(Hagen 1986). In this context, it is reasonable to assume the
extent of prey/host satiation will inXuence the requirement
for food supplementation. However, the inXuence of artiW-
cial food supplements on the Wtness of key species of natu-
ral enemies has seldom been investigated under controlled
laboratory or glasshouse conditions (e.g., McEwen et al.
1996; Evans 2000). For instance, there is no published
record of laboratory testing of the commercial products
Amino-Feed, Envirofeast or Pred-Feed. This is remarkable,
as these products are used by producers of arable crops in
countries such as Australia and the United States, to increase
the density of natural enemies (Mensah and Singleton 2002).

The present study examines the extent to which Amino-
Feed UV or Amino-Feed, respectively, beneWt a predator,
the PaciWc damsel bug Nabis kinbergii Reuter (Hemiptera:
Nabidae) and a pupal endoparasitoid, the banded caterpillar
parasite Ichneumon promissorius (Erichson) (Hymenop-

tera: Ichneumonidae). Both N. kinbergii and I. promissorius
are important omnivorous natural enemies of various spe-
cies of budworms and bollworms, Helicoverpa spp. (Lepi-
doptera: Noctuidae), which are major worldwide pests of
arable crops such as cotton, soybean and sorghum (Johnson
et al. 2000). SpeciWcally, we examined how Amino-Feed
UV or Amino-Feed, respectively aVects (1) survival and
development time of N. kinbergii in the laboratory; and (2)
the longevity and fecundity of I. promissorius in the glass-
house. Additionally, two high carbohydrate–low protein
diets were tested for I. promissorius as a comparison with
Amino-Feed, which is high in both carbohydrates and
proteins.

Materials and methods

The artiWcial food supplement used in Trial 1 was Amino-
Feed UV, a commercially available liquid formulation with
increased stability to ultra-violet light compared to standard
Amino-Feed. Nonetheless, standard Amino-Feed was used
in Trial 2 because this was the only formulation manufac-
tured and available at the time. The two formulations varied
only in the addition of 10% UV protectant, with Amino-
Feed containing among other ingredients, 24.2% sugars
(glucose, fructose and sucrose), 21.3% crude protein and
amino acids and 1.8% nitrogen (product label data:
Agrichem Manufacturing Industries, Loganholme, QLD,
Australia).

Trial 1—survival and development of Nabis kinbergii 
in the laboratory

Insects and Amino-Feed UV

Nabis kinbergii nymphs were the progeny of Weld-collected
adult bugs. The nymphs were supplied daily with a surfeit
of cotton bollworm, Helicoverpa armigera (Hübner) eggs
as prey and a water-soaked cotton dental roll for moisture
upon eclosion and throughout the experimental period, but
not during Amino-Feed UV application. As young nymphs
rarely survive for more than a few days without arthropod
prey (personal observation), bollworm eggs were provided
in all treatments. Bollworm eggs supplied from the Queens-
land Department of Primary Industries and Forestry
(QDPIF), Toowoomba Entomology Laboratory were
replenished every 2–3 days.

Treatment details and product application

Newly eclosed (·24 h) Wrst-instar nymphs of N. kinbergii
were provided with either wet and thereafter dried residues
of Amino-Feed UV (“wet residue’’ treatment) or dry
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residues only (“dry residue” treatment). Water controls
were included, both as wet and dry residue treatments.
Thus, there were two treatment factors (product type and
residue type), each with two levels, giving a total of four
treatment combinations arranged in a factorial design. Each
treatment was replicated 10 times. A total spray volume of
141.7 l per hectare was used in order to convert the dilution
rate of Amino-Feed UV 3 l per hectare to 21.2 ml per litre.
The sprayer used was a 500 ml plastic hand held atomiser
with the nozzle adjusted to deliver medium-Wne droplets in
a hollow cone pattern. The inner surfaces of 10 ventilated
414 ml polystyrene cup-cages (see Grant and Shepard
1985, Fig. 3d) were sprayed with each treatment on 29
October 2001. In the wet residue treatments, 10 N. kin-
bergii nymphs were placed in each cup-cage prior to spray-
ing. Conversely, in the dry residue treatments, the 10
N. kinbergii nymphs were introduced to each cage 1 h after
spraying, with the spray having dried after 5 min. Insects
were then transferred to a controlled environment room
which averaged 24.5°C (range 23.1–25.4°C), 41.6% rela-
tive humidity (27.3–73.2%), and 15:9 h L:D photophase.

Assessments

The number of insects that remained alive was initially
assessed after 2 days exposure to determine the immediate
eVects of treatment. To test for longer-term eVects, indi-
viduals were transferred to ventilated 700 ml round plastic
enclosures with a surfeit of prey and a moist dental roll, but
free of Amino-Feed UV residues (to limit feeding time, as
might happen in the Weld). In order to maintain a density of
10 insects per enclosure (a few had died during the initial
exposure period), individuals from each treatment were
assigned to new replicate cages with ca. 10 insects per
enclosure. The number of insects alive and their life-stage
was recorded daily over the next 5 days. Insect develop-
ment time was calculated based on the number of days
elapsed since the start of the trial until at least 50% of live
insects in each enclosure had reached the third-instar (a
nominal stage). The number of insects that remained alive
when the majority had reached the third-instar was calcu-
lated. It was hypothesised that survival and development
time would be enhanced in the Amino-Feed UV treatments,
particularly in the wet residue treatment, where insects had
access to the product before it dried as well as 2 days after-
wards.

Statistical analyses

The eVects of product type, residue type and their inter-
action on the immediate and longer-term survival and
development time of N. kinbergii were analysed using
separate generalized linear models (SAS GENMOD proce-

dure, SAS release version 8.2) (McCullagh and Nelder
1989). SpeciWcally, a Poisson model was used for the
immediate and longer-term survival data because the data
were essentially counts of survivors. A gamma model was
used for the development time data because the data were
continuous. Statistical tests were considered at an overall
signiWcance level of � = 0.05.

Trial 2—longevity and fecundity of I. promissorius 
in the glasshouse

Insects and plants

Adults of I. promissorius from a laboratory colony were
reared on pupae of H. armigera. Potted cotton plants, Gos-
sypium hirsutum L. (Malvaceae) cv. Delta Emerald were
grown individually in the glasshouse using standard agro-
nomic practices apart from no pesticide use. The plants
were 60 days old and were Xowering at the start of the trial,
and produced copious amounts of extraXoral nectar from
numerous foliar and bracteal nectaries throughout the trial.
The provision of Xoral nectar and pollen from cotton Xow-
ers to I. promissorius was considered low because Xowers
bloom for less than 1 day, and contain little if any nectar.
Furthermore, like most other parasitoid species, I. promis-
sorius has not been observed to deliberately feed on pollen
(Jervis et al. 1993).

Treatments and enclosures

Newly eclosed adult I. promissorius were provided with
one of the following four treatments: (1) Amino-Feed plus
cotton extraXoral nectar, (2) cotton extraXoral nectar, (3)
honey, or (4) water only as a control. Treatments were rep-
licated Wve times, with two newly emerged male-female
pairs of I. promissorius in each, and arranged in a com-
pletely randomised design in the glasshouse. The cotton
plants used in both extraXoral nectar treatments were
enclosed individually by Wne polyester gauze, supported by
wooden rods inserted into the soil. Amino-Feed mixed with
water at the rate of 10 ml per l was sprayed (equipment
described earlier) onto the upper-leaf surface and reproduc-
tive structures (squares and Xowers) of cotton plants at 0, 9,
23, 37 and 51 days after the trial commenced on 13 Febru-
ary 2001. The wasps were carefully removed from the
enclosures prior to spraying to prevent them from escaping,
and then returned before the spray had fully dried. For the
honey and water treatments, wasps were enclosed in gauze
cages as above, but in the absence of cotton plants.
Undiluted honey (1–2 ml) was presented in a Petri dish
lid. Honey was used as an artiWcial extraXoral nectar
source because it contains fructose, glucose and sucrose as
well as trace amounts of amino acids, which are the main
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components of Xoral and extraXoral nectar from most
plants (Baker and Baker 1983). Water was provided in all
treatments by way of a Wlled glass vial with a cotton wick
protruding through a hole in the cap. Honey and water were
replaced every other day.

Parasitoid survival was assessed daily until all had died.
Starting on day 1, parasitoid fecundity under the diVerent
treatments was assessed every other day by placing two
bollworm host pupae contained in a Petri dish lid in each
enclosure for the proceeding 48 h. Assessments ceased
once both females in each enclosure had died or 69 days
after spraying (DAS). Although it is possible for individual
female wasps to attack more than two hosts in 48 h, only
two host pupae were provided during this period because of
the low numbers available. Thus, realised fecundity was
indicated by the total number of eggs deposited in a few
hosts (individual female parasitoids will readily attack the
same host more than once), rather than the number of hosts
attacked. Generally only one egg is deposited on each
oviposition event and if left to develop, only one adult para-
sitoid will Wnally emerge from each host (i.e., a solitary
endoparasitoid).

The potentially parasitised pupae were examined under a
stereo microscope (60£) to record the number of discern-
ible blackened scars or “sting spots” present on the exoskel-
eton. The number of sting spots can be used as an indicator
of attempted oviposition. Moreover, sting spots indicate
deliberate acts of non-destructive host feeding, which reX-
ects in part the nutritional status of parasitoids in the vari-
ous treatments (though the latter type of spots is
indistinguishable from those created by oviposition). Pupae
were then dissected (60–300£ magniWcation) to record the
number of I. promissorius eggs they contained.

The numbers of sting spots and eggs deposited in both
hosts were analysed on the basis of initial female numbers
(i.e., Wve replicate cages at the start of the trial, each with
two females), to produce measures of per capita reproduc-
tive output. An alternative approach not adopted was based
on the number of female parasitoids alive at the start of
each 2 days census period; however, this metric was highly
sensitive to declining parasitoid counts. Temperature inside
the glasshouse averaged 23.8°C (range 10.6–37.5°C) dur-
ing the trial.

Statistical analyses

Survival analysis was used to examine the eVect of diet on
the longevity of I. promissorius, with each gender tested
separately (SAS LIFETEST procedure). The product limit
(Kaplan–Meier) method was used to estimate the survival
distribution function in the analyses. The majority of wasps
lived for more than a few days; therefore, the Log–Rank
test statistic was used in favour of the Wilcoxon test statis-

tic, because the former stresses late rather than early diVer-
ences between survival times. The data were included as
censored data in the survival analysis if individuals escaped
from an enclosure between census periods. For multiple
comparisons, all pair wise comparisons were tested with
separate survival analyses. However, to account for any
experiment-wide error, the alpha level was adjusted to des-
ignate signiWcant diVerences (�new = 1¡(1¡�original)

1/k =
0.0085, where �original = 0.05, k = 6, pair wise comparisons
for all diet combinations). This procedure, known as
Kidák’s adjustment, is analogous to the use of a correction
for means comparisons in analysis of variance (Kidák
1967).

A one-way ANOVA (SAS MIXED procedure) was used
to determine the eVect of diet on lifetime (total) per capita
fecundity of female I. promissorius. This was based on the
cumulative number of eggs deposited in two hosts in 48 h
over the lifespan of an average single live female parasit-
oid. In addition, the eVect of diet on the total number of
sting spots (i.e., host feeding and oviposition attempts) was
analysed by one-way ANOVA over the same period. Fur-
thermore, a series of repeated measures ANOVA tests were
used to determine the eVects of diet, census date, and
diet £ census date on the numbers of eggs deposited and
sting spots by female I. promissorius in two hosts every
48 h. ANOVA tests were considered at an overall signiW-
cance level of � = 0.05.

Results

Trial 1—survival and development of N. kinbergii 
in the laboratory

Immediate survival

There was no immediate eVect of the treatments on survival
of N. kinbergii at 2 DAS by product type (Poisson GLM:
�2

1 = 0.17, P = 0.6758), exposure manner (�2
1 = 0.13,

P = 0.7230) or the interaction of product type £ exposure
manner (�2

1 = 0.21, P = 0.6443; Table 1).

Longer-term survival

Of the survivors that were transferred to residue free enclo-
sures at 2 DAS, their longer-term survival under the various
treatments approximately 4.5 DAS was not signiWcantly
aVected by product type (�2

1 = 0.57, P = 0.4504), exposure
manner (�2

1 = 0.25, P = 0.6106) or the interaction of prod-
uct type £ exposure manner (�2

1 = 0.22, P = 0.6375). This
retrospective calculation corresponded to when more than
50% of N. kinbergii that remained alive had reached the
third-instar (Table 1).
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Development time

The time elapsed from the start of the trial until the majority
of surviving N. kinbergii nymphs had reached the third-
instar under the various treatments was not signiWcantly
aVected by product type (gamma GLM: �2

1 = 0.27,
P = 0.6040) or the interaction of product type £ exposure
manner (�2

1 = 0.13, P = 0.7214). However, the rate of
immature development was signiWcantly aVected by expo-
sure manner (�2

1 = 12.47, P = 0.0004). In the wet residue
treatments (pooled across product types), N. kinbergii
required 0.57 day or 14% longer to complete development
of the Wrst- and second-instars compared with the dry resi-
due treatments (i.e., 4.7 § 0.1 vs. 4.1 § 0.1 day, respec-
tively) (Table 1).

Trial 2—longevity and fecundity of I. promissorius 
in the glasshouse

Longevity

Overall, the longevity of I. promissorius males appeared
shorter than females, though not statistically comparable.
Survival curves diVered signiWcantly between the particular
diets for both males (Log–Rank test: n = 40, �2

3 = 29.47,
P < 0.0001) and females of I. promissorius (n = 40,
�2

3 = 29.11, P < 0.0001). For both males and females, lon-
gevity was signiWcantly shorter when provided with the
water only treatment compared with the three other diets.
While the exact placement of these other diets varied
between sexes, importantly, among sexes these diets did
not signiWcantly diVer from each other.

On average, the longevity of I. promissorius males pro-
vided with water only was 9.8 § 0.3, honey was
27.8 § 5.0, cotton extraXoral nectar was 31.8 § 7.7 and
Amino-Feed plus extraXoral nectar was 29.2 § 5.2 days
(Fig. 1a). The respective Wgures for females of I. promisso-
rius were 27.6 § 4.0 days, 51.6 § 4.6, 43.1 § 8.4 and
65.5 § 6.1 days (Fig. 1b).

Lifetime fecundity

Diet had a signiWcant eVect on the total number of eggs, but
not sting spots, produced by an average female of I. promis-
sorius (one-way ANOVA, eggs: F3,16 = 3.94, P = 0.0278;
sting spots: F3,16 = 1.13, P = 0.3671). Lifetime fecundity in
the honey treatment was signiWcantly greater than the

Table 1 Immediate and longer-term survival and immature development rates of Nabis kinbergii nymphs under various treatments

a Ten insects were placed in the enclosures at the start of the trial
b Surviving insects were transferred in groups of 10 to residue free enclosures 2 DAS (days after spraying). This explains why the number alive
in the enclosures at the Wrst survival assessment (i.e., before the transfer at 2 DAS) was lower than the number alive at the second assessment (i.e.,
when ¸50% had reached third-instar at ca. 4.5 DAS)

Product type Exposure 
manner

Mean § SE number 
alive 2 DASa

Mean § SE number alive when ¸50% 
had reached third-instarb

Mean § SE DAS until ¸50% 
had reached third-instar

Amino-Feed UV Wet residue 8.5 § 0.4 8.9 § 0.6 4.8 § 0.1

Amino-Feed UV Dry residue 8.4 § 0.7 9.3 § 0.5 4.1 § 0.1

Water control Wet residue 8.1 § 0.6 8.1 § 0.7 4.6 § 0.2

Water control Dry residue 8.8 § 0.8 9.1 § 0.2 4.1 § 0.1

Fig. 1 Survivorship curves of male (a) and female (b) Ichneumon
promissorius under various treatment diets. ExtraXoral nectar is EFN.
DiVerent letters denote a signiWcantly diVerent survivorship based
on pair wise survival analysis comparisons, where the criterion for
signiWcant diVerences was the experiment-wide error, �new =
1 ¡ (1 ¡ �original)

1/k = 0.0085
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cotton extraXoral nectar or water only treatments, but not
the Amino-Feed plus extraXoral nectar treatment (Fig. 2).

Age-speciWc fecundity

The number of eggs deposited by a single female I. promis-
sorius in two hosts in 48 h was signiWcantly aVected by diet
(repeated measures ANOVA on the basis of initial female
numbers: F3,16 = 4.78, P = 0.0145), census date (F33,528 =
10.44, P < 0.0001) and the interaction of diet £ census date
(F99,582 = 1.33, P = 0.0260) (Fig. 3a). Conversely, the num-
ber of stings was signiWcantly aVected by census date
(F33,582 = 10.55, P < 0.0001), but not diet (F3,16 = 1.27,
P = 0.3182) nor the interaction of diet £ census date
(F99,582 = 1.27, P = 0.0540) (Fig. 3b).

Pooled across all 34 census dates, a single female of
I. promissorius in the honey treatment produced signiW-
cantly more eggs (4.1 § 0.2 c eggs per female in 48 h) than
those in cotton extraXoral nectar (2.3 § 0.5 a) or water only
(2.7 § 0.5 ab) treatments, but not the Amino-Feed plus
extraXoral nectar treatment (3.4 § 0.3 bc). Indeed, overall
fecundity in the Amino-Feed plus extraXoral nectar treat-
ment was signiWcantly greater than the cotton extraXoral
nectar only treatment.

Numbers of eggs and sting spots varied over the duration
of the trial. In general, numbers increased rapidly in the Wrst
5 days, with a peak around days 9–25, followed by a steady
decline (Fig. 3). Nonetheless, the pattern of egg lay was
inconsistent across treatments over the trial (Fig. 3a). Nota-
bly, females in the water and honey treatments deposited
the greatest number of eggs earlier in the trial, but this trend
was unable to be sustained. For instance, egg counts at day
13 in the honey (11.3 § 1.7 b eggs per female in 48 h) and
water controls (8.4 § 2.6 b) were signiWcantly greater than

the Amino-Feed plus extraXoral nectar (6.8 § 1.8 a) and
cotton extraXoral nectar only (5.5 § 3.9 a). Egg counts in
the honey and water controls subsequently fell below the
levels achieved by females in the Amino-Feed plus
extraXoral nectar and cotton extraXoral nectar only treat-
ments. At day 39, for instance, the respective Wgures were
0.8 § 0.7 a, 1.0 § 1.2 a, 4.3 § 1.4 b, and 2.3 § 1.4 ab.
Amino-Feed inclusion signiWcantly improved egg counts at
various periods during the trial, such as days 15 and 27. On
these dates, the respective Wgures for Amino-Feed plus
extraXoral nectar treatment versus cotton extraXoral nectar
only were 7.0 § 0.7 versus 4.2 § 2.1 and 5.3 § 1.0 versus
2.3 § 1.5 (Fig. 3a).

Discussion

Under the chosen conditions, the provision of either wet or
dry residues of Amino-Feed UV had no discernable eVect

Fig. 2 Mean (+SE) numbers of eggs laid and sting spots in hosts per
female Ichneumon promissorius over its lifespan under various treat-
ment diets. ExtraXoral nectar is EFN. Stings spots are discernible scars
on the pupal case that result from attempted oviposition and deliberate
acts of host feeding. The numbers of eggs laid but not sting spots were
not signiWcantly aVected by diet. DiVerent letters of the same case de-
note signiWcant diVerences based on Fisher’s LSD test (P < 0.05)
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on the survival and immature development time of
N. kinbergii. Either (1) the nymphs did not respond to the
wet or dry Amino-Feed UV residue, (2) the nymphs did
respond but had diYculty feeding on the wet or dry Amino-
Feed UV residue, or (3) the nymphs successfully fed but
would not be nutritionally limited in the absence of Amino-
Feed UV. On several informal occasions bugs were seen
with probosces extended, apparently feeding on both wet
and dry Amino-Feed UV residues, suggesting N. kinbergii
were indeed using this material. The fact there was no eVect
on lifetable parameters indicates they were not nutritionally
limited under the conditions tested. Thus, adequate
nutrition was provided by the surfeit of bollworm eggs
presented to N. kinbergii in all treatments, regardless of
whether Amino-Feed UV was provided as wet or dry resi-
dues or not at all.

Whilst the addition of Amino-Feed UV had no discern-
able impact on N. kinbergii when a surfeit of prey was
made available, the provision of artiWcial food supplements
may be valuable during periods of prey scarcity or absence.
This could buVer them against the unpredictability of spa-
tial and temporal occurrence of food resources in patchy
environments. Food resources can be quite variable for pre-
dators in ephemeral agricultural systems, such as during
periods following planting, harvesting or spraying of insec-
ticides (Coll and Guershon 2002). It is possible that Amino-
Feed UV may be more important when either only plant
material or nutritionally inferior (low quality) prey species
are available, such as pea aphids, Acyrthosiphon pisum
Harris, compared with nutritionally superior prey such as
bollworms (Eubanks and Denno 2000). Though the ranking
of prey species will depend on the predator species, for
instance, A. pisum is nutritionally superior to H. armigera
as prey for an aphidophagous ladybird beetle, regardless of
sucrose provision (Evans 2000). In addition, life stages of
N. kinbergii other than Wrst-instar nymphs, such as adult
females, may beneWt more from Amino-Feed due to likely
diVerences in their nutritional requirements. Indeed, these
diVerences may be more pronounced in insect species that
undergo complete metamorphosis (e.g., parasitoid wasps
such as I. promissorius), which allows the immature and
adult stages to consume diVerent food types.

In contrast with N. kinbergii, the provision of Amino-
Feed plus extraXoral nectar increased the longevity of
males and females of I. promissorius by 3.0- and 2.4-fold,
respectively, compared with the water only diet. This pro-
vides clear evidence for carbohydrate (i.e., energy) limita-
tion in I. promissorius. However, the similar results
achieved in the Amino-Feed plus extraXoral nectar diet,
which is high carbohydrate–high protein, compared with
honey only or extraXoral nectar only diets that are high car-
bohydrate–low protein, indicates that parasitoids were
either not protein limited or did not feed on the Amino-

Feed component. Wasps were seen lapping at the leaf sur-
face, apparently feeding on dry Amino-Feed residues on
several occasions, as well as at extraXoral nectaries and the
cotton wick containing artiWcial extraXoral nectar. Indeed,
the ability of insects to feed on dry (crystalline) sugar resi-
dues has been documented in numerous species, including
the Ichneumonidae, presumably by dissolving the crystals
in excreted saliva (Bartlett 1962; Wäckers 2000). Hence, it
is likely that I. promissorius was able to imbibe the diVer-
ent foods, but there was no additive eVect of Amino-Feed
plus extraXoral nectar on longevity under the chosen
conditions.

Not only did females of I. promissorius that received
food as adults live an additional 15.5–37.9 days on an aver-
age, but their age-speciWc and lifetime fecundity was gener-
ally improved. The honey treatment was particularly
beneWcial earlier in the trial, but this trend was subse-
quently reversed, presumably as egg load became depleted.
Interestingly, the temporal distribution of oviposition by I.
promissorius in the water control followed a similar, but
less pronounced trend. Furthermore, there were key times
when the inclusion of the Amino-Feed was beneWcial com-
pared with cotton extraXoral nectar only. Most parasitoid
species, including I. promissorius, have a synovigenic life
history strategy, in that females emerge with a certain pro-
portion of the egg complement that is immature, whilst
leaving the remainder of oocytes to mature over their life-
time. Large parasitoids that tend towards the more extreme
end of the synovigenic continuum, in particular, should be
reliant on the provision of food resources as adults (Jervis
et al. 2001).

In relation to the concept of egg- and time-limitation in
insect evolution, it is generally accepted that increased lon-
gevity reduces the chances of female parasitoids becoming
time-limited (i.e., where they have insuYcient time to
deposit all their available mature eggs), whereas increased
potential fecundity reduces the chances of parasitoids
becoming egg-limited. However, the occurrence and thus
relative importance of each state of limitation remains
largely unresolved. Empirical evidence for each state has
been slow coming (reviewed by Heimpel and Rosenheim
1998), in part because of the diYculty in determining the
age, realised lifetime fecundity and feeding history of Weld
caught adult parasitoids.

Declining fecundity in our study demonstrates that
I. promissorius, at least under the conditions tested, incurs
egg-limitation later in life, though this can be partly amelio-
rated by access to plant-derived foods. This state of egg-
limitation in I. promissorius should persist in the Weld, pro-
vided a reasonable source of adult food is available,
although parasitoids would incur higher energetic costs
associated with Xying, crawling and digging in search of
mates, food and host pupae (the latter are located in their
123
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underground chambers). Indeed, Xying is an energetically
costly activity (Hoferer et al. 2000) and unfed parasitoids
exhaust their energy reserves at considerably faster rates
under Weld conditions as compared with individuals kept in
conWned conditions (Steppuhn and Wäckers 2004). In large
Weld cages, the consequence of energy depletion for the
pupal parasitoid Diadegma semiclausum (Hellén) was a
105-fold reduction in parasitism rates (Winkler et al. 2006).
Therefore, under conditions where females of I. promisso-
rius have to Xy extensively in search of hosts (e.g., when
patches containing hosts are far apart or host density is low
within a patch), and thus access to host-derived adult food
becomes restricted, then the provision of artiWcial food sup-
plements or plant-derived foods could be of greater impor-
tance. In addition, non-food mortality factors, such as
predation (Heimpel et al. 1997) and weather conditions
(Fink and Völkl 1995) are recognised as being important
factors that limit lifetime reproductive success of parasit-
oids, and therefore, could shift the parasitoid population
towards a state of time-limitation.

Host haemolymph from non-destructive feeding on boll-
worm pupae provided females in all treatments with addi-
tional source of nutrition for oogenesis and maturation
(Godfray 1994). Informal observations revealed that males
did not host feed, as is typical of parasitoids, but female
wasps regularly fed upon host haemolymph that exuded
from the site where the ovipositor was previously inserted.
Indeed, the absence of host feeding by male parasitoids
from either treatment could explain the 1.9-fold diVerence
in longevity of males and females of I. promissorius
(pooled treatment average, 24.7 vs. 47.0 days, respec-
tively). Interestingly, the similar number of sting spots
across the diVerent diets suggests that host feeding satisWes
only modest (not entire) requirements for parasitoid nutri-
tion. Indeed, host feeding was predicted to be more fre-
quent in the water control than the other treatments, but no
evidence supported this hypothesis. The number of sting
spots was consistently about 1.5 times higher than the num-
ber of eggs laid over the course of the wasps’ lifetime,
rather than being independent of ovipositional activity. This
suggests the process was likely the result of unsuccessful
oviposition attempts rather than a deliberate acts of feeding.
Indeed, females of another ichneumonid, Itoplectis conqui-
sitor (Say), puncture the host pupa up to six times for each
egg laid (Leius 1961). The present result for I. promissorius
supports the view that under the chosen conditions, the
addition of artiWcial food supplements and plant-derived
foods with host-derived foods provides additional resources
used for reproduction.

In conclusion, under these experimental conditions it
was possible to alter the survival and reproduction of the
parasitoid wasp I. promissorius by providing a source of
artiWcial food supplements or plant-derived foods. Further-

more, there was evidence for a diVerential positive response
to Amino-Feed plus extraXoral nectar for I. promissorius
compared with extraXoral nectar only. However, no eVect
was observed for the nabid predator N. kinbergii. The
dichotomous response for I. promissorius and N. kinbergii
emphasises that entomologists and pest control advisors
cannot assume that one food supplement will be suitable for
all taxa. Nevertheless, artiWcial food supplements and
plant-derived foods have potential to impact on the strength
of food chain connections and top–down regulation of her-
bivores (Polis and Strong 1996). In the context of pest man-
agement, food supplements have potential to improve the
ecosystem service of biological pest control in targeted
agroecosystems by providing natural enemies with an alter-
native source of nutrition (e.g., Ben Saad and Bishop 1976;
McEwen et al. 1996; Mensah and Singleton 2003). ArtiW-
cial food supplements could also be used in combination
with classical, inoculation and inundation biological control
programmes to potentially improve the success of mass-
released biological control agents in an approach dubbed
“integrated biological control” (Gurr and Wratten 1999).
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