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Abstract 
 

The purpose of this work is to study the influence of several factors on fecundity and proportion of female parasitoids in the mass 

rearing of Aphytis melinus DeBach (Hymenoptera Aphelinidae). Its mass-rearing can be influenced by both host and parasitoid 

densities and by the available food source. In this study, host density did not influence the number of observed offspring per fe-

male per day (1.14 ± 0.15) or the sex ratio (0.32 ± 0.07 ♂) of A. melinus. Parasitoid density, on the other hand, did influence off-

spring production, with the higher parasitoid densities resulting in the lowest number of offspring (0.41 ± 0.07 per female per 

day). Medium and low parasitoid densities, meanwhile, produced similar numbers of offspring (0.83 ± 0.18 and 0.77 ± 0.13 per 

female per day, respectively). Sex ratio (0.43 ± 0.03 ♂) was not influenced by parasitoid density. The highest survival for            

A. melinus was achieved with honey (14.1 ± 1.2 days), but no statistical difference was observed with 10% honey. A mixture of 

honey, sugar and agar was not as good food source (only 3.0 ± 0.6 days of survival). Observed parasitoid host feeding was not 

continuous in the honey and 10% honey treatments, occurring only during 11.9 and 20.4% of the life-span, respectively. Maxi-

mum efficiency in offspring production per female was achieved when the host/parasitoid ratio was 5 to 10 hosts per female para-

sitoid per day. To maintain the lowest male bias of the offspring, female parasitoids should be in contact with the host for a period 

of no more than 3-4 days. 
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Introduction 
 

Biological control of many crop pests relies on the intro-

duction of natural enemies reared in insectaries, mainly 

through augmentative biological control programs where 

large numbers of individuals are mass-reared and re-

leased (van Lenteren, 2012). This is the case for Aphytis 

melinus DeBach (Hymenoptera Aphelinidae), which is 

commercially reared for release in citrus orchards to con-

trol Aonidiella aurantii (Maskell) (Hemiptera Diaspidi-

dae) (California red scale), a key pest of citrus (Grafton-

Cardwell et al., 2011). Such augmentative biological 

control through A. melinus releases is used in many cit-

rus-growing regions (Mazih, 2008; Zappalà, 2010; Graf-

ton-Cardwell et al., 2011; Olivas et al., 2011; Zappalá et 

al., 2012), with success in maintaining the pest popula-

tion at low levels in California (Moreno and Luck, 

1992). Biological control of A. aurantii can be comple-

mented with other parasitoids such as Aphytis chrysom-

phali (Mercet), Aphytis lingnanensis Compere, Encarsia 

perniciosi (Tower), or Comperiella bifasciata (Howard), 

depending on the biological and environmental charac-

teristics of the particular situation (Sorribas and García-

Marí 2010; Sorribas et al., 2012). 

Biological control based on augmentative releases re-

quires the reliable, inexpensive production of the neces-

sary natural enemies by insectaries (van Lenteren, 2003; 

Warner and Getz, 2008). As demand for such products 

increases, commercial insectaries must optimize produc-

tion to meet these requirements. Good practices should 

consider all the knowledge generated in this field, such 

as the influence that host size has on parasitoid sex allo-

cation, the food needed for maximum lifetime fertility, 

and other aspects like priming and the use of uniparental 

(female only) strains of the natural enemies (Mills and 

Wajnberg, 2008), and also the effect of temperature on 

sex ratio and progeny production of A. melinus (Abdel-

rahman, 1974a; 1974b; Kfir and Luck, 1979). 

Females are more important to produce, especially 

with regard to parasitoids, because they are responsible 

for attacking the host (via host feeding and oviposition) 

and, by extension, actually controlling pests. This is the 

case for A. melinus, where a great deal of research has 

been carried out to understand the environmental condi-

tions required to maximize female production (see Ode 

and Hardy, 2008 for a review). Commercially reared 

aphelinids generally have a female-biased sex ratio, in 

contrast to many species of Ichneumonidea, in which 

male-biased production is more common, leading even 

to the extinction of rearing colonies (Heimpel and 

Lundgren, 2000). A. melinus is a facultative gregarious 

wasp, with arrhenotokous reproduction, and its com-

mercial production can be improved in several different 

ways. The first of these is host size, where female eggs 

are allocated to larger, higher-quality hosts and male 

eggs to smaller, poorer-quality hosts; this is known as 

the host quality model or Charnov’s theory (Charnov et 

al., 1981, see a review in Luck et al., 1999; Ode and 

Hardy, 2008). A second way is through the number of 

foraging females present in a patch: when one or a few 

females are present, the best evolutionary stable strategy 

is to produce only as many sons as are needed to mate 

with all of the daughters. Because males are usually ca-

pable of polygyny, this enhances the female-biased sex 

ratio of the offspring. However, as the number of fe-

males increases the progeny production becomes pro-
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gressively less female-biased, due to local mate compe-

tition (LMC) (Hamilton, 1967, see a review in Luck et 

al., 1999; Ode and Hardy, 2008). Both influences can be 

combined, especially in gregarious parasitoids, because 

females will lay more eggs with a higher proportion of 

daughters in the presence of larger hosts, since fewer 

sons are needed to mate with the females (Ode and 

Hardy, 2008). Another aspect to consider is that egg 

limitation can occur in the parasitoid if host density is 

high (Heimpel and Rosenheim, 1998), which is a com-

mon situation in mass production. 

Finally, the presence of sufficient supplementary food 

is of primary importance in obtaining maximum lifetime 

fertility, especially in idiobiont parasitoids with a syno-

vigenic eggload (Strand and Casas, 2008), as it is the 

case with A. melinus. A. melinus host-feed, which means 

that females can take in nutrients needed for their own 

maintenance and to produce new eggs. At the same time, 

like most parasitoids species, A. melinus needs a sup-

plementary source of food (carbohydrates) to comple-

ment the nutrients obtained from hosts, that in turn will 

increase the egg production (Collier, 1995; Heimpel et 

al., 1997). This generally includes carbohydrates from 

plant nectar (or other plant sources), honeydew from 

hemipterans, and honey in the case of insect rearing 

(Thompson, 1999; Wäckers, 2003; Bernstein and Jervis, 

2008), as it has been previously demonstrated with A. 

melinus (Pekas et al., 2011; Tena et al., 2013a; 2013b). 

A. melinus final mass production quality has been ana-

lysed from different commercial insectaries, especially 

regarding the proportion of females (Heimpel and 

Lundgren, 2000), fitness costs due to Wolbachia bacte-

rium infection (Vasquez et al., 2011), and longevity, sex 

ratios, and size (Vasquez and Morse, 2012), but we have 

found no references of studies directly aiming to im-

prove or to understand the rearing process of this parasi-

toid. This study focused on some aspects of the biology 

of A. melinus of special interest in its mass-rearing: a) 

the effect of host density on parasitoid production, b) 

effect of parasitoid density on production and the most 

appropriate ratio between host and parasitoid, and fi-

nally c) adult host feeding activity and survival on dif-

ferent honey sources. We have applied the methodology 

and environmental conditions obtained from the current 

practice of a commercial insectary. For this reason ex-

periments a) and b) lasted only 6 and 3 days respec-

tively, because adult parasitoids would be released into 

the environment after a short period in the rearing facil-

ity. The final aim of this study was to examine the influ-

ence of these factors on fecundity and proportion of fe-

male parasitoids produced, as a way of improving the 

mass-rearing quality (van Lenteren, 2003). 

 

 

Materials and methods 
 

Insect rearing 
The adult wasps used to start the colony were pro-

vided by Koppert Biological Systems S.L. (Aguilas, 

Spain). A. melinus adults used in the experiments were 

reared in the facilities of the University of Seville, fol-

lowing the method developed for rearing A. lingnanen-

sis (DeBach and White, 1960), which was later modi-

fied by others (Rose, 1990; Raciti et al., 2003) and it is 

of common use in commercial insectaries that produce 

this insect. The procedure is based on first rearing the 

host (a parthenogenetic strain of Aspidiotus nerii 

Bouche) on butternut squash (Cucurbita moschata 

Duchesne ex Lamarck). When the host is in the third 

instar (young female), which is the preferred age for the 

parasitoid to oviposit and maximize progeny produc-

tion, the infested squash and adult parasitoids are placed 

together with honey distributed on plastic dishes in a 

ventilated cage. Adult parasitoids emerge about 15 days 

later. Female parasitoids produced in this manner were 

used in our experiments within 1 to 2 days after emer-

gence, which is enough time for females to mate (Rao 

and DeBach, 1969). Using these females for the ex-

periments assured that they had mated, had access to 

honey meals, and were able to host feed. 

 

Experiment 1: Effect of host density 
This experiment was designed to study the effect of 

host density on the fecundity of A. melinus, especially 

under high host densities, as it can happen in commer-

cial mass-rearing. Three densities (treatments) of the 

host A. nerii (in the young female instar), which are 

usual on butternut squash used in mass rearing, were 

used in this experiment: high (40-60 hosts per cm
2
, 

equivalent to 126-190 hosts per female parasitoid), me-

dium (16-40 hosts per cm
2
, equivalent to 50-126 hosts 

per female parasitoid), and low (3-15 hosts per cm
2
, 

equivalent to 9-48 hosts per female parasitoid). The ex-

perimental unit was a transparent plastic cylinder 2 cm 

in diameter (equivalent to a floor area of 3.14 cm
2
) and 

1.5 cm high, with metallic mesh on one end for ventila-

tion, a small hole (1 mm in diameter) on the side, and a 

foam rubber band glued onto the edge of the opposite 

end. This unit was placed on the surface of a half cut 

butternut squash with the required host density, and fas-

tened with rubber bands. One 24 h-old adult female, 

which had been in contact with adult males to mate, was 

introduced into each plastic cylinder in each of the three 

treatments. A drop of honey (Ynsadiet “rosemary 

honey”, Leganés, Madrid, Spain) was applied to a 

wooden stick that was placed in the small hole in the 

cylinder and changed daily. Within each treatment, fe-

males were exposed to the host for 24 h and for 6 con-

secutive days by changing the experimental unit every 

day to a new squash patch with the same host density in 

the same squash, or in a new squash in order to assure 

the appropriate host stage. All the zones occupied were 

circled using a permanent marker (Artline
®
, Shachi-

hata). After 8-10 days, the marked zones were separated 

with a sharpened knife, taking care not to damage the 

marked zones. Each marked portion was held individu-

ally in ventilated boxes (9.5 cm diameter, 4 cm height, 

with a 4 cm
2
 hole covered with a metallic mesh in the 

lid for ventilation) until adult emergence, about 15 days 

after parasitization. Emerged adults were counted and 

sexed. The boxes with squashes exposed to parasitoids 

were held in a growth chamber at 25.0 ± 0.1 °C, 65.0 ± 

5.0% RH, and 24 hours of light as recommended by a 

commercial insectary (Mulholland Insectary, Orange 
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Cove, CA, USA). The number of females, considered as 

replicates, used in this experiment were 5, 9 and 7 for 

high, medium and low host density, respectively. 

 

Experiment 2: Effect of parasitoid density 
This experiment was designed to study the effect of 

parasitoid density on the fecundity of A. melinus, which 

is especially important in mass-rearing, where high 

numbers of adult parasitoids can be crowded closely to-

gether. Three parasitoid densities (treatments) were used 

in this experiment: high (eight adult females), medium 

(four adult females), and low (two adult females), each 

paired with a host population of 20 young female in-

stars. Ratios host:parasitoid were 2.5, 5.0, and 10.0 re-

spectively, values within the range of those used in dif-

ferent insectaries producing A. melinus (around 10.0 in 

Raciti et al., 2003, and around 4.0 in Mulholland Insec-

tary, T. Mulholland personal communication). A piece 

of butternut squash (10-12 cm
2
 of surface) with the de-

sired number of hosts was placed in a ventilated box, 

several drops of honey (3 to 5, of the same type as de-

scribed in experiment 1) were added to the squash sur-

face, and then the desired number of adult A. melinus 

females, aged 24 h, were introduced. The piece of 

squash was changed daily until day 3, when the experi-

ment finished. Each piece of squash bearing parasitized 

scales was put into a ventilated box (as described above) 

until parasitoid emergence, when adults were counted 

and sexed. All boxes were held in a growth chamber at 

the same conditions than experiment 1: 25.0 ± 0.1 °C, 

65.0 ± 5.0% RH, and 24 hours of light. Ten replicates 

per treatment were performed in this experiment. 

 

Experiment 3: Effect of supplementary food on 
parasitoid longevity and host feeding activity 

This experiment was designed to study the effect of 

different honey sources on A. melinus survival, espe-

cially the suitability of honey + agar. Four different diets 

(treatments) were used in this experiment: 1) pure bee 

honey, the same used in the experiment 1; 2) honey di-

luted with water to provide a concentration of 10% (vol-

ume); 3) a preparation of honey with agar (40 ml dis-

tilled water, 20 g sugar, 40 g honey, 0.2 g agar-agar, in a 

water bath for 20 minutes and then poured on a Petri 

dish for cooling), a formulation used in some insectaries 

(Raciti et al., 2003) to feed adult parasitoids; 4) the con-

trol, with no honey or water added. In all the four treat-

ments, two live, young female A. nerii scales were de-

tached from a squash and added each day in addition to 

the treatment food sources, as per Heimpel et al. (1997). 

The same plastic cylinder described in experiment 1 

was used in this experiment, but the end with the foam 

rubber rested on a Petri glass dish, and the cylinder was 

fastened to the Petri dish with two elastic bands. Food 

[2-3 drops of honey, portions of honey + agar (0.02 cm
3
), 

and A. nerii bodies for all treatments] was introduced 

into the plastic cylinder on a small piece of Parafilm
®
, 

separating the cylinder from the Petri dish and sliding in 

the Parafilm with the food. The 10% honey treatment 

was added by soaking a cotton swab in the solution, 

which was placed in the small hole at the side of the 

plastic cylinder. One A. melinus adult female aged 24 h 

was introduced into each cylinder and food was changed 

between 1-2 days, recording whether the parasitoid was 

dead or alive and whether it had fed on the host body. 

Because the symptoms of host feeding (dark spots on 

the host body) can take a longer time to appear, evalua-

tion of host feeding as done in the experiment could be 

underestimated. The experiment lasted until all adults 

were dead. The experiment was replicated four times, 

with five females per treatment in each replication, 

making a total of 20 females per treatment. Experimen-

tal units were held in a growth chamber at 25.0 ± 0.1 °C, 

70.0 ± 5.0% RH, and 24 hours of light. 

 

Statistical analysis 
Repeated measures analysis was used to include time 

as another factor in those cases where it was needed. 

Similarity of variances between treatments was first 

checked in order to use different post-hoc tests when 

necessary: HSD Tukey’s test if similar variances oc-

curred, or Tamhane’s T2, Dunnet’s T3, and Games-

Howell’s test if variances were different. Two-way 

ANOVA (with replications and treatments as factors) 

was used to compare different parameters in experiment 

3: survival, days of feeding activity, and percentage of 

days with feeding activity. It was first analysed if there 

were differences among replicates. If no differences 

were found a one-way ANOVA was used to analyse the 

effect of the four treatments on the previous parameters. 

If factors studied in the ANOVA were significant at P < 

0.05, then the differences between the means were de-

termined using HSD Tukey’s test at a 95% confidence 

level. The data were transformed using the arcsine of 

the square root for variables recorded as proportions. A 

Kruskal-Wallis test was used when data did not fulfil 

ANOVA requirements. The Statgraphics Centurion XVI 

package (Stat Point Technologies, 2010) was used to 

perform the one- and two-way ANOVA. Survival 

curves of the different diets were compared using the 

Cox proportional hazard model, to determine possible 

differences between the survival curves. SPSS v15.0 for 

Windows (SPSS Inc., 2006) was used to perform this 

last analysis and the repeated measures analysis. 

 

 

Results 
 

Experiment 1: Effect of host density 
The number of parasitoid progeny per day, produced 

over 6 days, was similar for the three levels of host den-

sity, with no statistical differences between them (re-

peated measures analysis: F = 0.13; df = 2, 17; P = 0.88, 

table 1, assuming equality of variances after checking 

them with the Levene’s, Barlett’s, and Cochran’s test 

with P values equal or greater than 0.38). The average 

number of offspring per female per day for all treat-

ments was 1.14 ± 0.15. There were no differences in the 

sex ratio of the offspring among host densities (Kruskal-

Wallis test: χ
2
 = 1.37; df = 2; P = 0.50, table 1), and the 

overall sex ratio was 0.32 ± 0.07 ♂. 

The average daily offspring production over the six 

days period was relatively similar throughout the period 

(around 1 offspring per female and day, figure 1a), with 
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Figure 1. Effect of host density on A. melinus rearing: a) daily average offspring production throughout the period of 

study for the three treatments (High, Medium and Low host densities); b) daily average sex ratio during the period 

of study for the three treatments. Vertical bars represent standard error. 
 

 

a peak on day 3 (1.98 ± 0.10, significantly different 

from days 1, 2, and 5, with P = 0.009, P = 0.012, and    

P = 0.05 respectively; repeated measures analysis). Fe-

males were predominant in the first four days, and 

males tended to be more abundant at the end of the ex-

periment, but no statistical difference between days was 

found (F = 1.01; df = 5, 49; P = 0.42 ) (figure 1b). 

 
Experiment 2: Effect of parasitoid density 

The number of offspring produced over a 3 days pe-

riod was similar at medium and low parasitoid densities 

(0.83 ± 0.18 and 0.77 ± 0.13 offspring per female and 

day, respectively, table 2), but both were higher than at 

high parasitoid density (0.41 ± 0.07 offspring per female 

and day, table 2). No statistical difference was found 

initially between treatments using the repeated measures 

analysis (F = 1.49; df = 2, 27; P = 0.24, assuming ine-

quality of variances after checking them with the 

Levene’s, Barlett’s, and Cochran’s test, with P values of 

0.087, 0.003, and 0.0001 respectively), but post-hoc 

tests produced differences between high and low parasi-

toid densities (Tamhane’s T2 with P = 0.034, Dunnet’s 

T3 with P = 0.034) and Games-Howell with P = 0.030, 

table 2). There were no differences in the sex ratio of 

the offspring among parasitoid densities (Kruskal-

Wallis test: χ
2
 = 1.51; df = 2; P = 0.47, table 2). The 

overall sex ratio was 0.43 ± 0.03 ♂. 

The number of offspring produced over a period of 

three days increased steadily in the low parasitoid den-

sity treatment, whereas in the high parasitoid density 

treatment, offspring production was rather stable (figure 

2a). On average, the offspring produced on day 3 was 

higher than offspring produced on day 1 (0.90 ± 0.18 and 

0.46 ± 0.11 offspring per female respectively, with P = 

0.027, repeated measures analysis). An increased trend 

in male production was observed in the three days of the 

experiment, but no statistical difference between days 

was found (F = 0.53; df = 2, 68; P = 0.59) (figure 2b). 

The different host:parasitoid ratios gave different off-

spring production (table 1 and table 2). The ratio that 

produced the maximum offspring was 5 to 10 hosts per 

parasitoid. 

Table 1. A. melinus total offspring per female per day 

(mean ± SE) and sex ratio (mean ± SE) with different 

host densities, at 25.0 ± 0.1 °C, 65.0 ± 5.0% RH, and 

24 hours of light. 
 

Treatment
1 Offspring 

per day
 Sex ratio

2 Host/parasitoid 

ratio 

 

High 1.04 ± 0.28 0.19 ± 0.09 126  

Medium 1.13 ± 0.21 0.35 ± 0.08 88  

Low 1.24 ± 0.29 0.43 ± 0.16 28  

 F = 0.13 χ
2 
= 1.37   

 d.f. = 2, 17 d.f. = 2   

 P = 0.88 P = 0.50   
 

1
Treatments (host density per parasitoid female): High, 

40-60 hosts/cm
2
 (126-190 hosts per female parasitoid, 

n = 5); Medium, 16-40 hosts/cm
2
 (50-126 hosts per 

female parasitoid, n = 9); Low 3-15 hosts/cm
2
 (9-48 

hosts per female parasitoid, n = 7). 
2
As male proportion. 

 
 

Table 2. A. melinus total offspring per female per day 

(mean ± SE) and sex ratio (mean ± SE) with different 

parasitoid densities, at 25.0 ± 0.1 °C, 65.0 ± 5.0% RH, 

and 24 hours of light. 
 

Treatment
1 Offspring 

per day
2 Sex ratio

3 Host/parasitoid 

ratio 

High 0.41 ± 0.07a 0.39 ± 0.06 2.5 

Medium 0.83 ± 0.18ab 0.49 ± 0.05 5 

Low 0.77 ± 0.13b 0.42 ± 0.10 10 

 F = 1.49 χ
2 
= 1.51  

 d.f. = 2, 27 d.f. = 2  

 P = 0.24 P = 0.47  
 

1
Treatments: High, 8 parasitoids; Medium, 4 parasi-

toids; Low, 2 parasitoids. 20 hosts per day were of-

fered in each treatment. 
2
The differences between treatments High and Low are 

statistically significant with Tamhane’s T2 (P = 0.034), 

Dunnet’s T3 (P = 0.034) and Games-Howell (P = 

0.030) post-hoc tests, as determined by repeated meas-

ures analysis assuming that variances are not equal. 
3
As male proportion. 
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Figure 2. Effect of parasitoid densities on A. melinus rearing: a) daily offspring production for the three treatments 

throughout the period of study (High, Medium and Low parasitoid densities); b) daily average sex ratio during the 

period of study for the three treatments. Vertical bars represent standard error. 

 

 

Experiment 3: Effect of supplementary food on 
parasitoid longevity and host feeding activity 

No significant differences were found between the 

four replicates in the three parameters studied: survival 

(F = 0.86; df = 3, 9; P = 0.497), days of feeding activity 

(F = 1.18; df = 3, 9; P = 0.372), and percentage of days 

with feeding activity (F = 2.23; df = 3, 9; P = 0.154). 

Adult survival was higher in the honey and 10% honey 

treatments (14.1 ± 1.2 and 10.6 ± 1.2 days, respectively) 

than with the honey/sugar/agar mixture and control 

treatments (3.0 ± 0.6 and 2.1 ± 0.2 days, respectively) 

(F = 55.7; df = 3, 12; P < 0.0001, table 3). There were 

differences between survival curves (figure 3) (χ
2
 = 

59.0; df = 3; P < 0.0001), with the honey and 10% 

honey treatments showing similar hazard ratios (0.035 

[0.012-0.097], and 0.062 [0.023-0.162], respectively, 

with confidence intervals at 95% between brackets), 

while honey/sugar/agar mixture had a hazard ratio of 

0.521 (confidence interval of 0.265-1.021 at 95%), 

which includes the unity value (1), indicating it did not 

differ from the control. 

Similarly, the number of days in which adult parasi-

toids fed on A. nerii bodies was higher in the honey and 

10% honey treatments (1.7 ± 0.1 and 2.2 ± 0.5 days re-

spectively), and very low in the honey/sugar/agar mix-

ture and control treatments (0.2 ± 0.1 and 0.0 ± 0.0 re- 
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Figure 3. Survival (as a percentage) of adult females of 

A. melinus with different honey sources and control (no 

honey source). Vertical bars represent standard error. 

 

 

spectively) (F = 37.7; df = 3, 12; P < 0.0001, table 3). 

While the number of days on which host feeding oc-

curred was not very high, the 10% honey treatment had 

the highest percentage over total life-span (20.4 ± 

4.1%), followed by the honey treatment (11.9 ± 0.8 %) 

(F = 9.9; df = 3, 12; P = 0.001, table 3). Finally, feeding 

on host bodies was significantly more frequent for 

adults in the honey and 10% honey treatments than in 

the honey/sugar/agar mixture and control treatments 

 

 

Table 3. Survival (mean ± SE) of adult females of A. melinus, their host feeding activity (mean ± SE), expressed in 

the number of days on which host feeding was observed, and its percentage over total survival (mean ± SE), with 

different diets, at 25.0 ± 0.1 °C, 70.0 ± 5.0% RH, and 24 hours of light. 
 

Treatments 

(diets)
 

Survival 

(days) 

Feeding activity on A.nerii 

(days) % 

Honey 14.1 ± 1.2 b 1.7 ± 0.1b 11.9 ± 0.8bc  

10% Honey 10.6  ± 1.2b 2.2 ± 0.5b 20.4 ± 4.1c  

Honey+sugar+agar 3.0 ± 0.6a 0.2 ± 0.1a 7.2 ± 4.7ab  

Control 2.1 ± 0.2a 0.0 ± 0.0a 0.0 ± 0.0a  

F = 55.7 37.7 9.9  

d.f. = 3, 12 3, 12 3, 12  

P = <0.0001 <0.0001 0.001  
 

Different letters in the same column mean significant differences between treatments at P < 0.05 with HDS Tukey test. 
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Figure 4. Percentage of adult females of A. melinus host 

feeding with different honey sources and control (no 

honey source). Host feeding evaluation was made 

through observation of the host bodies. Vertical bars 

represent standard error. 

 
 

along the experiment (F = 24.6; df = 3, 12; P = 0.0001), 

using repeated measures analysis with different vari-

ances (inequality of variance between treatments was 

detected with Levene’s, Barlett’s, and Cochran’s test, all 

of them showing P values much below of 0.0001), with 

Dunnet’s T3 and Games-Howell’s post-hoc tests show-

ing P ≤ 0.05 (figure 4). 

 

 

Discussion and conclusions 
 

The production of offspring by A. melinus was not af-

fected by host density in the interval studied, between 9 

and 50 hosts per cm
2
 (or between 28 and 158 hosts 

available per female), with an average number of off-

spring of 1.14 ± 0.15 individuals per female per day. 

The estimated average fertility of A. melinus is around 

2-4 eggs per female per day in the presence of honey 

and/or hosts (Heimpel et al., 1997; Casas et al., 2000), 

and although the offspring rate obtained in our study is 

far from the potential value, it is congruent with off-

spring values obtained by other authors (Vasquez et al., 

2011, with average values ranging between 1.0-1.3 de-

scendants per female per day). In field experiments, re-

searchers neither observed any density-dependent para-

sitism by A. melinus in response to scale density over 

time (Reeve and Murdoch, 1986, see a review in Heim-

pel and Casas, 2008). 

Offspring production peaked on day 3 and then de-

creased. This situation is compatible with the behaviour 

to avoid egg load limitation. Egg load limitation can 

happen with high host density or availability (Heimpel 

and Rosenheim, 1998), as the three host densities used in 

the first experiment (with mean values of 28, 88 and 158 

hosts per parasitoid female) can be considered. Egg load 

limitation has been observed in field populations of       

A. melinus (Casas et al., 2000). Meanwhile, sex ratio was 

female-biased in general, although in the last two days of 

the experiment males were more abundant. Altogether, 

females were prevalent (sex ratio 0.32 ± 0.07 ♂), a find-

ing similar to that of other studies (Heimpel and 

Lundgren, 2000). However, variation in this parameter 

can be found in commercial insectaries (Vasquez and 

Morse, 2012). 

Parasitoid density had a clear effect on offspring pro-

duction. The treatment with higher density of adult 

parasitoids produced the lowest number of offspring, 

probably because the fixed number of hosts available 

was a limiting factor for the number of adult parasitoid 

females present in this treatment. As A. melinus female 

also feed on hosts (one host for host feeding per parasi-

toid per day as much, Heimpel et al., 1997), this behav-

iour probably reduced the availability of hosts for ovi-

position. Parasitoid density had no effect on sex ratio, 

with no statistical differences between the three treat-

ments, contrary to the prediction of the LMC theory and 

other models that have included the effect of the density 

of foraging females on sex allocation (Murdoch et al., 

2003; Ode and Hardy, 2008), or to that observed with 

other parasitoids (Irvin and Hoddle, 2006). Offspring 

production increased until the last day of the experi-

ment, and the sex ratio changed throughout the experi-

ment, starting with more females and ending with an 

equal ratio, which is a similar trend to that observed in 

the experiment with different host densities. 

The availability of honey is fundamental for a longer 

life span of A. melinus adult females. Different authors 

have noted that the life-span of sugar-fed Aphytis fe-

males varies between 2 and 6 weeks (DeBach and White, 

1960; Avidov et al., 1970; Collier, 1995; Heimpel et al., 

1997). In contrast, the lifespan of sugar-deprived females 

rarely exceeds three days (Avidov et al., 1970), whether 

or not host feeding is allowed (DeBach and White, 1960; 

Heimpel et al., 1997). The results of many studies sug-

gest that host feeding may increase survival in A. 

melinus only when females have access to sugar. The 

honey/sugar/agar mixture did not have a significant ef-

fect on adult longevity, which was very similar to the 

control without any source of honey, even though this 

food is used in at least one insectary (Raciti et al., 2003). 

A possible explanation could be that the small portion of 

honey/sugar/agar mixture introduced in the experimental 

arena was insufficient for the adult parasitoids to feed 

on, and they were unable to obtain enough honey from 

the substance. Our personal experience with mass rear-

ing indicated that honey/sugar/agar mixture (as was used 

at the beginning of the rearing) produced a poor adult 

survival rate. Survival rates found in our work with honey 

(and also with 10% honey) were very similar to the val-

ues found by Heimpel et al. (1997) when adult females 

were not allowed to feed on the host. Indeed, the presence 

of host bodies in our study seemed not to increase adult 

survival to the extent observed by other authors (Heimpel 

et al., 1997). This discrepancy could be due to the num-

ber of days (and its proportion) in which host feeding oc-

curred that was very low, far from the values obtained by 

Heimpel et al. (1997). The daily proportion of adult fe-

males feeding on the host was only around 20%, but it 

was always more significant in the honey and 10% honey 

treatments than in the other two treatments. 

We have not found any detrimental effects of higher 

host density on offspring production over a period of six 

days. The change in sex ratio in the later days is worth 

being noted, and although not statistically significant, it 
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can have implications in commercial rearing. Parasitoid 

density had an effect on offspring due to host availability, 

but no effect was observed on sex allocation. Therefore, it 

can be concluded that within the values tested, no male 

increment would be expected with the highest parasitoid 

density. Another matter is the shift toward male produc-

tion that occurs over the course of the experiment, similar 

to what happened in the second experiment, but again not 

statistically significant. Honey as a supplemental food has 

been shown to be crucial for increasing adult survival 

(with or without host feeding), allowing A. melinus fe-

males to reach their maximum lifetime fertility. 

In general, the relationship between hosts and parasi-

toids should continue to be examined to improve the 

mass-rearing. Our results suggest that a daily 

host:parasitoid ratio of around 5 to 10 allows maximum 

efficiency in parasitoid production, in terms of number 

of progeny per female per day (table 1). As no clear ef-

fect of parasitoid density has been observed in our ex-

periments, it could be concluded that, given a squash 

with a certain host density (which has an optimum den-

sity between 20 and 40 hosts per cm
2
, as obtained in a 

previous study, González-Zamora et al., 2012) the best 

procedure would be to add the number of parasitoids 

that would create the above ratio (on a daily basis), 

which includes hosts used for oviposition and those 

used for host feeding plus some extra for security. The 

number of days parasitoids should be in contact with the 

squash should be not higher than 3-4 days, to keep the 

male bias of the offspring at its lowest values. 

 

 

Acknowledgements 
 

This work was only possible with the help of Saray 

Marín. We would also like to thank Jean-Claude 

Malausa and Nicolas Ris from the INRA Vallbonne 

(France) for the uniparental strain of Aspidiotus nerii. 

We acknowledge all the help and support given by the 

Servicio de Sanidad Vegetal (Conselleria de Agricultura 

of the Generalitat Valenciana, Spain), with special 

thanks to José Luis Porcuna, Alberto García and Car-

men Laurin. This work was funded by RioTinto Fruits 

S.A. (El Campillo, Huelva, Spain), with the help of the 

regional government of Andalucía (Junta de Andalucía, 

Spain), within the research project “Cría de Aphytis 

melinus y Comperiella bifasciata para el control 

biológico del piojo rojo de California en cítricos”. We 

would also like to thank J. J. Sorribas for his comments 

in the preparation of this manuscript. 

 

 

References 
 

ABDELRAHMAN I., 1974a.- The effect of extreme temperatures 

on California red scale, Aonidiella aurantii (Mask.) (Hemip-

tera: Diaspididae) and its natural enemies.- Australian Jour-

nal of Zoology, 22: 203-212. 

ABDELRAHMAN I., 1974b.- Growth, development and innate 

capacity for increase in Aphytis chrysomphali Mercet and A. 

melinus DeBach, parasites de California red scale, Aonidiel-

la aurantii (Mask.), in relation to temperature.- Australian 

Journal of Zoology, 22: 213-230.  

AVIDOV Z., BALSHIN M., GERSON U., 1970.- Studies on Aphy-

tis coheni, a parasite of the California red scale, Aonidiella 

aurantii in Israel.- Entomophaga, 15: 191-207. 

BERNSTEIN C., JERVIS M., 2008.- Food-searching in parasito-

ids: the dilemma of choosing between 'immediate' or future 

fitnes gains, pp. 129-171. In: Behavioral ecology of insects 

parasitoids: from theorical approaches to field applications 

(WAJNBERG E., BERNSTEIN C., ALPHEN J. V., Eds).- Black-

well Publishing, MA, USA. 

CASAS J., NISBET R. M., SWARBRICK S., MURDOCH W. W., 

2000.- Eggload dynamics and oviposition rate in a wild 

population of a parasitic wasp.- Journal of Animal Ecology, 

69: 185-193. 

CHARNOV E. L., HARTOGH R. L. L., JONES W. T., ASSEM J. V. 

D., 1981.- Sex ratio evolution in a variable environment.- 

Nature, 289: 27-33. 

COLLIER T. R., 1995.- Host feeding, egg maturation, resorp-

tion, and longevity in the parasitoid Aphytis melinus (Hyme-

noptera, Aphelinidae).- Annals of the Entomological Society 

of America, 88: 206-214. 

DEBACH P., WHITE E. B., 1960.- Commercial mass culture of 

the California red scale parasite.- California Agriculture Ex-

perimental Station Bulletin, 770: 4-58. 

GONZÁLEZ-ZAMORA J. E., CASTILLO M. L., AVILLA C., 2012.- 

Assessment of life history parameters of Aspidiotus nerii 

(Hemiptera: Diaspididae) to improve the mass rearing of 

Aphytis melinus (Hymenoptera: Aphelinidae).- Biocontrol 

Science and Technology, 22: 791-801. 

GRAFTON-CARDWELL E. E., MORSE J. G., O’CONNELL N. V., 

PHILLIPS P. A., KALLSEN C. E., HAVILAND D. R., 2011.- Ci-

trus: California red scale and yellow scale, In: UC pest man-

agement guidelines, University of California, [online] URL: 

http://www.ipm.ucdavis.edu/PMG/r107301111.html (ac-

cessed July 2012). 

HAMILTON W. D., 1967.- Extraordinary sex ratios.- Science, 

156: 477-488. 

HEIMPEL G. E., CASAS J., 2008.- Parasitoid foraging and ovi-

position behaviour in the field, pp. 51-70. In: Behavioral 

ecology of insects parasitoids: from theoretical approaches 

to field applications (WAJNBERG E., BERNSTEIN C., ALPHEN 

J. V., Eds).- Blackwell Publishing, MA, USA. 

HEIMPEL G. E., LUNDGREN J. G., 2000.- Sex ratios of commer-

cially reared biological control agents.- Biological Control, 

19: 77-93. 

HEIMPEL G. E., ROSENHEIM J. A., 1998.- Egg limitation in pa-

rasitoids: a review of the evidence and a case study.- Biolog-

ical Control, 11: 160-168. 

HEIMPEL G. E., ROSENHEIM J. A., KATTARI D., 1997.- Adult 

feeding and lifetime reproductive success in the parasitoid 

Aphytis melinus.- Entomologia Experimentalis et Applicata, 

83: 305-315. 

IRVIN N. A., HODDLE M. S., 2006.- The effect of intraspecific 

competition on progeny sex ratio in Gonatocerus spp. for 

Homalodisca coagulata egg masses: economic implications 

for mass rearing and biological control.- Biological Control, 

39: 162-170. 

KFIR R., LUCK R. F., 1979.- Effects of constant and varia-

ble temperature extremes on sex ratio and progeny pro-

duction by Aphytis melinus and A. lingnanensis (Hyme-

noptera: Aphelinidae).- Ecological Entomology, 4: 335-

344. 

LUCK R. F., NUNNEY L., STOUTHAMER R., 1999.- Sex ratio and 

quality in the culturing of parasitic Hymenoptera: a genetic 

and evolutionary perspective, pp. 653-672. In: Handbook of 

biological control (BELLOWS T. S., FISHER T. W., Eds).-

Academic Press, San Diego, USA. 

MAZIH A., 2008.- Current situation of citrus pests and the con-

trol methods in use in Morocco.- IOBC/wprs Bulletin, 38: 

10-16. 



 

 38 

MILLS N. J., WAJNBERG E., 2008.- Optimal foraging behaviour 

and efficient biological control methods, pp. 3-30. In: Beha-

vioral ecology of insects parasitoids: from theoretical ap-

proaches to field applications (WAJNBERG E., BERNSTEIN C., 

ALPHEN J. V., Eds).- Blackwell Publishing, MA, USA. 

MORENO D. S., LUCK R. F., 1992.- Augmentative releases of 

Aphytis melinus (Hymenoptera, Aphelinidae) to suppress 

California red scale (Homoptera, Diaspididae) in southern 

California lemon orchards.- Journal of Economic Entomolo-

gy, 85: 1112-1119. 

MURDOCH W. W., BRIGS C. J., NISBET R. M., 2003.- Consum-

er-resource dynamics.- Princeton University Press, Prince-

ton, NJ, USA. 

ODE P. J., HARDY C. W., 2008.- Parasitoid sex ratios and bio-

logical control, pp. 253-291. In: Behavioral ecology of in-

sects parasitoids: from theoretical approaches to field ap-

plications (WAJNBERG E., BERNSTEIN C., ALPHEN J. V., 

Eds).- Blackwell Publishing, MA, USA. 

OLIVAS J., LUCAS A., CALVO J., BELDA J. E., 2011.- Biological 

control of diaspidid scales Aspidiotus nerii Bouche and Ao-

nidiella aurantii (Maskell) by means of commercial Aphytis 

melinus DeBach (Hym., Aphelinidae) releases: basis for an 

IPM strategy in Spanish citrus.- IOBC/wprs Bulletin, 62: 

311-316. 

PEKAS A., TENA A., WACKERS F. L., GARCÍA-MARÍ F., 2011.- 

Nutritional state and food sources of Aphytis melinus in the 

field.- IOBC/wprs Bulletin, 62: 355-359. 

RACITI E., SARACENO F., SISCARO G., 2003.- Mass rearing of 

Aphytis melinus for biological control of Aonidiella aurantii 

in Sicily.- IOBC/wprs Bulletin, 26: 125-134. 

RAO S. V., DEBACH P., 1969.- Experimental studies on hybri-

dization and sexual isolation between some Aphytis species 

(Hymenoptera - Aphelinidae) I. Experimental hybridization 

and an interpretation of evolutionary relationships among 

species.- Hilgardia, 39: 515-554. 

REEVE J. D., MURDOCH W. W., 1986.- Biological control by 

the parasitoid Aphytis melinus, and population stability of 

the California red scale.- Journal of Animal Ecology, 55: 

1069-1082. 

ROSE M., 1990.- Rearing and mass rearing, pp. 357-365. In: 

Armored scale insects. their biology, natural enemies and 

control (ROSEN D., Ed.).- Elsevier, Jerusalem, Israel. 

SORRIBAS J. J., GARCÍA-MARÍ F., 2010.- Comparative efficacy 

of different combinations of natural enemies for the biologi-

cal control of California red scale in citrus groves.- Biologi-

cal Control, 55: 42-48. 

SORRIBAS J. J., VAN BAAREN J., GARCÍA-MARÍ F., 2012.- Ef-

fects of climate on the introduction, distribution and biotic 

potential of parasitoids: applications to biological control of 

California red scale.- Biological Control, 62: 103-112. 

SPSS INC., 2006.- SPSS 15.0 for windows.- Version 15.0.1. 

Chicago, IL, USA. 

STAT POINT TECHNOLOGIES, 2010.- Statgraphics centurion 

XVI.- Version 16.1.07. Warrenton, VA, USA. 

STRAND M. R., CASAS J., 2008.- Parasitoid and host nutritional 

physiology in behavioral ecology, pp. 113-128. In: Beha-

vioral ecology of insects parasitoids: from theoretical ap-

proaches to field applications (WAJNBERG E., BERNSTEIN C., 

ALPHEN J. V., Eds).- Blackwell Publishing, MA, USA. 

TENA A., LLÁCER E., URBANEJA A., 2013a.- Biological control 

of a non-honeydew producer mediated by a distinct hie-

rarchy of honeydew quality.- Biological Control, 67: 117-

122. 

TENA A., PEKAS A., WÄCKERS F. L., URBANEJA A., 2013b.- 

Energy reserves of parasitoids depend on honeydew from 

non-hosts.- Ecological Entomology, 38: 278-289. 

THOMPSON S. N., 1999.- Nutrition and culture of entomophag-

ous insects.- Annual Review of Entomology, 44: 561-592. 

VAN LENTEREN J. C., 2003.- Need for quality control on bio-

control agents, pp. 1-18. In: Quality control and production 

of biological control agents: theory and testing procedures 

(VAN LENTEREN J. C., Ed.).- CABI Publishing, Wallingford, 

UK. 

VAN LENTEREN J. C., 2012.- The state of commercial augmen-

tative biological control: plenty of natural enemies, but a 

frustrating lack of uptake.- Biocontrol, 57: 1-20. 

VASQUEZ C. J., MORSE J. G., 2012.- Fitness components of 

Aphytis melinus (Hymenoptera: Aphelinidae) reared in five 

California insectaries.- Environmental Entomology, 41: 51-

58. 

VASQUEZ C. J., STOUTHAMER R., JEONG G., MORSE J. G., 

2011.- Discovery of a CI-inducing Wolbachia and its asso-

ciated fitness costs in the biological control agent Aphytis 

melinus DeBach (Hymenoptera: Aphelinidae).- Biological 

Control, 58: 192-198. 

WÄCKERS F. L., 2003.- The parasitoids’ need for sweets: su-

gars in mass rearing and biological control, pp. 59-72. In: 

Quality control and production of biological control agents: 

theory and testing procedures (VAN LENTEREN J. C., Ed.).- 

CABI Publishing, Wallingford, UK. 

WARNER K. D., GETZ C., 2008.- A socio-economic analysis of 

the North American commercial natural enemy industry and 

implications for augmentative biological control.- Biological 

Control, 45: 1-10. 

ZAPPALÀ L., 2010.- Citrus integrated pest management in Ita-

ly, pp. 73-100. In: Integrated management of arthropod 

pests and insect borne diseases (CIANCIO A., MUKERJI K. G., 

Eds).- Springer Science+Business Media B.V., Dordrecht, 

The Netherland. 

ZAPPALÀ L., CAMPOLO O., GRANDE S. B., SARACENO F., 

BIONDI A., SISCARO G., PALMERI V., 2012.- Dispersal of 

Aphytis melinus (Hymenoptera: Aphelinidae) after augmen-

tative releases in citrus orchards.- European Journal of En-

tomology, 109: 561-568. 

 

 

 

 

 

 

Authors’ addresses: José Enrique GONZÁLEZ-ZAMORA 

(corresponding author: zamora@us.es), Carlos AVILLA, De-

partamento de Ciencias Agroforestales, Universidad de 

Sevilla, Carretera de Utrera km 1, 41013 Sevilla, Spain; Maria 

Luz CASTILLO, Agricultura y Ensayo S.L., Urb. El Eucaliptal, 

C/ Cordialidad 9, 41500 Alcalá de Guadaíra, Sevilla, Spain. 

 

Received September 29, 2014. Accepted February 16, 2015. 

 




