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In the diptera family, to which flies and hoverflies belong, there is a species called Eupeodes confrater. Its adult is known as a pollinator and also its larva eats aphids. The adult lays eggs in a colony of aphids so that the larvae can grow up by eating them. It is also known that when the adult lays eggs it judges how much value that colony has as the larvae’s food and lays eggs in an appropriate place. It is thought that this activity of the mother adult is a survival strategy for the descendants to prosper, because the aphids are the only source of nourishment for the larvae (Suga 1989)  Does the adult only think of the colony as the larvae’s food?

Until recently it has been thought that the aphid is simply nourishment without having the power of resisting Eupeodes confrater. Of course it can kick the predator with its hind legs or spew wax from the horn-shaped protuberance on the back of the body, and can get away from the disturbing predator. This is a passive way of protecting itself and it has been thought that its defence was merely like that. 

However, since the discovery that Colophina clematis (a species of aphid) produces sterile soldiers, gradually one after another it has become clear that there are some aphids that produce soldiers with offensive power (Aoki 1977; Ito 1989; Stern & Foster 1996). They produce soldiers whose power can protect the colony. So it is certain that when Eupeodes confrater uses aphids as their food, the existence of soldiers becomes a big restriction. 

Eupeodes confrater, which I am going to introduce here, only eats Pseudoregma bambucicola, an aphid that produces sterile soldiers. An enchanting activity and ecological feature of Eupeodes confrater was described by Kenji Ohara, and those of Pseudoregma bambucicola was also introduced by T.Sunose in the past issues (Ohara 1985; Sunose 1991). However, here I am going to tell how the female adult of Eupeodes confrater judges the value of the colony of  Pseudoregma bambucicola, and how it chooses the oviposition site against aphids with soldiers.  

Eupeodes confrater which specializes on Pseudoregma bambucicola
Eupeodes confrater is the most common hoverfly in Kagoshima Prefecture. The adult is active all the year round and the larvae grow up eating only Pseudoregma bambucicola (See photo 1, 2)

After he saw that the female adult of Eupeodes confrater had laid eggs on threads of a spider web close to the colony of Pseudoregma bambucicola, Mr Ôhara concluded that this was a strategy directed at the soldier aphids. But we do not know how effective this strategy is against the offence of each soldier. Neither do we understand whether Eupeodes confrater exclusively eats Pseudoregma bambucicola and Pseudoregma bambucicola is exclusively eaten by Eupeodes confrater.

Pseudoregma bambucicola is distributed from southwest Japan to southeast Asia, and is known as a eusocial insect which is parasitic on bamboo in the genus Bambusa and produces sterile soldiers. In Japan this species is parasitic on Bambusa multiplex and repeats parthenogenesis all the year round (Photo 3)  It is known that a first-instar nymph of Pseudoregma bambucicola has two different morphs: the ordinary nymph, which emerges, grows up and produces eggs: and the Pseudoscorpiones type of soldier which remains as a first instar and does not proceed to the second instar (Photo 4). The individual soldiers protect the colony by holding the enemy tightly with large front legs and piercing the enemy’s skin with a couple of horn-like protuberances (Ôhara 1985; Aoki 1987)   
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Fig. 1: Process of ovipositional decision-making in aphidophagous hoverflies.
I show the four stages and the pattern of stimulation (amended from Chandler 1965). It is possible that the activity of the soldiers becomes a key factor for oviposition sites around the colony. * = an original idea of the author

Process of ovipositional decision-making 

I put the process of the female adult of Eupeodes confrater’s search for the colony of aphid and activity of oviposition in Fig. 1. When she lays eggs the female adult (1) chooses the habitat, (2) chooses the plants where aphids are parasitic, (3) finds the colony where she can lay eggs and (4) decides the actual oviposition site. (The colony in this paper means collection of all aphids on one bamboo tree.) In this process, the female adult proceeds with oviposition using visual sense, sense of smell and taste, and judges the site strategically.

Generally speaking, it is thought that (2) and (3) out of the aforementioned processes are important for the hoverfly’s oviposition (Chandler 1965). But this is the case for hoverflies which eat aphids without soldiers. 

Pseudoregma bambucicola is not just a food without resistance, but is armed with soldier aphids with full of power of defence. So if the female adult of Eupeodes confrater judges badly and lays her eggs in a colony with an army of soldiers, the eggs would be immediately broken. When the enemy approaches the soldier swings its legs (thought to be frightening to the enemy) or tackles it. It is certain that these activities of the soldiers and moreover the existence of them itself influence the hoverfly’s oviposition.  


So I thought that the process of choosing a colony for oviposition and choosing the actual oviposition site {(3) and (4) among the aforementioned 4 processes} are important for Eupeodes confrater. I am going to consider these points in this paper: does the female adult choose ovipository site taking into account the existence of the soldiers?

Eupeodes confrater’s oviposition activity 

I have already mentioned that the female adult of Eupeodes confrater lays eggs on the threads of the spider web. Then do those who lay eggs on the threads of the spider web only do so on spider webs? Or do they lay eggs in several other places as well? 


I researched the oviposition sites by following adults and collecting eggs at a community of Bambusa multiplex in Kagoshima Prefecture. As a result the following became clear: the female adult observes the bamboo, flying vertically around it where aphids swarm; touches the inside and outside of the colony moving its mid-hind-legs as though confirming it: when it finds the oviposition site, it hovers and seems to start laying eggs. (Photo 5) It looks as though it is checking for the existence of the soldiers and their activity. 


The confirmed oviposition sites are roughly divided into the following three groups: (1) inside the colony; the surface of bamboo or the body of clustered aphids (Photo 6); (2) outside the colony: on the dry grass or a branch (Photo 7); (3) on the threads of the spider web: on the warp of a spider web which is no longer used. (Photo 8) 


In this observation I confirmed that at least two female adults laid eggs both on the threads of the spider web and outside the colony; and three of them did so both on the threads of the spider web and inside the colony. This means the female adult has the ability to choose more than one oviposition site and the ability differs with the individual. It seems worth researching this problem in future. 


By the way, most of the eggs observed were laid on the threads of the spider web but they were far away from the colony. Among them some of the eggs are laid one metre away horizontally from the colony. This kind of case is rarely seen among Eupeodes confrater, but I wonder whether hatched larvae can reach the colony safely.


In addition to the above I found many eggs, apart from those laid in the colony, are laid as a mass (one egg-mass contains two to twenty-two eggs), and at the same time I often saw that the hatched larvae were cannibalising the eggs. I wonder whether the fact that the eggs are laid in mass means they are for nourishing the hatched larvae as well. Whatever the reason, it is almost certain that the larvae of eggs laid on the threads of the spider web are in serious danger of starvation just after hatching. 


So it seems useful for them to lay eggs on the threads of the spider web because they can avoid the soldiers’ attack, and so can increase the number of hatched larvae. But if they used the same method in the season when the  soldiers are fewer, it would be a negative factor for the larvae to grow up.


So the oviposition in the colony becomes important. If the eggs can hatch in the colony without being attacked by the soldiers, the hatched larvae are able to eat the aphids without moving around. This is thought to be a big advantage to laying eggs in the colony. 


As Mr Sunose reported in this journal, it is known that the density of the soldiers varies by the season. So I framed a hypothesis that the female adult changes her oviposition site according to the density of soldier population. Henceforward I will examine this hypothesis.

Verification of the hypothesis: 1 – field research                   

In order to test my hypothesis, I decided to observe in the field how the oviposition sites of Eupeodes confrater change in relation to changes in numbers of Pseudoregma bambucicola in a colony, the change in the density of the aphids*, and the change in the ratio of soldiers **. {* It was difficult to measure the density of the aphids, because the size of the colony was very big. So instead I used the ratio of the covered space: colony space /the surface space of the bamboo. **The ratio of soldiers means the number of soldiers against the number of aphids in the colony: the number of soldiers ÷ the total number of aphids}. I also recorded the horizontal distance from the colony to the oviposition site. The research was carried out twenty-four times: twice a month for a year from April 1992 to March 1993. The results are in Figs. 2 and 3.


I observed the following pattern. The number of the colony of Pseudoregma bambucicola, the density of the aphid population and the ratio of the soldiers start increasing radically in August and September. They reach a peak in October and November and after that they decrease. They stay comparatively stable during the winter and in spring, and go down to nearly zero in the summer (Fig. 2). This pattern is the same as that reported by Mr Sunose.


The fact that the number of individuals reaches at a peak in the autumn seems to be related to the number of bamboo shoots which appear in autumn and their excellent quality as food. Anyway it is clear that the number of soldiers of Pseudoregma bambucicola is higher in the autumn and smaller in the winter – spring – summer. 


Then how does the oviposition site of Eupeodes confrater change? It is crystal clear if you look at Fig 3. My results show that many adults lay eggs on the threads of spider webs from August to November when the density of the soldier population starts increasing and reaches a peak; and lay eggs in the colony from December to March when the number of soldiers decreases. In addition to this it is clear that in April when the soldier density increases a little, the number of eggs laid in the colony decreases, and again in May, when the soldier population decreases, more eggs are laid in the colony. 


Also in June and July the soldiers were not seen. But because the size of the colony itself became smaller, even though the adults of Eupeodes confrater fly around, I didn’t see any oviposition. 


The result was the same for the oviposition distance as well (Fig 3). It is clear that from August to November when the soldier density is high, they lay eggs more than 20 cm or sometimes about one metre away from the colony. But from January to March when soldier density is low the eggs are laid on or around the bamboo where the colony is situated.


As for the distance of the shortest route from the eggs laid in the colony to the aphids, it became clear that the lower the density of the soldier population, the nearer to the aphids the eggs are laid (Photo 6). So we can understand that Eupeodes confrater changes the distance of the oviposition site according to the density of the soldiers.  


The above result from observation seems to prove my hypothesis.           

Verification of the hypothesis 2: experimental manipulations

When I attached threads of spider web to the bamboo joint where the colony is placed in November and when the density of the soldiers was high, and in January when it was low, I saw in both seasons that the eggs are laid on the threads. But the rate differs: oviposition is greater in January (Table 1).

Table 1

In any season the oviposition rate on the threads of the spider web is higher, but oviposition in the colony is higher in January. G-test, p<0.001 


Oviposition site

Season
Density of the soldiers
Total eggs laid
In the colony
Threads of spider web

November
High
325
1.2%
98.8%

January
Low
80
11.3%
88.8%

So conversely when I eliminated the threads of the spider web completely, there was oviposition in January, but no eggs were laid in November. Just to make sure of this, when I attached threads of spider web, as I did to the experimental colony in November, then active oviposition started again. 


The result so far proves the hypothesis that the female adult changes her oviposition site according to the density of the soldier population. And also it tells us that if there is no suitable place for oviposition, it stops laying eggs.    

The difference between the hatching success rate and larval development success rate according to the oviposition site. 

Is it really worthwhile to change oviposition site according to the density of the soldiers? In order to see this point in detail, I compared the hatching success rate (hatching rate) and success larval development rate (larva survival rate until it reaches the last-instar larva).


In November 1992 I chose some colonies which had different soldier densities in a community of Bambusa multiplex in Inuzako-cho, Kagoshima City, and I covered bamboo joints with sticky tape called Tanglefoot so that the insects cannot move between the joints. Among these fifty colonies which I prepared as above, I put 10 eggs of Eupeodes confrater each in half of the colonies, and attached threads of spider web to the rest of the colonies and put 10 eggs each there. The egg of Eupeodes confrater is soft and difficult to handle, but it lays eggs on the thread of the spider web. So if one moves the thread to which the eggs are attached with tweezers, it is quite easy to handle them without damage. 


After that I recorded the development and survival rate of Eupeodes confrater every day for two weeks. I also measured the density of the soldiers in the colony, the density of each instar of larva, and the length of the thread. I used the method of Sunose (1991) to measure the structure of the larval instars (the ratio of each larval instar against the colony).


The result was very clear. The success rate of hatching is higher on the thread of the spider web than in the colony. (Table 2). (Translation in the text.)  And in the colony it is clear that the higher density of the soldiers, the lower the hatching rate becomes (Fig 5). This means the soldiers are a strong defensive force. Actually I saw that soldiers held Eupeodes confrater’s egg with the front legs and broke the shell with the horn-shaped protuberances (Photo 9).


On the other hand the eggs laid on the thread of the spider web hatch nearly 100 % successfully without regard to the density of the soldier population (Fig. 5). Some eggs disappeared without my noticing them, but no eggs were broken by the soldiers. Also no soldiers were walking on the threads during the testing period. In short, it is very effective to lay eggs on the threads of a spider web.

Fig 5: Successful egg hatching in E. confrater at two different oviposition sites (Translation in the text)

Upper graph: in the colony

Lower graph: On the thread of spider web

In the colony, the higher the density of the soldiers the lower the rate of successful egg hatching, while on the threads the rate is high with no relation to the density of the soldiers.

However, if we compare the success rate of the larva development, eggs laid in the colony have more advantages (Table 2). This is because while on the thread of the spider web the larvae die before they reach the colony, since they cannibalise each other; the larvae in the colony survive better as they don’t need to move around to feed themselves after hatching. So I think, as a result, the success rate of their development is high. Moreover, in any oviposition sites I realised that the development rate of the larva tends to be high when the density of the young and middle-instar aphids in the colony is high (Fig. 6). 

Fig 6: 

Environmental factors affecting successful larval development in E. confrater
I have showed the coefficient by multiple regression analysis about four major influential factors. If the coefficient is minus the relationship is negative. * P<0.059, ** P<0.001, ns: P<0.10

(The numbers correspond to Fig. 6 in the text)

1: In the colony

2: Density of soldiers

3: Density of first instar larva

4: Density of second to fourth instar larva

5: The success rate of the development of Eupeodes confrater
6: Density of adult

7: Density of alates

8: Length of the thread of the spider web

9: Number of eggs introduced

10: On the thread of spider web

11: Density of soldiers

12: Density of first instar larva

13: Density of second to fourth instar larva

14: The success rate of the development of Eupeodes confrater
15: Density of adult

16: Density of ptreygota

17: Length of the thread of the spider web

18 Number of eggs introduced

This means the parents’ choice of the colony is important for larva development.

But if we calculate the overall success rate (successful hatching rate x successful development rate), the mutual benefit is denied and they become statistically about equal (Table 2)

Table 2 

Egg hatching, larval developmental and total success in E. confrater at two ovipository sites (%)

The figure is average figure ± the standard error. As for egg hatching rate and larval development rate, a significant difference (P<0.001, 0.012 respectfully) was recognised, but in the case of total success rate a significant difference was not recognised.



Ovipository

site
Number of test
Success hatching rate
Success development rate
Total success rate

In the colony
22
41.2 ± 6.9

[0-100]
37.8 ± 9.5

[0-100]
14.5 ± 4.2

[0-69.2]

On the thread of spider web
28
98.4 ± 0.6

[89.3-100
5.9 ± 2.0

[0-38.5]
5.8 ± 2.0

[0-38.5]

As a result of the experiment it is confirmed that the merit of oviposition on the thread is “avoiding the soldiers’ attack” and that of in the colony is “getting food easily”. So it is useful for Eupeodes confrater to lay eggs on the thread when the density of the soldiers is high, and to do so in the colony when it is low.  

The value of the colony as food

It is an important issue for the larvae of Eupeodes confrater to get food constantly. After they hatch, the parents have to make sure there is ample food for them so that they won’t starve and will develop fully. So we can guess that the female adult of Eupeodes confrater lays eggs judging how much value the colony of Pseudoregma bambucicola has as food.


So in November 1992 and May 1993, I chose colonies of Pseudoregma bambucicola (thirteen colonies in November and fifteen of them in May) at a community of Bambusa multiplex in Inuzako-cho, Kagoshima City, and I attached a thread of spider web to each joint of the bamboo. In total I attached six threads to the six joints. (Fig 7) 
Fig 7

Colony assessment experiment (Translation in the text)

How does female adult assess the colony?

After two days, I checked the number of eggs laid on each thread of the spider web, the size and extent of the colony and the instar structure of the Pseudoregma bambucicola. I also collected individual Pseudoregma bambucicola from a different colony, dried them for three hours in a temperature of 75°C and measured the weight of the dried body of each instar and each soldier. With these data I estimated the dry weight of each colony. Fig 8 shows how these factors affect the number of eggs laid.

Fig 8 
(The numbers correspond to those of the text  - translator)

1 & 10: Number of soldiers

2 & 11: Number of first instar larva

3 & 12: Number of second ~fourth instar larva

4 & 13: Number of adult

5 & 14: Number of eggs laid by female adult

6 & 15: Number of alate sexuparae

7 & 16: Colony size

8 & 17: Square area of colony

9 & 18: Total dry weight colony

Fig 8 (continued)
Environmental factors affecting oviposition events in E. confrater
I show the coefficients (by multiple regression analysis) in the Fig. There are about four major influences. If the coefficient is minus the relationship is negative. The four factors are all statistically significant. (P<0.001)

In May, the higher the number of Pseudoregma bambucicola adults clearly leads to more eggs of Eupeodes confrater being laid. But in November, it is different from May; the bigger the number of first-instar larva of Pseudoregma bambucicola and the larger the colony space, the bigger the oviposition of Eupeodes confrater is. At the same time the more the population of Pseudoregma bambucicola alates the fewer the eggs they lay. In short, surprisingly the adults change their preference for the colony as an oviposition site during the season!  Moreover it has become clear that in any season the female adult does not necessarily lay eggs based on “the total weight of the colony” (i.e.total weight of the food on the table).


Why doesn’t the female adult value the colony according to the total weight of food? And why does she show a different preference between May and November? Let us think about the cause of these, taking the circumstances of Pseudoregma bambucicola into consideration.


Generally speaking it is thought that the quality of the parasitic plants which aphids use are important in deciding the body size and their survival and propagation rate (Dixon 1985). Bambusa, the host plant of Pseudoregma bambucicola, produces new shoots (bamboo shoots) from the end of July to autumn; the shoot in this time does not yet have side leaf buds or leaves; and is soft and nourishing.  Pseudoregma bambucicola is mainly parasitic on such young shoots and probably if it is not attacked by the predator, the colony stays on the same bamboo until May~July in the following year. 


Kazuyuki Sakata and Yoshiaki Itô point out that Pseudoregma bambucicola body size in the spring and summer is smaller than in November (Sakata & Itô 1991). Also Sunose reported that the first-instar nymphs except soldiers are dispersed by the wind in May (Sunose et al. 1991; see also Aoki 1984).


That is to say from spring to just before mid-summer, the condition of the host plant is not good for Pseudoregma bambucicola so that they move and disperse in May. (In this season there is no new shoot so they use the comparatively soft part of the bamboo such as the top of the bamboo stem or the side leaf buds.)


However, from this observation it was confirmed that those which dispersed were the first-instar nymphs except the soldiers, and the adults stayed on the bamboo and continued their parthenogenesis. Also I have not seen any dramatic increase of the colony in this season. So I think that the more adults the colony has, the more stable it is in May. 


Pseudoregma bambucicola produces many alates from October to November (Sunose et al. 1991; Photo 10). These alates, which are reproductive, fly away to the primary host. I failed to mention this so far, but Pseudoregma bambucicola is parasitic on different plants in different generations. Their primary host is the evergreen Styrax family (Japanese Styrax are all deciduous), and the second host is the bamboo family. The reproductives produce males and females on the first host. There both sexes are produced. This generation that copulates with each other is the only opportunity for the interchanging of genes. So for Pseudoregma bambucicola sending reproductive alates effectively to the first host becomes important for leaving descendants.  


However, in Japan Pseudoregma bambucicola is thought to be a naturalised insect. It produces alates but there have no evergreen styrax (i.e. the first host) so it is thought that the alates have nowhere to go and are wasted (Sunose 1991; Aoki & Kurosu 1992; Shibao 1997). Sunose et al point out that the rate of the reproductive alates population in October reaches 80% of the colony, and they also mention that the aphids on Bambusa barely keep their number by a few viviparous apterae (Sunose et al. 1991). The rate of the density of alates was not high in this experiment. Maybe some of them had already flown away before our experiment. 


Now look at the Fig 6 again. It is clear that the success rate of Eupeodes confrater development is low when the density of the alates is high. So it can be thought for Eupeodes confrater, the alates in this season have virtually no value as food, although the quality of the host (bamboo) in that season is relatively good so the first instar aphids do not move and disperse so much. 


For the above reasons, can we not imagine that female Eupeodes confrater judge the potential value of the colony of Pseudoregma bambucicola, but not the immediate benefit from the total weight of colony at the time?  In other words, the fact, that the more the Pseudoregma bambucicola adults the colony has the more eggs are laid in the colony in May, means that the adults do not move, in spite of the dispersability of the first-instar nymphs, and so that the colony is stable. 


On the other hand in November the alates with a lower value as food emerge and they become a negative factor for Eupeodes confrater. And  Eupeodes confrater prefers colonies with first-instar nymphs (with the exception of soldiers).


Thus the mother of Eupeodes confrater, when it evaluates a colony of Pseudoregma bambucicola, chooses various oviposition strategies judging the future of the eggs by studying the diverse clues which change by the season.

Coevolution of prey and predator

From the result of this research I think it can be seen that Eupeodes confrater, which understands the aphid colony changes by the season as useful food, and decides on the oviposition site according to the density of the soldiers, is an extremely highly specialised predator of Pseudoregma bambucicola. 


It is not yet clear what kind of actual mechanism works when Eupeodes confrater chooses the oviposition site. But perhaps it is related to the form (size of the body or whether it has wings or not etc.) of Pseudoregma bambucicola, the leg-swinging activity of the soldiers, and the form and structure of the oviposition site. 


The oviposition strategy that Eupeodes confrater takes is not known among other hoverflies. Why is it so? Has this specialization occurred because this species only eats Pseudoregma bambucicola in Japan? Or was it because of the reciprocity of other predators? 


In order to answer these questions I think we should compare the population with and without soldiers among the same species of hoverfly, or related species with different eating habits. It may be useful to research the oviposition activities of some other insects (Coccinellidae and Myrmelon etc.) which eat soldier aphids. 


So Eupeodes confrater and Pseudoregma bambucicola are very interesting matters to think about coevolution of the predator and the prey. In this case I introduced mainly the oviposition strategy of the predator. It is possible that Pseudoregma bambucicola as prey develops countermeasures against the predator. For example, does the season when the predator propagates and that of when Pseudoregma bambucicola produces the soldiers agree? Or, apart from the appearance pattern within a year, if the predators increase and the pressure of being eaten becomes higher, does the ratio of soldiers rise? Do the soldiers have a special formation in the colony in order to protect the colony efficiently?   If so, is the formation appropriate against the pattern of the predator?  It seems to me the research on the battle between Eupeodes confrater and Pseudoregma bambucicola will continue more.

( Harunobu Shibata, Doctor of Global Environment Science

 Life Engineering Industrial Technology Research Centre, Institute of Industrial Technology)   
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