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Introduction

The objective of this work is to establish the anatomical comparison of the tracheal systems of the larva and adult Eristalis tenax L., and further to follow up the development of the latter from the tracheal system of the larvae through the pupal stage. In addition I have clarified the respiratory system of the larvae and pupae. The work was done in 1927-29 in the Zoological Institute of the University of Leipzig [...thanks...]

Overview of the literature

Already in the 17th century the so-called mudfly Eristalis tenax L. had caught the attention of a few naturalists, but Albin Eleazar and others mistook it for a kind of bee. In these older studies we find mostly only figures of the fly, pupa and larvae, and apart from that only a few bits of information about their life cycle. Later Goedart, Maria Sibylle Countess Marian and Swammerdam presented a few remarks about them. Reaumur was concerned with somewhat more detailed work; thus we come across a whole series of his pictures of the larva and pupa, but I consider that the pictures adults are probably Helophilus. It should however be mentioned that the pictures of adults by the above mentioned authors were at first not recognised as Eristalis. [...]

Material and Methods

The adults were easy to collect from July to November. I kept them in mesh cages, placed in autumn in the cool cellar, and thus I could keep animals until Christmas. As food I gave them a composite plant, and if I could not get these I gave them sugar which was slightly dampened. However I do not recommend giving them sugar solution since the flies then often suck too much and then die. In this way I could induce a few individuals to lay eggs. When I caught females which were flying above cesspits, most had laid their eggs already during transport back to the laboratory. At the end of July and beginning of August one could easily catch a few gravid females in this way. I collected larvae of Eristalis tenax sometimes from latrines, but most of the time I obtained them conveniently from a garden where I had dug some holes and filled them with liquid manure. Within a short time there were large numbers of larvae of Eristalis tenax and E.arbustorum, which later also pupated. I found larvae of E.sepulchralis and intricarius in a few foul stagnant pools, but I never found larvae of these species in manure although this was overflown by gravid females. Either these flies do not lay their eggs there, or the larvae die prematurely. In addition I kept larvae of all these species in the Institute for the whole winter in aquaria whose base was covered in a layer of manure or stagnant mud. During the course of the winter the manure became rather thick or earthy and nevertheless kept the animals well. I was able to find pupae in nature in the larval sites only very few times since the mature larvae often wander far away before they pupate. Mostly I got them from the aquaria. I gave the larvae of E.sepulchralis and E.intricarius living in stagnant mud the opportunity to pupate in dry material placed in half the aquarium using gravel. The others living in earthy manure mostly pupated on the surface so that only the pupal spiracles projected out.

[... preparation and staining...]

I. The larvae

1.  Morphology, systematics and ecology

The eggs.  

The eggs (Fig 1) are elongated, easily bent, circular in cross-section, whitish in colour, with a shell with a net-like surface structure. According to my experience there were often more than 100 eggs laid at once; Buckton actually wrote 2-300 eggs. Each is 1.5 mm long and 0.4-0.5 mm wide. The eggs of arbustorum are 1.2 mm long, and those of sepulchralis 1.0 mm long. The chorion structure in these three species is so similar that I could not find any differences. The eggs were either laid directly on the water surface where they floated, or one finds them either stuck together or single right next to the future larval substrate on wet soil. Occasionally they are laid on dry substrates where they shrivel up after a short time. It seems therefore that they must take up moisture from the substrate. Under normal conditions the larvae have already hatched after 1.5 days, but this is a few days longer under colder temperatures. I saw oviposition mainly from mid-July to the end of August. Buckton wrote of two generations but he did not mention when they should be present. I think that it is very probable that these should overlap somewhat in time. I will mention more about this in connection with overwintering (p.434).

Description of the larva. 

The larvae are known as rat-tailed maggots, as Reaumur called them, because they carry a long breathing tube. According to Wahl they have seven prolegs on the first seven abdominal segments, but in my view these belong to the mesothorax and A1-6, which I will clarify on the basis of the tracheal supply later (p.446). At the anterior end there are two antennae each with two sensory papillae, and ventral is the mouth opening, and in addition dorsally there are two anterior spiracles. Mature E.tenax larvae have, fully stretched, a length of about 2 cms, and in addition the breathing tube in the retracted condition is 1 cm long, but reaches a length of 3.5 - 4 cms when extended. Opinions about the stretched length of the breathing tube in Eristalis larvae are very different [...]

Systematics of the larvae.  
Difficult to tell apart. Anal papillae differences [...]

Overwintering. 
There is no complete agreement about whether Eristalis overwinters as an adult, pupa (Noel & Bouché), larva or egg. According to Buckton the males should not overwinter because in late autumn he thinks that there are virtually only females. I have not been able to catch males in autumn. Most early authors thought that Eristalis larvae did not overwinter. The only one who gave the contrary opinion in a short note was Noel. In recent times August Thienemann found mature larvae at the end of September and in April, and concluded that the larvae overwintered, but he did not give the species. I myself have kept the following species throughout the winter and found them in the field: Eristalis tenax, arbustorum, sepulchralis and intricarius. Thus sepulchralis larvae that I left completely frozen for 1-2 days lived normally after careful thawing. Futhermore I believe I have established that the adults also overwinter, because one finds them in the field on warm sunny days right to the beginning of November. I have observed copulating pairs as well at the end of October, whose ovaries were very little developed, so that probably oviposition follows in spring. Eggs and pupae do not seem to overwinter, and in each case I have never been able to find them in late autumn. Eristalis tenax larvae have already pupated in captivity by March. I should now return again briefly to the assertion of Buckton that there are two generations. I accept that the overwintered larvae in the field leave the pupae in April to May according to temperature. Furthermore according to my field observations most flies eclose in July to October. However if the adults were also to overwinter, which is accepted, then these would lay eggs in spring and hence the cycle of generations would become obscured, whenever we accept such a cycle. The facts say otherwise, that for throughout some months we find young and old larvae, pupae and adults all together.

Occurrence of larvae. 

On the occurrence of the larvae we find only generalised information applying to all species in the largest works of identification (Brauer & Schiner). According to my observations the different species have at least a certain preference for certain media, and I actually think that the species that I have worked with are dependent upon one particular medium. Thus I found Eristalis tenax and arbustorum only in liquid manure, whilst sepulchralis, intricarius and pertinax were only present in little pools of anoxic mud (Faulschlamm: “rotting mud”); when experimentally I left eggs of tenax to hatch on anoxic mud and sepulchralis on liquid manure, in both cases the larvae died after a short time, whilst control animals flourished in their normal medium. Even virtually mature larvae of tenax originating from liquid manure, after a while crept out of the anoxic mud in which I had placed them and pupated, whilst others that were not so well developed died within two days. Equally, mature tenax larvae died after a few days in pure water, whilst younger ones were a bit more resistant. This species therefore seems to be very fussy, because on one farm where I supplied myself repeatedly with material, I only found it in latrines, but never in the cowshed dung sites (Stalldunggrube). Therefore they clearly prefer human manure. However, Eristalis larvae are less sensitive in the face of changing salt concentrations. Hase found [Eristalinus] larvae in Porto Pi (Palma de Majorca) in drying pools of seawater, living normally in the strong salt concentrations which gradually rose from 4% to 27%. According to my observations, sepulchralis is similarly resistant, since I was able to take them from pure water straight into concentrated sodium chloride solution without killing them, and I kept them there for weeks. Resistance to the environment therefore seems to be different in each species. Prof Hase kindly sent me the material he collected in these salty pools, but unfortunately I could not identify them. In my opinion they cannot be the largest species such as tenax, pertinax or intricarius since these larvae were to small although some had already moulted into the final instar. Thienemann also designated Eristalis larvae as “haloxen” since he had kept them in water at 21-26.91% salt. In the literature one also finds sometimes Eristalis larvae as parasites. Thus Natvig reported the presence of Eristalis larvae in the gut of a cow, and there are still more unlikely cases in which Eristalis larvae are said to be present in human guts (Hall & Muir). In one case for example, it is asserted that a larva found in March could only come from a gut since Eristalis never overwinters as a larva in the field. However, we have seen above (p.434) that this argument has no validity according to our recent studies.

Moulting. 

During moulting the old skin bursts open over the mouth and is slipped off posteriorly (Fig 5). Bouché's assertion that the skin splits at the anus and afterwards the larva twists inside the skin and then creeps out of the back head-first therefore does not correspond to the facts. The ectodermal covering of the digestive tract remains hanging from the openings of the mouth and anus. The hind part of the main tracheal trunks is cast off through the posterior spiracles together with the 9th and 10th exterior branches. The other components of the tracheal system are removed through the spiracular scars with the help of the vestigial strands (Fig 5). Then all the tracheae of one segment remain hanging from the corresponding spiracular scar. The anterior section of the tracheal trunks are shed through the anterior spiracular scar, together with the 1st inner and 1st outer tracheae and the cerebropharyngeal trachea (cf. also Fig 26 Tri). I did find a scar for the 7th abdominal spiracle, but no vestigial strand (Fig 11), whilst Wahl drew it. Kemper observed in Psychoda, whose tracheal trunks are segmentally constricted, that at moulting these rupture at the constrictions and are shed with the side bracnhes through the spiracular scars, and he took these facts as proof of the segmental construction of the tracheal system. In the present case I have been able to demonstrate similar ruptures in segmental sections, although no constrictions are present. Unfortunately I could only observe two moultings. After the second moult the tracheal system already has its typical form, as we will see later (p.447).

2. The breathing apparatus of the larva

Spiracles. 

The tracheal system of the larva of Eristalis is metapneustic. Each of the two individual spiracles (Fig 6) leads to the outside via two openings (Ap) at the end of the breathing tube without any closing mechanism. The terminal part of the breathing tube (Fig 7, che) which bears the spiracles is strongly chitinized, brown pigmented, and in addition is surrounded by eight finely haired setae which serve to attach the breathing tube to the water meniscus (Fig 6, bo). Since Winterstein only mentioned five feathery setae, therefore this can be explained by the fact that often in living individuals some of them are already broken off. Wahl described in his study additional glandular cells lying in the posterior end of the breathing tube with exterior ducts leading to the tip of the breathing tube, but which I have not found. In his opinion their secretion serves to oil the setae. One can often observe, as Wahl also reported, that living or dead individuals still hang from the water meniscus. If one pushes the breathing tube under the water surface, the individual sinks. They are therefore only maintained by the water meniscus, facilitated by the oil. The shape of the spiracles and the number of setae does not change during the various larval instars. The breathing tube consists of three sections easily differentiated by their surface structure (Fig 7). The proximal part (I) is very similarly haired as the skin; in addition it is covered with fine cross-wrinkling. The central (II) is longitudinally striped and carries bent hairs on these longitudinal wrinkles. Musculature is only found in these first two sections, and is lacking in the third (III), whose cuticle creates hairless circular folds. The two tracheae each go through to a spiracular chamber, from each of which two openings lead to the exterior (Fig 6, Ap). According to Krancher's scheme, we have here the situation of "spiracles without lips, with several individual openings, which lead to a common trachea"


The breathing tube is extruded by haemolymph pressure. Six retractor muscles serve to retract it, which arise from the hypodermis of the 8th abdominal segment and insert between the central and the final section of the tube; their contraction pulls the different sections into one another (Fig 8). The 2nd section (II) becomes everted towards the inside and its cuticle creates the inner wall of the cavity in which the final section (III) comes to lie. The proximal section (I) can shorten somewhat, but remains in position and does not become everted. The segmental affiliation of the breathing tube is very controversial since three pairs of lateral lappets with large setae are found on the proximal section (Fig 7, Hö), as equally in each abdominal segment. Batelli concluded from this that the breathing tube corresponds to three body segments, whilst Wahl considers it to be a secondary lengthening of the 8th abdominal segment, since its hypodermis and muscles are supplied by the tracheae of this segment. Both its tracheal trunks are interpreted as strongly developed spiracular branches of this segment. On this point I can mention still further reasons below (p.447). With regard to the segmental affiliation of the breathing tube, I share Wahl's opinion because all the tracheae which supply the breathing tube arise in the 8th abdominal segment, and in addition they are released in pupation without in any way contributing to the construction of the adult. In my opinion therefore, we are not entitled to label any segmentation on the basis of three pairs of lappets which the insides do nothing to confirm.


Apart from these two spiracles, on the anterior end of the larva are found two more brown-pigmented closed anterior spiracles (Fig 9, Lh). In freshly eclosed larvae they are still light brown and darken after a short time in the air. Opinions about their precise function were originally very disparate. According to Batelli they serve for exhalation, and the posterior spiracles for inhalation, whilst Reaumur thought that these anterior spiracles together with the second pair which appear first in the pupa (Fig 22, Ph) only function in respiration during the pupal stage, and believed in separate inhalation and exhalation. This does not correspond to the facts, since, as we shall see,  during the pupal stage the anterior spiracles of the larva are no longer in contact with the animal but only with the puparial wall, which consists of hardened larval cuticle (Fig 29, Lh). Palmen and Wahl recognised however that we have here closed anterior spiracles whose spiracular chambers are filled with chitinous felt.


Wahl considered the anterior spiracles as prothoracic, since they lie close to the upper imaginal discs from which the pupal spiracles arise, which are likewise reckoned as prothoracic. Finally as we shall see they develop further into the anterior thoracic spiracles of the adult (Fig 28, Th.I.). But since the upper imaginal discs belong to the prothorax of the larva, it then follows that the adult anterior thoracic spiracles should also be prothoracic. I shall return to the question of the position of the pupal spiracles later (p.452). Those of the larva are weakly bent posteriorly and pointed. The anterior side, suggestive of the scar, is somewhat flattened. The horns can be withdrawn a little into the body, whilst the surrounding hypodermis together with its cuticle is somewhat everted. In principle it has the same eversion mode as the breathing tube. Wahl designated the anterior part of the main tracheal trunks as spiracular branches, and therefore not as part of the main trunk. These are weakly pigmented and (arise) from the anterior commissure (Fig 9, VK). The anterior spiracles first appear after the second moult, but then do not change any more except only increase their mobility somewhat. One can recognise their later position in the two early larval instars by a pair of spiracular scars (Fig 14, Lhn), to which lead clearly visible vestigial strands in living animals from the anterior ends of the large tracheal trunks (Tr). 

The tracheal system of the mature larva. 

To facilitate clarification of the tracheal system of the larva, I should first give a picture of the internal organisation. The heart tube lies dorsally in the midline, often not noticed in preparations because of its fineness and translucence, but easily seen pulsating in living individuals compressed between two slides. The pulsation is often irregular, on average I counted about 60 beats per minute. The nervous system, which is concentrated at the anterior end of the larva, consists of pharyngeal [Weismann's] ring through which the oesophagus runs, and the abdominal ganglia which create a single common ganglion mass sitting directly on the pharynx. The nerves running peripherally from here are often difficult to distinguish from the tracheae running parallel to them (Fig 10g) since the latter appear equally white so long as they contain air. Differentiation becomes easy in individuals prepared by washing for a short time with HCl carmine and then rinsed. This colours the nerves intensively, but the tracheae at most weakly. The alimentary canal begins at the inverted head with a pharynx (about which we have a detailed study by Wilkinson, made accessible to me through the kindness of Professor Hase). There are nine brown-pigmented longitudinal ridges in the pharynx, which represent a sieving mechanism according to Wilkinson. The oesophagus is joined to the pharynx, which has on its ventral side the common exit duct of the two tube-like salivary glands. Then follows a proventriculus, and further on a very strongly contorted midgut [Chylusdarm] at the anterior end of which we find four gut caeca which are equally twisted. The midgut finally ends in the hindgut, at the end of which sit the anal papillae. At the hindgut are also found two pairs of Malpighian tubules, one of which consists of strongly twisted thin tubes, but the other pair has sack-like swollen ends. These sacs stretch longitudinally along the entire body, and are conspicuous in some preparations. They contain a white granular substance which is soluble in dilute hydrochloric acid.


In treating the tracheal system of the larva I could rely on the distinguished work of Bruno Wahl. His clear anatomical discoveries I found completely confirmed. The only things that he did not consider were the small changes in the tracheal system sustained by the younger larval instars. Even in a superficial inspection of a live larva, we notice the two large main tracheal trunks (Fig 9, Tr) which run longitudinally through the body. Anteriorly they end in the two closed anterior spiracles (Lh), and posteriorly they run into the breathing tube, leading at the end into the four exterior openings (Fig 6, Ap) of the two spiracles. The central parts of the main trunks are expanded (Fig 9, Tr1); they are about 1.2 cm in mature individuals, and 1 mm wide. Without air they become flatter and broader, but if in contrast they are filled with more air they become rounder in cross-section and narrower in width. The difference is, however, very small. In front and behind these expansions, each main trunk creates an S-shape bend (Fig 11) which gets flatter as the animal stretches out. The anterior one starts in a dorsal direction, and then later turns backwards. The posterior S-bend turns ventrally forwards, and then similarly turns up and back. In most of the attached figures (Figs 9, 10, 12 and 14) these bends are not seen or only weakly indicated since the larvae were fully stretched out, squeezed between microscope slides. The hindermost part of the two trunks through the breathing tube to the spiracles, is only straightened in fully extruded breathing tubes. If the tube is drawn in, the greater part of these tracheae lie in the last body segment in loops over the anus (Figs 9 and 10 tsp). If the tail is stretched again, these loops are straightened. Particularly noticeable are two commissures, of which one (Fig 9, VK) joins the trunks together in front of the S-shaped bend, whilst the other (Fig 9, HK) lies behind the second S-shaped bend. Both are about as developed as the main trunks at the place from which they arise. The posterior one has no more tracheal branches, and in many individuals is somewhat constricted in the middle (Fig 10). The anterior commissure has two anteriorly directed branches (W) each of which divides into two shortly after it origin (Fig 9, m and x), the exterior of which again divides into two branches (o and p). The branch labelled 'o' is of significance in creating the pupal spiracles (Fig 25, Pha). All these branches are further crammed with fine ramifications. From the two tracheae arising from it, the anterior commissure (Fig 9, VK) becomes split into three equally long sections. As the left side of Fig 9 shows, both the first branches (m and x) into which each of the first two tracheae arising from the commissure is split, sometimes also begins completely separate from the commissure. We see here that the condition can lie differently even within the same individual.


We can follow Wahl in dividing the tracheae that leave the main trunks into inner and outer [types], of which the former runs dorsally and the latter ventrally. Each main trunk has eight inner branches (Fig 9: A-H) which all lie between the anterior and posterior commissures. The first inner trachea (A) arises right behind the anterior commissure, and the other seven follow it at approximately equal spacing. The distance between the last inner trachea and the posterior commissure is about as big as that between the individual inner branches. The six posterior pairs (C-H) are joined together in the middle by anastomoses (c), but the two anterior ones (A and B) are not. They all still have more or fewer small side branches, whose number increases from front to back. Wahl has already described and figured these adequately, so that finer detail is unnecessary. They supply the dorsal cuticle and its muscles and a few dorsal parts of the fat body. According to Wahl, the two first pairs (A and B) belong to the meso- and metathorax, whilst the rest (C-H) correspond to the first six abdominal segments. The later development confirms this view, as will be demonstrated later.


The main trunks give off ten pairs (Fig 9, I-X) of exterior tracheae, of which eight (II-IX) lie between the commissures (VK and HK) and one pair each lie before the anterior (I) and behind the posterior (X) commissures. They alternate with the inner branches, and belong to the meso- (I) and metathorax (II) and to the first to the eighth abdominal segments (III-X), as it was easy to show from their further development. They lie right at the anterior part of each segment, corresponding to the later position of the spiracles. Shortly behind their origin, the exterior tracheae have already split into three branches, which Wahl named as the cuticular muscle trachea, the gut trachea and the fat-body trachea. The first (Figs 9-11, Htr) supplies the lateral and ventral parts of the skin and its muscles. It run forwards and for the most part is unbranched, running right into the muscle unsplit, and there it splits first into two branches, one of which (Figs 9 and 11, hd) ramifies strongly and runs dorsally, supplying the muscles and the skin. The other (i) develops anastomoses between the cuticular muscle trachea which run through the body longitudinally on both sides. These anastomoses are to be found between all ten pairs of cuticular muscle tracheae.


The gut trachea is by far the most subdivided since it supplies the entire alimentary canal and its diverticula, especially the gut caeca and salivary glands. It is more robust than the other two branches and runs out from its origin somewhat deeper, while the other two trachea at first run more superficially. Since the gut trachea (Fig 10, Dtr) is almost completely replaced with newly created [tracheae] during development, and moreover an adequate description with good figures is found in Wahl's work, I can here be brief. The second exterior tracheal branch uniquely has no gut trachea, but in contrast that of the tenth branch is very long (Fig 9) and supplies the whole of the hindgut. It runs along its entire length and gives off many small branches, stretching out forwards therefore over the eighth abdominal segment, to which it actually belongs.


The fat-body trachea supplies the fat-body and the two tube-like Malpighian tubules, whilst the two sac-like receptacles are free of tracheae. The first exterior trachea lacks completely the fat-body trachea, but that of the second exterior pair leads to part of the salivary glands and thereby substitutes for the missing second gut trachea. The two tube-like Malpighian tubules are supplied only by the IIIrd to the VIth and the VIIIth and IXth fat-body tracheae. The Xth bifurcates into a fat-body branch and a branch (Figs 10 & 11 Sch) which runs to the musculature and cuticle of the two proximal sections of the breathing tube; the last section has no tracheae. This supply to the breathing tube from the tracheae of the 8th abdominal segment suggests its origins. I have omitted particular details in the figures so as not to complicate matters, especially since these tracheae have no significance for further development.


From the lateral longitudinal branches (i) arise further fine tracheae which supply the muscles; [there are] two more branches, of which the first (Figs 10 & 11 g) runs out right behind the bifurcation of the cuticular muscle trachea from the anastomosis (i). It is very long, thin and undivided, and runs to the cord of the abdominal ganglia. Ten pairs appear, of which the first 3-4 run backwards, while the rest run forwards. Moreover, the three first pairs differ from the rest since they are joined together by anastomoses (Fig 10 gk). The nerves run approximately parallel to these nerve tracheae, and they are often difficult to distinguish. Moreover the longitudinal anastomoses (i) about in the middle between two cuticular muscle tracheae each produce a further trachea (Fig 10 & 11 h) which runs to the prolegs. Like the nerve tracheae (g) these belong to the segment of the cuticular muscle trachea lying in front of them. The part between the prolegs is supplied by an additional trachea (Figs 10 & 11 e) which arises shortly before the nerve trachea. The vestigial strands (Fig 11, Nst) run from the cuticular muscle trachea further to the exterior, where they end at the spiracular scars (Sa). According to Wahl they are found in tracheae II to IX. However, I could find no vestige for trachea IX. One such is unnecessary for moulting, since this tracheal branch is shed through the posterior spiracles. An exterior branch in the prothorax is completely missing. As Wahl has already established, that there is no spiracle strand on the first tracheal branch is easily explained from later development. Vestige I which is connected with exterior branch II corresponds to the metathoracic spiracle of the adult (Fig 31, Th.II), and II to VIII which are connected to branches III to IX correspond to the seven abdominal spiracles. In connection with branch I, no spiracle is created since these (Fig 28, Th.I) are connected with the pupal spiracles (Fig 28, Ph.). The description of the cuticular muscle tracheae that I have given here is valid in its entirety only for the central branches IV to IX, whilst one finds some devaitions in those lying in front and behind, of which the origins of the nerve tracheae are our main interest. Although branch X arising behind the second commissure (Figs 10 & 11 HK) has no nerve trachea, there are nevertheless ten parts present, corresponding to the number of segments, since since at the anterior end of the animal one more arises. The cuticular muscle trachea I (Fig 10) is very short and divides right behind its origin. These two divisions each divide again into two tracheae, of which the innermost (at) bears various small side branches and runs straight to the antennal papilla. The second branch of the same root turns back and turns to the first nerve trachea, which is joined with that of the opposing side via a cross-anastomosis (Fig 10, gk). The outer part gives off forwards an exterior branch which supplies the muscles and the cuticle, whilst the second bifurcates again. From here the inner part is turned to the nerve trachea, and the outer part to the longitudinal anastomosis (i). Despite the missing nerve trachea of the Xth exterior branch, there are therefore ten parts present. The discrepancies of the second and third exterior branches are only of a trifling nature, whilst I must return to the condition of the Xth later.


As I mentioned above (p.431), Wahl attributed the seven pairs of prolegs to A1-7. When we examine this accurately (Fig 11), we find that the first pair lies further away from one another than the others, which lie at roughly the same distance from one another. Moreover, the first pair lie right behind the mouth opening, so that it appeared to me from the first doubtful that it could be abdominal. On the basis of the tracheal supply I have now come to the opinion that they belong to the mesothorax, because the tracheal branch that supplies them arises behind the Ist exterior branch that belongs to the mesothorax. The metathorax is free of prolegs and its proleg trachea (Fig 11 h2) supplies only skin and muscles and are smaller than those of the other segments. The other six prolegs (Fig 11) belong to A1-A6 and are supplied by the appropriate trachea branches (h). On A7 the corresponding tracheal branch (Fig 11, h10) is only small, and leads to skin and muscles. The prolegs therefore belong to the mesothorax and A1-A6.


The Xth exterior branch (Figs 9 & 10) divides right behind its origin into four branches, of which the first is a gut trachea as mentioned above (p.444), running a long distance forwards the length of the hindgut. The second (Ktr) which supplies the anal papillae divides into three branches which then bifurcate again corresponding to the branchings of the anal papillae. Each anal papilla has one such branch passing through the middle (Fig 50, Te), with small branches running to the skin. These branchings are formed differently in the various Eristalis species corresponding to the shapes of their anal papillae. The third branch of the Xth exterior trachea is the fat-body trachea, and the fourth is the cuticular muscle trachea. According to Wahl the last provides the spiracular branch for the breathing tube spiracles. In Wahl's picture this is placed right against the main tracheal trunk, creating an angle with the latter. In contrast to this are my observations on the tracheal trunks, which go straight into the breathing-tube trachea completely without any recognisable boundaries, and so this is why I believe in the direct lengthening of the main tracheal trunks. Therefore the assertion cannot be maintained that they represent part of the cuticular muscle trachea of the Xth exterior branch.


There now remains only one pair of robust tracheal branches (Fig 9, s) to discuss, which arise just in front of the anterior commissure (Fig 9 VK) on the inner side of the main tracheal trunk, and which (according to Wahl) may be called the cerebropharyngeal trachea. Each of these trachea (s) splits into two parts just above its origin, one of which (Fig 9, q) runs posteriorly undivided to the supraoesophageal ganglion and before entering it, joins with the corresponding branch of the other side via an anastomosis (qk). The other part (r) bifurcates into two branches which both ramify strongly and run forwards to the pharynx.
The tracheal system of the young larval instars. 

A freshly hatched tenax larva is 2.5 mm long without the breathing tube. Its trachea system is already in principle formed as in the mature larva. However, the breathing tube is much larger and more robust relative to its size (Fig 12), and the main tracheal trunks are significantly narrower than later on, and have only a slight broadening in the middle (Tr.1). In addition the same tracheae ramify much less and the anterior spiracles are still lacking. The main trunks end blind anteriorly a bit behind the place where later the anterior spiracles lie, and from here one can see already clearly in the living animal the spiracular scars running to the blind ends of the main trunks. The first moult follows mostl after about 6-8 days according to temperature and feeding. Already some time before one can recognise the beginnings (Anlage) of the new tracheae (Fig 13 rot), especially well where the broadening of the main trunks will happen. The new structures are easily recognizable from their ring-like trachea intima. Thus already before the first moult one sees also the main trunks right up to the place where later the anterior spiracles arise (Fig 14 and 13 Lhn).


After the first moult (Fig 14) the branches are already clearly more richly ramified, and the main trunks (now strongly broadened in the middle - Tr1) are filled with air up to the places (Lhn) where the anterior spiracles later will be. All other tracheae increase in breadth only a little. 


After the second moult the anterior spiracles first appear, but they do not project over the skin as much as in fully mature larvae. After the third moult the anterior spiracles project as far over the skin as shortly before pupation. I could not establish whether further moults take place, but in any case the tracheal system does not change any more. In this stage also the two round spots become visible where the pupal spiracles break through the larval skin. This last indicates that we are dealing with the last larval instar here. The time from hatching of the larva to pupation is extremely variable. In July-August it lasts only about 4 weeks, but in overwintering larvae several months. For example, tenax larvae collected in November in a rather mature state pupate in May in a room that is only heated a little bit, whilst in the field they probably pupate later.
II. The pupal stage

1. Morphology and ecology of the pupa.

There are also still no systematic data on the pupae of Eristalis species. Certainly we can already positively identify them from the size of the pupa. We have the possibility of accurate differentiation in the anterior spiracles, which in spite of their very similar structure differ in length, which is in no way proportional to the size of the pupa. Thus of the species that I have, E.tenax has the shortest anterior spiracles, even though the other species have significantly smaller pupae. An overview of the species that I have studied is as follows:

Species
Pupal length (cm)
Spiracle (mm)
width in (m




above
below

Eristalis tenax
1.3
1.5
20
30

Eristalis arbustorum
1.15-1.2
3-3.5
15
28

Eristalinus sepulchralis
0.9-1.0
1.7
17
20

We see from this that E.tenax has the shortest anterior spiracles even though it has the largest pupae, but it outdoes the other species in width. Those of E.sepulchralis are very similar above and below, whereas those of tenax and arbustorum strongly decrease towards the tip. 


These are actually puparia (coarctate pupae) whose length in tenax without the breathing tube is about 1.3 cm, and width is 0.55 cm. The breathing tube is 1-1.5 cm long. It is almost never wholly withdrawn, and for this reason only small parts of their three sections are visible. From my observations E.tenax pupates in horizontal or vertical positions. In the latter case the front end is almost always uppermost, as I have been able to observe also in other species such as sepulchralis and intricarius. If the pupa hung with the breathing tube uppermost, then it would never function as an attachment, as Loew and Wahl maintained, since the breathing tube was already for the most part completely rotten and fallen off or very frail in larvae found in the field. Therefore they are completely without function from the moment when the tracheal system of the pupa appears, and can be broken off without harm to the pupa. The start of pupation therefore runs in the following manner.


The anal papillae of the pupating larva collapse strongly and become partly extruded. After the larva has mostly withdrawn the breathing tube, its cuticle begins gradually to harden and to become darker. Temporarily nothing changes externally for three whole days. The anterior spiracles of the larva lie right at the front (Fig 21, Lh), and behind them are two round spots (Fig 21, ps) with dark edges, somewhat raised, and also significantly thinner than the rest of the puparial wall. Here 3-4 days after the hardening of the last larval skin, the pupal spiracles break through the puparial wall. They push out gradually over the course of a minute, and although at first a light colour, they then become rapidly dark brown. Wahl could bring through to pupation within 3 days larvae that he had taken out of water and put on a dry substrate. The adults eclosing from these pupae were correspondingly smaller. I found these methods successful only in larvae that were almost ready to pupate. Undoubtedly one could in this way bring larvae to pupation a bit quicker than normal, but nowhere was I able to observe that the size of the adults was noticeably influenced by it. In contrast, I was able to establish that larvae with shrunken anal papillae that were put to dry had already pupated after a few hours, whilst mature larvae with fully developed anal papillae first reduced them and then pupated. Larvae that were not yet completely developed died after some time. One can artificially only turn out the proximal part of shrivelled anal papillae.


Right until the moment that the pupal spiracles appear (Fig 22, Ph), the breathing tube is used for respiration. Since this is no longer moving, and the pupal spiracles likewise are used for respiration, the pupa will die if it is flooded by standing water. According to Buckton, Eristalis should pupate in mud, but I have never found pupae there, even though they must stick out from that kind of ground. The entire breathing apparatus therefore functions over the first three days just as it did in the larva, except that the inner organs are somewhat condensed as the larvae contracts before pupation. The rest of the organ systems such as the nervous system and the alimentary canal, now begins its metamorphosis. The true pupal cuticle is already clearly there on the second day, and with the help of vestigial tracheal strands (Fig 27, Nst & 30) hangs from the puparial wall, and likewise also by day 2 the pupal spiracles are already fully developed (Fig 26 & 27 Pha). They lie in front between the main tracheal trunks to the right and left of the pharynx (Fig 26 ph), reaching out over these with their tips. Furthermore they are fused to the exterior branch (Fig 25 o) of the tracheae (W) that run forwards from the anterior commissure (VK). The pupal spiracles are created from imaginal discs which lie right in front of the body wall (Fig 25 Ph), in fact unconnected to the tracheae with which they fuse secondarily. This observation agrees with that of Wahl, whilst de Meijere thought that the tracheae might also take part in the creation of the prothoracic pupal spiracles of the Diptera. At the root of the breathing tube (Fig 22 wu) on the inside is placed a ring-like chitin fold of dark-brown colour at the puparial wall. A similar ring is created at this spot around the trachea of the breathing tube, whose root also now appears from the outside to be dark coloured. A part of the anal papillae is still found inside the pupa. Then as soon as the pupal spiracles appear (Fig 22), the breathing tube is put out of operation. At its root a thicker dark-brown felt is created, which shuts off the breathing tube from the true pupa. In case these break off accidentally, the puparium is nevertheless closed posteriorly. The pupa now breathes only with the help of the pupal spiracles. Its anal papillae which were partly extruded project from the puparial wall and detach themselves, after which they similarly have a dark-brown felt ring produced around their proximal part, detach from the true pupa and remain sticking in the former anal opening of the larva. Moreover the pharynx (Fig 26 ph) with a part of the oesophagus, and later the larval anterior spiracles (Fig 28 Lh) and the anterior part of the intima of the main tracheal trunks (Fig 26 Tri) come away from the pupa, and then lie between the true pupal cuticle and the puparial wall, suspended by the exterior tracheal branches with their vestigial strands. As we saw with moulting, with the help of these vestigial strands and together with part of the main trunks, they are pulled out through the spiracular scars. The pupal stage lasts about 16 days, as already most of the earlier authors have correctly observed. Thus Eleazar gives the pupal stage as 15 days, and Goedart 17 days. The agreement should for the most part be explained by the fact that the various species of Eristalis in this case seem to behave rather similarly, at least in the species with which I have worked the pupal stage was generally found to be roughly similar. Its length is self evidently connected with the exterior conditions, particularly temperature. The valid pupal duration here is taken as the time between the hardening of the last larval skin and adult eclosion. It therefore includes already the first three days when the pupal spiracles are still invisible from the outside. The puparium is split open during eclosion anteriorly probably from movements of the adult. According to Buckton the operculum should be opened by the expelling of air. It falls apart into two pieces (Fig 24), of which the anterior bears the original anterior spiracles of the larva (Fig 24 Lh) and comes off completely. The posterior piece remains connected to the true pupal cuticle since it is pierced by the pupal spiracles which are fused to the pupal cuticle, and it (the piece) remains in the puparium. It is extremely hard and transparent. However, these pupal spiracles can be very easily pulled through the holes of the puparial wall since there is no connection between it and the spiracles. I have observed that sometimes only one pupal spiracle or none appear [during pupation]. However, it seems that even here the pupal spiracles can still take up enough oxygen, since these pupae behave otherwise completely normally. They also eclose after 16 days. However in these cases the two parts of the operculum do not separate, but are lost whole from the pupa, they remain normally joined to the single spiracle in those cases where one had emerged. The second spiracle was fully developed, and lay right under the operculum between the pupal cuticle and the puparial wall.

2. The breathing apparatus of the pupa.

Pupal spiracles of the pupa. 

The pupal spiracles of the pupa (Fig 22 Ph) which sit behind the former anterior spiracles of the larva, project forwards and are slightly bent downwards. They break through the puparium in the first abdominal segment, as de Meijere had correctly recognised. He attributed them to the prothorax of the pupa, and other literature data agrees with this. This spatial relationship is very important for the position of the anterior spiracle of the adult, as we shall see later. Certainly Feuerborn considered them mesothoracic on the basis of his studies of the Psychodidae, but his hypothesis deviates so far from all other opinions and is also for the time being almost only based on exterior morphology, so that it still needs further proof. De Meijere wrote that the pupal spiracles were already noticeable in mature larvae through the larval skin. However, my observations show that in mature larvae only the preformed places for the extrusion of the spiracles can be seen. Perhaps de Meijere had examples where the larval skin had already hardened, where the spiracles can be detected already on the second day in some preparations. But they do not gleam through the cuticle. In the present study of the tracheal system of Eristalis, I attribute the pupal spiracles to the prothorax. On the basis of exterior morphology alone we can make no conclusions, as Feuerborn himself stressed. To be sure, Kemper had verified Feuerborn's opinion from the tracheal system of Psychoda phalaenoides and found it partly supported. Feuerborn reckoned that the thoracic spiracle II, that until then was generally classed as metathoracic, was attributable to the Ist abdominal segment fused with the thorax. From the development of the tracheal system of Eristalis, I have however found nothing that agrees with this opinion. When we recall now once more the above debate (p.439), then we found a spiracular scar on the IInd exterior branch, which becomes the IInd thoracic spiracle. The first exterior branch that belongs to the mesothorax has no spiracular scar, and equally one also finds no spiracle on the mesothorax of the fly. As we have already mentioned (p 443), the pupal spiracles arise in connection with the exterior branch (Fig 25 o) of the trachea (W) that runs forwards from the anterior commissure (VK). Since we never find two spiracles in one segment, and since the mesothoracic spiracle must arise in connection with the Ist exterior trachea, therefore for the pupal spiracles only the prothorax remains. If we attribute these to the prothorax, then the Ist thoracic spiracle of the adult fly must also belong to the prothorax, since it is connected with the pupal spiracles (Fig 28 Th.I). The construction of the pupal spiracles (Fig 25 Pha) begins shortly after the hardening of the larval cuticle, as we will see soon, and they do not change any more from then on. The pupal spiracles, whose tips are produced first, grow out from the imaginal discs to the tracheal branches (o), which I mentioned above (p.453). Before they break through the puparium, the spiracles lie with their proximal ends in a depression at the anterior of the animal (Fig 26 & 27 Pha). Since their tips reach right to the front end of the pupa, they must first be retracted a bit before they can pierce the puparial wall at the preformed spots (Fig 21, ps). From the first moment of their appearance, a fundamental change occurs.


The pupal spiracles (Fig 15) have been treated briefly by de Meijere. Under high power they show a honeycomb structure over the whole surface (Fig 19). In the middle of each of these combs, which are 5- or 6-sided, is a small, usually bent seta. de Meijere wrote of little hairs, found only on the lowest inner side of the spiracle. Whether he meant these setae or not, I do not know. The above mentioned honeycomb structure is in no way elevated above the surface of the spiracle, but they come about via the different conditions of the chitin of the very thick wall of the spiracle. The innermost chitin layer (Fig 17 Chi2) is more darkly pigmented than its surroundings (Vhi1) and colours more intensively with Eosin stain. From the inner layer arise honeycomb-shaped strips, which are just like these. The whole thing is covered by a chitin layer (Chi1) which colours less strongly with Eosin, and this makes a flat exterior surface. De Meijere said about this: "The tickened wall of the spiracle has perpendicular canals, which do not continue either to the inside nor outside surface." Undoubtedly he meant this honeycomb, but he probably only had it in cross-section. The pupal spiracles have knobs on the sides and the top (Fig 15, Kn), whilst the lower side is free of them. The surface of these knobs is covered with 7-8 circularly arranged oval spots (Fig 18, Tü), not 5-6 as de Meijere maintained. He was not able to establish whether these spots were open, and also I have never examined their openings. But in the middle of these round spots there is a small round opening (Fig 18 Po) whose edges are raised arches, as we see in cross-sections of the spiracles (Fig 16 Po).


As in de Meijere, I will call the section of the trachea that is found on its own in the spiracle the spiracular felt chamber (Fig 16 Hok). It increases in circumference from the tip to the base, and seems in cross-section (FIg 16) roughly a double-T shape, although the part towards the upper side of the spiracle is mostly more voluminous because it provides large branches to the lateral knobs (Kn). The branches of the lateral knobs arise more from a common root, whilst those of the upper side take their tracheae direct from the felt chamber. The walls of the felt chamber are clothed with chitinous felt, and the hypodermis of the spiracle (Fig 16 Hy) consists of very tall cylindrical cells.


The tracheae broaden very strongly at their exit from the spiracle and taper off again posteriorly. At the place of transition in the main trachea, therefore shortly before the anterior commissure (Fig 28, VK), one finds a constriction at which later the prothoracic spiracle (Th.I) is produced. The section between this constriction and the pupal spiracles may be called the vestigial felt chamber (Fig 28 NK & 20). It is truncated and lies on the dorsal side of the animal right behind the head (Fig 23 NK), and its chitin lining bears long partly forked setae (Fig 20 Bo), which almost touch those of the other side. This should be a filtering device, preventing dust particles from entering into the tracheae. During eclosion of the adult, the vestigial felt chamber becomes shed together with the pupal spiracles.

Tracheal system of the pupa. 

Before the pupal spiracles appear the body contracts strongly and hence the ganglionic masses become dislocated forwards, whilst at the same time the main tracheal trunks are pushed together; other structures do not change. By shortening the body, which occurs during the emergence of the pupal spiracles, a process takes place which we can identify with a moult. After this the entire tracheal system undergoes considerable remodelling. Indeed, during the ensuing period of time during which the adult is produced, it changes several times more, but the drastic changes are carried out during the above mentioned moulting process.The spiracular scars and their vestigial strands play the same role as in normal moults. The posterior part of the main trunks are drawn out through openings lying on the body dorsal to the anus; however, later at these spots there are no spiracles. The anterior parts of the main trunks are shed together with the larval anterior spiracles, which are equally unconnected with any later creation of spiracles (Fig 27, Tri), and from which still hang the intima of the cerebropharyngeal trachea and those of the first exterior branches (Fig 26 and 29, Ii and si). The latter indicates, contrary to Wahl's opinion that this section does not belong to the main tracheal trunk, because these two branches are certainly branchings of the main trunks, and since trachea derived from these are shed appropriately, the anterior sections are therefore to be attributed to the main trunks.


After the emergence of the pupal spiracles, the tracheal system is (re)constructed as follows (Fig 30). The main trunks (Tr.) run inside the thorax directly posterior, and are here equally strong. At their entrance into the abdomen, they turn a bit towards the middle of the body and their lumen enlarges (Tri) so that at their broadest position they are almost three times as wide as in the thorax. This broadening projects with a blunt angle about at the level of the second abdominal segmental spiracular scar (Aa2) towards the middle of the body. Further back the main trunk tapers again gradually to the beginning of the 3rd abdominal segment (therefore to the level of the 3rd abdominal spiracular scar [Aa3]), where it unites with the lateral longitudinal branch (i), which joins the exterior trachea I-V. The main trunk then becomes clearly thinner and goes back right along the side of the body where it frays out into fine capillaries which interlace with those from the other side. In the thorax the main trunks are joined by a commissure (VK) which is almost as wide as the trunk itself. Shortly before the commissure there arises a trachea (q) from each trunk which at the beginning of pupal development still runs parallel to the commissure and joins to the corresponding branch from the other side. I will call this trachea (q) the cerebral trachea, because it supplies the brain with its branches. In the middle it is somewhat tapered and produces capillaries forwards and backwards. Moreover it splits off small tracheal branches on either side right and left of the tapering, which run backwards a bit. This central part supplies the brain with its ramifications. The abdominal ganglia and the brain separate from one another and the latter comes to lie in the developing head. As a result of these movements, the track of the cerebral trachea also alters during the pupal stage. The abdominal ganglia are less concentrated in the adult. We see a somewhat advanced stage in Fig 30. Here we have a pupal stage with the exterior head already developed. The cerebral tracheae (q) run in an arch forwards, and are joined by a commissure (qk) corresponding to the earlier central piece. This lies on the brain in the middle of the posterior side of the head. The two tracheae which lay originally next to the tapering point, now because of the movement of the brain have been displaced forwards and create the elongation (qa) of the cerebral trachea (q) in front of the commissure (qk). This trachea (qa) runs to the upper posterior edge of the head and all along the side of the optic ganglion, sending the finest tracheal capillaries to its outer edges. Shortly below the cerebral trachea (q) there arises a further trachea (fq) from the main trunk, which goes into the brain and is equally frayed at the tip. A little behind the cerebral trachea, the underneath of the main trunk (Tr) gives off a short root (w), which immediately splits into two tracheae, of which the first (tk1) runs right behind the commissure (VK) across the body and joins with its partner from the other side. From them posteriorly two ventrally directed tracheae split off (btr1) which go into the foreleg of the appropriate side. From the anterior side of the commissure (VK), three bushes of tracheal capillaries grow out, which reverse over the commissure backwards. The posterior side of the commissure is equally provided with numerous capillaries, which occupy its central third and also run backwards, and which partly interlace with the capillaries of the anterior side. Further on the posterior side of the commissure (VK) next to the main trunk arises on each side a small bush of capillaries which run dorsally obliquely inwards and backwards; a similar but somewhat stronger bush comes off the underside of the main trunk at the level of the commissure.


The interweaving of the capillaries of all these tracheae create a dense matting. This goes through the fat-body of the dorsal side intimately, as one can see very well from sections. Probably they are important for the processing during the pupal stage. All tracheal capillaries of the pupa are specific organs of the pupa and disappear again during metamorphosis.


Next I will describe the exterior tracheae which arise from the main trunk. The first (I) comes with the above mentioned root (w) from which the foreleg trachea arose, from the main trunk right in front of the commissure, and behind its origin gives rise to a branch that is frayed into capillaries (fl). This runs backwards to the side of the body and enters the anterior part of the wing anlagen, whilst the other branch makes a longitudinal connection (i) with the second exterior trachea (II) of the main trunk, and moreover sends a trachea (tk2) inside, which runs across the body right behind the commissure (VK) and joins with the corresponding trachea of the other side. The longitudinal connection (i) between the exterior branches I and II is bent towards the inside and downwards, and therefore does not run next to the main trunk, but underneath it. In its [the longitudinal connection] middle a branch (btr2) comes out towards the outside and then turns downwards and backwards to supply the midleg. The second exterior trachea (II) splits into three branches. The most exterior of these bifurcates into one running forwards to the side of the body, which supplies the posterior section of the wing anlagen, and another which runs only a very short way backwards towards the side of the body and then spreads out its capillaries. Both parts fray into capillaries equally behind their origin. The central branch of the IInd exterior branch creates the already mentioned longitudinal connector (i) with the IIIrd exterior branch. One can see a very strong backwards-directed bend in this longitudinal connector. Moreover from the second exterior trachea (II) there is a vestigial strand to the anlage of the IInd thoracic spiracle (Tha2), which is strikingly thin in comparison to its later size. The distance between the IInd and IIrd exterior branches is scarcely half that between the Ist and IInd. The longitudinal connector between II-III again sends a trachea (tk3) across the body to make an anastomosis with its partner from the other side. Just as that of the Ist exterior trachea, this also sends two small bushes of capillaries backwards from the middle. The trachea of the hindleg splits off to the inside from the longitudinal connector (i). The third exterior branch (III) is significantly stronger than the first two, and produces a trachea forwards and one backwards which create the longitudinal connector (i). Furthermore, out of it come two bushes of tracheal capillaries, of which one runs dorsally towards the inside, whilst the other supplies the side of the body. A vestigal strand joins the trachea with the anlage of the first abdominal spiracle (Aa1). Right in front of the origin of the IIIrd exterior branch begins the broadening of the main trunk (Tr1) and this reaches its maximum underneath the IVth exterior trachea. Whilst the front three exterior tracheal pairs are wholly similar in construction, the IVth and Vth tracheae deviate somewhat from this typical plan and are significantly wider than them. The longitudinal connector running to the IVth exterior branch sends two bushes of tracheal capillaries from the middle, to the inside and to the outside. From this Ivth trachea there is a longitudinal connecting branch (i) forwards and backwards, and furthermore it supplies the vestigial strand of the 2nd abdominal spiracle (Aa2). Further branches that are found on exterior tracheae I-III are missing here. The longitudinal connector running from the IVth backwards joins with the main trunk at the level of the anlage of the 3rd abdominal spiracle. From this point therefore only a common tracheal trunk goes backwards which, at first equal in size to the longitudinal connector, is always gradually tapering off, finally ramifying into capillaries that intermesh with those from the other side. At the levels of the anlage of the posterior spiracles (Aa4-7) there is each time a short tracheal stump given off towards the outside, which consists only of a weak bulge in the last spiracular anlage. Vestigial strands are drawn out from here to the spiracular anlage, and these go further from these spiracular scars in the body wall to those in the puparial wall. In the 7th abdominal segment, I could easily find the spiracular scars, but I could not determine the vestigial strand (Aa7). This is probably because the tracheae of this segment are not shed through their spiracular scar, but instead through the openings lying dorsal to the anus (Fig 27 with Tri). In addition to the vestigial strands, the tracheal stumps or bulges each produce a bush of tracheal capillaries. On the main trunk between each pair of tracheal stumps is found a bush of capillaries, whose arrangement is individually variable. In the abdomen we have two further anastomoses between the main trunks, the first of which (C) joins the main trunks in the 2nd abdominal segment shortly before the origin of the IVth exterior trachea, whilst the other (D) runs centrally between the IVth exterior trachea and the junction (V) between the main and side trunks to lead into the main trunks. Futhermore each main trunk produces between I and II, and between II and III, another branch (A and B) towards the inside, which dissolves into capillaries right after its origin. By studying the tracheal system of the pupa, it is obvious that all the tracheae which supply the larval alimentary canal have disappeared. This is related to the fact that during the pupal stage the gut is very thoroughly reconstructed. The alimentary system of the adult fly differs so much from that of the larva that taking over the larval gut tracheae into the adult would scarcely be possible. For the process of reconstruction in the pupa, the capillaries that we find here are very suitable. These capillary bushes are significantly more extensive than I have drawn them in order to have the best overview; and they extend throughout the body and create a dense matting especially on the dorsal side.


1-2 days before eclosion, the pupal tracheae are still in full operation, but already the tracheal system of the adult islaid down and ready. However it is not yet filled with air. The gut tracheae are completely newly constructed and are particularly noticeable. In addition the tracheae are already well designated which run through the thoracic muscles. In the 1st abdominal segment in the two upper corners lie the two anlagen of the large abdominal air sacs of the adult. They are two dark-coloured coils folded together, which later will expand to reach their full size when air enters. Similarly the tracheal bladders of the head and thorax are laid down as soft structures. Shortly before eclosion of the adult, the pupal spiracles are shed from the body and the new tracheae and tracheal sacs take in some air, but not to their fullest expansion, and that is why their walls seem thicker than later on.


When we now compare the tracheal system of the larvae with that of the pupa, in spite of the great difference of the two we can establish a connection. Thus the main tracheal trunks of the larva we can find again in the pupa, albeit in a somewhat altered form. Anteriorly they are very robust and their main enlargement lies in a different position than in the larva. Whilst there it lies between the IVth and VIIIth exterior tracheae, here we find it between the IIIrd exterior trachea and the join between the main and lateral trunks. The posterior part of the main trunks (from the IIIrd abdominal spiracular anlage) is in contrast very thin. The anterior commissure is retained, but it is significantly more robust than in the larva. This commissure is only the most central piece of that of the larvae, i.e. the part lying between the two tracheal branches going forwards (Fig 9, W), out of which spring the pupal spiracles. The cerebral trachea (q) arises from the cerebral branches (q) of the cerebropharyngeal trachea (s). This is more robust than in the larva, and in the pupa goes forwards corresponding to the dislocation of the brain. The forward-running branches (qa) in the pupa, which in the larva were only very small, become here long and produce capillaries, as we have seen already. Only a few of the inner tracheae are retained. The first (A) frays into capillaries, whilst the second (B) is indeed present, but equally loses itself behind its origin in capillaries. As in the larva there are no anastomoses between these two (A & B). The third and fourth (C & D) inner tracheae are also retained in the pupa, and as in the larva create anastomoses with their counterparts from the other side. All inner tracheae that lie further back dwindle and in their places we find only capillaries. Also a few exterior tracheae are taken over into the pupa. They are however less branched since overall the gut and fat-body tracheae are abolished but in the I-IVth exterior tracheae the cuticular muscle tracheae are retained. The trachea labelled V in Fig 30 comes from a section of the main trunk of the larva. The Ist and IInd exterior branches each give rise to a frayed branch to the wing. All the others also produce capillaries which are purely new constructions. The outer longitudinal connector (i) is found only between the anterior four exterior branches (I - IV) and the join with the main trunk (V). The longitudinal connector between I and II, and between II and III, as in the larva produces tracheae from the middle which correspond to the larval proleg tracheae (Fig 11 h) here become leg tracheae (btr1-3). They have become much more robust and ramify inside the leg anlagen. Also the very small proleg trachea of the mesothorax (Fig 11 h2) where in the larva the proleg is lacking, here creates a normal leg trachea (btr2). In each case before the 2nd and 3rd leg trachea, a branch comes out which joins with the corresponding one from the other side, and this is derived from the 2nd and 3rd nerve trachea of the larva which themselves create anastomoses. The posterior branch of the nerve trachea which run to the ganglia are reduced to a few capillary bushes. The first leg trachea (btr1) is here as in the larva a branch of the nerve anastomosis which arises from the Ist exterior trachea. Therefore all leg trachea are already present in the larva together with their anastomoses, and only their proportional shape and lengths have changed. The posterior exterior tracheae are indicated in the pupa by short stumps.


As we have already seen from the anatomical studies, the pupa still breathes during the first three days through the posterior breathing tube, but as soon as the pupal spiracles appear, they alone take up the function of respiration. One can prove this by spreading butter over the spiracles of the breathing tube and the pupal spiracles. If one puts out of operation the spiracles of the breathing tube of 1-3-day-old pupae, the pupae die after 1-2 hours. The same thing happens if one treats the pupal spiracles of older pupae in the same manner. Covering the spiracles of the breathing tube in these cases has no effect. These physiological results tally completely with the anatomical findings.
III. The adult

1. Breathing apparatus of the adult

Spiracles of the adult. 

The adult E.tenax (Fig 31) has nine pairs of spiracles (ThI and II, A1-7), of which two belong to the thorax and seven to the abdomen. According to Buckton insects normally have nine pairs of abdominal spiracles, but in his work which specifically concerned Eristalis, he never established how many spiracles were present. Both thoracic pairs lie laterally, the anterior one (Th.I) right behind the head, and the posterior one just in front of the halteres. In the literature there is great confusion about to which segments they belong, which was increaed further by the original splitting of the dipteran thorax into four segments (Palmen). Naturally I cannot here go into the problem of the thorax in detail, but I should still mention that in Diptera Künneth ascribed these spiracles to the pro- and metathoracic segments. He worked particularly with Tabanus, Asilus and Stratiomys, but he did not study syrphids. He suggested that we should number the spiracles and not label them according to their topographical position. In contrast, Feuerborn who at first studied only Psychodids, ascribed the first pair to the mesothorax and the second to the 1st abdominal segment that had fused to the thorax. He sought to enlarge this hypothesis with other insects. Weismann suggested that mature insects never had prothoracic spiracles, but he ascribed the pupal spiracles to these. Its opening should close later, which however in our case does not correspond to the facts. If the pupal spiracles (according to Weismann and Wahl) are prothoracic, then in the present case the first thoracic spiracles of the adult also should be reckoned to be prothoracic, since they are the same thing. The exterior tracheal branch II then belongs, as Wahl already suggested, to the metathorax. The second thoracic spiracle, which is fused with this tracheal branch, must then be reckoned likewise. On the basis of the present studies, I reckon that the two thoracic spiracles are prothoracic and metathoracic.


The thoracic spiracles of Eristalis (Fig 34 & 35) are lip spiracles, as Krancher has described in the thorax of Musca domestica. According to Alt, a similar lip-closure is found in the second thoracic spiracle of Dytiscus marginalis, only in Eristalis the closing mechanism of the second thoracic spiracle (Figs 35-40) is a bit more complicated, as we shall see (p.469).


The elongate first thoracic spiracle (Fig 34) is pointed dorsally, and its long axis runs dorsoventrally. The straight hind edge of the spiracle stands approximately vertical, and its anterior edge is curved forwards. Very robust, mostly branched setae sit on the inner side of the spiracle edge, called the peritreme (Fig 34 Pe), which conceal the spiracular opening from both sides. They arch over the surface somewhat (Fig 33), and those of the rear edge overlap those of the front edge (Fig 33,34). The peritreme is covered with fine hairs, of which the inner ones (those lying towards the spiracular opening) are separated several times. This also applies equally to the large number of small hairs with which the robust setae are completely covered. In section the hypodermis (Fig 33) clearly runs right into the large setae; it becomes ever thinner inside the trachea and merges into the tracheal matrix in which in section only the nuclei are visible (Fig 33). The closing lips (Fig 33 Li) run under the spiracular pit (Sg) in the longitudinal direction of the spiracle. In cross-section one can see very well (Fig 33) that they are simple folds of the trachea. They were thought by Landois to be buzzing rings. In their lower angle a muscle inserts onto a chitin strip, which runs out from the body surface inwards, the contraction of which closes the spiracle. The lips are also attached to this strip as the most exterior part of the trachea. I will not go into this mechanism in detail here, since it functions in principle just like the second thoracic spiracle, whose similar structure I will discuss in more detail.


The second thoracic spiracle (Fig 35) has approximately the shape of an ellipse whose long axis runs dorsoventrally as before. It is somewhat larger than the first spiracle, and its peritreme (Pe) is irregular, but here and there is densely set with fine divided hairs. On the edge of the peritreme, arching upwards over the spiracle are robust, occasionally branched setae (Fig 40), which are themselves covered with fine forked little hairs. Along the length of the anterior edge of the spiracle there is a strip running outside the peritreme (Fig 40 Le) which it partly covers. It probably protects the spiracle from the very strong pull of the air during flight. As in the first thoracic spiracle, the hypodermis is detectable inside the large setae, and the lips occupy the same position as before. However, here underneath the lips (Figs 36, 38 and 40 Li) further lamellae are visible (F), whose cross-section (Fig 40 F) shows that they are simple folds of the trachea in which the nuclei of the tracheal matrix are well recognisable. I could never find the latter in sections through the lips, although there also the hypodermis must be implicated. In a cross-section of the spiracle (Fig 40), two or three such lamellae (F) were cut because they are bent slightly relative to the horizontal running inwards as they go from ventral to dorsal. To clarify the circumstances here I cut the spiracle in half longitudinally (Fig 38) when embedded in parafffin wax, and then gradually cut away one half so that the other remained. In this preparation one sees the closing lips (Li) running along right underneath the peritreme (Fig 38 Pe). Under the latter we still find the very variously shaped closing folds, which are largest in the centre and become smaller upwards and downwards. On either side there are about 15 transparent ragged structures. Towards the spiracular opening these folds are mostly narrow and they become broad in their lower half (therefore towards the inside of the animal), and finally narrow once more. Many of them, particularly in those lying ventrally, are somewhat broader in their entirety. From the longitudinal sections of the spiracle, vertically (Fig 39) and those made parallel to the surface (Fig 37), one can study easily the closing mechanism. A strip projecting from the body surface inwards (Fig 37 Le) surrounds the trachea on the anterior longitudinal and both narrow sides. The strip of the lower narrow side is virtually unpigmented and hence difficult to see in whole spiracle preparations (Fig 35). The lower narrow side of the trachea is fastened to this in places, whilst the upper consists of a chitin strip (Sp.) whose shape we could see more clearly in longitudinal section (Fig 39 Sp.). It comes out directly from the body wall, joined to it by a gutter-like joint (G), which represents a place where the chitin layers are narrower. The strip becomes ever narrow towards the inside and is a bit bent at its edges, which merge directly into the trachea (Figs 37, 39). The closing muscle inserts onto this strip that is covered with hypodermis (Fig 37, 39 M). It originates in the lower angle of the strip surrounding the trachea (Fig 37 Le) and runs somewhat at an angle upwards. When it contracts, the two narrow sides of the trachea are separated from one another, and automatically the longitudinal sides come closer to one another. Hence on the one side the lips touch one another, while on the other side the above-mentioned lamellae (Fig 36, 37 F) interlock together and completely close the spiracle. The effect of the closing mechanism allows experimnental testing, in which an excised spiracle is pressed from the inside outwards with a pin against the rod (Sp.) in the lower angle of the lip, thus substituting for the pull of the muscle. The spiracle then closes, and if the pressure is released, it opens again. An opening muscle is therefore not necessary here since by relaxing the muscle, the elasticity of the strip (Sp.) is enough to open the spiracle. The closing mechanism of the first thoracic spiracle works in the same way, but it is closed only by the lips since there are no closing lamellae.


The 2nd to the 5th of the abdominal spiracles (Fig 31, A2-5) lie in the soft lateral membranes right under the tergites. The most anterior one (A1) is surrounded by a strongly chitinised plate which splits anteriorly the lateral membrane into two parts, and only its posterior edge joins directly onto the lateral membrane. The 3rd - 5th spiracles are found rather far forward in the segments, right behind the intersegmental membrane. The 2nd is shifted somewhat more centrally in its segment.


The two last pairs of abdominal spiracles (A6 and 7) lie on the ovipositor or the penis (Fig 32). They are also found right behind the intersegmental membrane in the middle of the lateral membrane. The penis is rotated 90( to the right so that its original right side is now seen uppermost [???directions and drawing is opposite to the facts??]. Naturally in the penis the two last pairs of spiracles are also displaced, and indeed the two left-hand spiracles are now underneath [on top!]and the right-hand ones are on top [underneath]. In the resting position the penis is held folded under the tergite of the 4th abdominal segment. In many other insects there are similar rotations, such as 180( in the Psychodidae. According to Feuerborn this rotation follows immediately after eclosion. However I have never been able to observe this in Eristalis; I found the penis always already rotated in freshly eclosed flies.


The structure of the spiracles of the penis and ovipositor resemble in principle the abdominal spiracles. Externally there are only a few differences to note. The abdominal spiracles (Fig 41) are elongated, their long axis running along the body axis in A1 and A2. In A3 it runs at an angle downwards from front to back, and A4 and A5 are almost vertical. The peritreme (Fig 41 Pe) is free of setae. From its inner wall arise large, almost always divided setae that arch over the body surface (Fig 42), and which usually bear themselves small undivided hairs. Their closing mechanism corresponds to that already described by Alt in Dytiscus, and consists of a closing peg, handle and band. The peg (Fig 41 Vkg) can be seen in total preparations of all these spiracles through the body wall. In the anterior spiracles it lies anteriorly, and in the posterior ones it lies dorsally. The penis and ovipositor spiracles (A6 and A7) are almost completely round (Fig 43). Their dorsally positioned closing peg (Vkg) is smaller than those of the other spiracles, but despite this is easily visible in total preparations of the spiracle. They are not lip-spiracles, as Winterstein alleged to be very widely distributed in the abdomen of Diptera. I have separated the spiracles of the thorax, abdomen, ovipositor and penis in order to characterize their position; grouping them according to their structure, we find there are two groups. Only the two thoracic spiracles belong to the lip-spiracles, while the rest of the seven pairs are closing-handle spiracles.

Tracheal system of the adult.

In the imago I want also first to discuss the rest of the organ systems before I go to the tracheal system, in order to facilitate clarification. The information in Buckton on the adult organ systems is for the most part inaccurate and erroneous. It is not possible to go into these individually; however I might mention that for example he describes the penis only with a diagram. Particularly his descrption of the tracheal system is for the most part completely unintelligible.


Right under the dorsal cuticle we see the heart tube running all along the midline, which Buckton also did not find. The pulsatory organ lies right at the front of the abdomen. From there both forwards and backwards runs a large main vessel.


A very thin oesophagus runs from the proboscis and merges into the significantly thicker chyle stomach and finally ends in the hind gut. Anteriorly there are two salivary glands which leads into the proboscis in a common duct. At the end of the oesophagus is the crop, a very flexible sac-like structure that enters the oesophagus via a long stalk. Right behind this point of entrance lies a pair of acinous glands. In addition there are a pair of Malpighian tubules in the gut which in contrast to those of the larva are tube-like for their entire length. The final section of one pair however are significantly more darkly pigmented than the other part. The rectum has four rectal pads. 


The nervous system is not so concentrated in the adult as in the larva. From the brain, which laterally has very large optic ganglia, runs the abdominal nerve cord back to the thoracic ganglia which are fused together into a common ganglionic mass. The three pairs of ganglia can easily be recognised in preparations stained with alum carmine. Each of them sends laterally a main nerve that ramifies very quickly. From the thoracic ganglionic mass, the abdominal nerve cord runs as a rather thinner cord into the abdomen, where between the 2nd and 3rd segment there lies a ganglion that sends a lateral nerve to either side. The nerve cord ends in the fourth abdominal segment with a rather larger ganglionic mass whcih sends a larger number of nerves particularly posteriorly. 


The female reproductive tract consists of a pair of ovaries whose oviducts join together. As accessory organs we find a pair of very strongly branched, tree-like glands and three spermathecae, whose chitin outer coat is dark brown in colour. The three ducts join together very soon exteriorly but their lumina are still separate in the first section. The number of spermathecae varies in the different Eristalis species. Thus there are only two in Eristalinus sepulchralis. The male reproductive tract consists of a pair of brown elongated testes, whose vasa deferentia join together; in addition there is a pair of accessory glands and a sac-like accessory structure (=seminal vesicle).


We are only interested here in the thoracic muscles of the musculature, since they are inserted between the tracheal sacs. In the middle of the thorax there are two huge muscle blocks running at an angle backwards from top to bottom. The parts of the thorax lateral to this are filled with other muscle blocks running dorsoventrally. On each side we can differentiate two main parts, of which the more posterior is divided again into two parts, and larger and a smaller one lying posteriorly. 


The head carries a pair of antennal prominences, each with a seta, and the proboscis. The halteres are comparatively small. The eyes in males touch together at the top, while in females they are separated. In contrast in sepulchralis the eyes of males do not touch.

The abdomen

In adult preparations it is particularly noticeable that the real tracheae are almost only found in the abdomen, whilst in the tracheae of the thorax and the head are almost without exception thin-walled tracheal sacs. We will begin with the abdomen because here the relationship to the pupa and larva is easiest to recognise (Fig 44). Dorsally on each side there is a large tracheal bladder (As.); they touch one another in the midline of the body, and extend through the 2st and 2nd abdominal segment. They lead to the outside in conjunction with the lateral longitudinal trunks (i) through the 1st abdominal spiracle (A1). From the most anterior part of their upper side they give rise to a few small ramified tracheae (Ht.) to the dorsal body wall, whose number and shape vary. On each side two longitudinal trunks (Tr. and i) lead out from the thorax into the abdomen, passing right through underneath the airsacs (As.). The exterior one (i) runs along the entire side of the body, and one can follow it right through the whole abdomen. It makes the longitudinal connection between the exterior tracheal branches (III-IX). The inner one (Tr.) corresponds with the trachea already described as the main tracheal trunk. It runs to the last abdominal spiracle (A7), and is very wide in the first two abdominal segments (Tr.1), but narrows from the 3rd segment so much that it is only about half the width of the exterior longitudinal trunk (i). In each segment the main trunk give rise to a pair of exterior tracheae (III to IX) going to the lateral trunk (i) at the level of the spiracle, of which the anterior three are significantly more robust than the posterior ones (VI-IX). In addition arising from the main trunk are the interior tracheae (B-I): the most anterior one (B) lying at the level of the 1st exterior trachea (III) consists of two branches, both supplying the alimentary canal and salivary glands. The second (C) lies slightly in front of the 2nd exterior trachea (IV) and consists of a main branch which anastomoses with its contralateral partner and runs forwards to more or less the front end of the abdomen. From its central part, small tracheae arise which supply the heart. A few other tracheal branches (Hst.) coming from the airsacs also run to the heart. Apart from this, the second inner trachea (C) produces a further 3-4 small branches right behind its origin, of which one (he) also supplies the heart, whilst the others run to the gut, the salivary glands and the Malpighian tubules. The main branch of the 3rd inner trachea (D) makes an anastomosis [with the contralateral] and small side branches run to the gut and Malpighian tubules. There are also three branches emerging together with the 3rd inner trachea (D) that also go to the gut and Malpighian tubules. The 4th and 5th inner tracheal pairs (E and F) also make anastomoses, and emerge from the main trunk (Tr.) in the middle between the 3rd and 4th (V & VI) and 4th and 5th (VI & VII) exterior tracheae respectively. Both pairs (E and F) bend out backwards a bit, sending small tracheal branches forwards and backwards to the gut and Malpighian tubules. From here the two sexes differ somewhat from each other in the construction of their tracheal systems.


I start with discussion of the female abdomen (Fig 45). The main trunk (Tr.) produces two inner tracheae (G and H) between the 5th and 6th exterior tracheae (VII and VIII), which make anastomoses like the others. The same is true of the final inner trachea (J) which arises just behind the 6th exterior trachea (VIII). The 5th inner trachea (F) also sends small branches to the gut and Malpighian tubules. There are therefore eight inner tracheae (B-J) present, of which the posterior seven (C-J) make anastomoses. Furthermore the 2nd and 3rd (C and D) also have side branches, whilst the rest are undivided. At the level of the 7th abdominal spiracle the main trunk (Tr.) merges with the lateral longitudinal trunk (i). Just in front of each spiracle, a trachea arises that I shall call the dorsal cuticular branch (Fig 44 is) since it supplies the dorsal body wall. In Fig 45, for the sake of clarity, all the dorsal cuticular branches have been omitted, and they have been figured only in the male (Fig 44) since their form is the same in both sexes. Whilst the dorsal cuticular branch (is.1) of the 1st abdominal spiracle is only short and delicate, the second (is.2) is longer but still very weakly developed. At the 3rd and 4th spiracle one finds them very strongly constructed (is.3 and 4), and here they run towards the centre of the body and there almost run into those of the other side. These branches (is.) run into the intersegmental folds and send forwards a mass of small tracheal branches that supply the dorsal body wall. We have a corresponding trachea (is.5) at the 5th spiracle; however, it splits up into many small branches running dorsally. At both of the last abdominal spiracles (Fig 45 A6 and 7), which in females are on the ovipositor, this branch is not present. The tracheae which run to the ventral side are nowhere near as regular as those of the dorsal side, but they are exceedingly variable in number and form. In Figs 44 and 45 I have depicted these tracheae, but their shape, number and position are often other than in the drawing, and they do not generally run along the intersegmental folds. They also supply the gut as well as the body wall with some branches. No symmetry predominates in this connection, exactly as in the ovariole and the gut tracheae. Just as large is the variability of the gut tracheae, which for the most part arise from the region of the 4th and 5th abdominal spiracles (A4 & 5). Particularly in females, the 6th and 7th spiracles also provide gut tracheae, from which those of the last three pairs of spiracles (A5-7) send further branches to the four rectal pads (Rtr.). Asymmetry predominates here also. One rectal pad is often supplied from two spiracles. The ovaries obtained their tracheae (Fig 45 Otr.) from the 3rd, 4th and 5th abdominal spiracles. These are mostly very robust tracheae that run right to the ovaries undiminished in width, ramifying in them exceedingly richly, as is easily established from sections. These tracheae can be unbranched, but often they have two or three branches. To show the different numbers and forms, I give here an overview of arbitrarily selected examples. [Table of frequencies of 1-branched, 2-branched and 3-branched ovarial tracheae from the 3rd-5th spiracles]. 


The ovarial tracheae (Otr.) arise mostly dorsally from the gut tracheae. The end of the lateral longitudinal branches (Fig 45 i) separates posterior to the 7th abdominal spiracle into several branches, which subdivide further and supply the hindgut, the genital ducts, skin and muscles. The spermathecae are supplied each by a branch (rs) from the 6th spiracle, which divides into two branches, one of which (bd.) runs to the branched accessory glands, and the other to the spermathecae. Other gut branches of the 4th and 5th spiracles run to the accessory glands. One branch of one of the ventralolateral tracheae of the 2nd spiracle runs to the anterior abdominal ganglion, whilst the posterior ganglion is supplied from a branch of the gut trachea from the 4th abdominal spiracle. The crop has branches from the gut tracheae of the anterior three spiracles.


In the male abdomen (Fig 44) the situation is in principle the same as in the female, but without the ovariole tracheae, and the tracheae of the final segments are somewhat reorganized. Since the dorsal tracheal trunks (is6 & 7) are here still to be found next to spiracles 6 and 7 on both sides as small weak tracheae, it is assumed that in the females they have been lost secondarily. The tracheae of the final segments have experienced a displacement by the rotation of the penis. In Fig 44 I have drawn the posterior section of the side branches (i) somewhat separated laterally from one another, because otherwise they would have been lying on top of one another. The side branches each separate at their ends into two branches, of which one from each side supplies one of the two lateral lobes of the penis, whilst the two others enter together into the overlying claspers. The tracheae find themselves here right next to one another since the penis is not so stretched out as the ovipositor. Right up to the sixth internal tracheae (G), the disposition is as in the females. The sixth external trachea (VIII) is somewhat lengthened out, and both the two final internal tracheae (H and J) lie between this and the seventh abdominal spiracle. Each testis is supplied by a branch (ht.) from the sixth abdominal spiracle that ramifies over it. Very weak branches of the seventh abdominal spiracle (A7) go to the accessory glands (ad.), and the sack-like seminal vesicle is provided with a trachea (as) from the lower side branch (i) right in front of the final bifurcation. Shortly after eclosion of the adult one can still find capillaries and even very loose parts of the fat body. If the latter are present, then these capillaries are also there, and they disappear 1-2 days after eclosion.


Now we will briefly discuss the connections between the tracheal systems of the pupa and the abdomen of the adult. From the main tracheal trunks of the pupa are derived the main trunks (Tr.) of the adult. They are just as broad in the first two abdominal segments (Tr.1) and posteriorly they become thin. The first inner branch (Fig 44 B) of the abdomen consists of the 2nd inner capillary bush of the pupa (Fig 30 B). The 2nd and 3rd inner abdominal [tracheae “Läste”] that make anastomoses (Fig 44 C and D) come from the 3rd and 4th inner branches of the pupa that also make anastomoses (Fig 30 C and D). In addition we find once more the exterior tracheae III and IV of the pupa. All the rest of the tracheae and the two large airsacs of the abdomen are novel structures.

The thorax

In the case of the tracheal supply of the thorax, both sexes are exactly the same. The preparation is here somewhat more complicated because the walls of the tracheal sacs are normally very thin and are firmly attached to their surroundings. The main trunks (Tr.) run from the abdomen into and right through the thorax, sending a pair of exterior tracheae (Fig 46 II) to the 2nd thoracic spiracles (Th.II). Right in front of this a thin trachea (A) arises on the inner side of the main trunk which runs back into the abdomen and supplies the gut with its ramfications. From there the main trunks increases in width a bit, only then anteriorly to become a bit narrower again. Anteriorly it bends outwards and leads into the lateral longitudinal trunk (i) at the level of the anterior thoracic spiracle (Th.I). The main trunk (Tr.) runs at depth at the lower exterior edge of the longitudinal muscles, and particularly from its somewhat expanded middle it sends tracheae into the muscles where they spin a network around the individual muscle fibres. I have not depicted these tracheae in the figures in order not to complicate them. At the anterior end of the main trunk where it bends outwards, a very thin tracheae (VK) arises on the inside, which anastomoses with the one from the other side. In the middle and on both sides it carries small rosette-like structures made from tracheal capillaries. I found this commissure only rarely filled with air since the fixing fluid penetrated the outermost thin wall easily relative to water. The section of the metathorax called the scutellum is completely filled with two tracheal airsacs (Scs.) which abut one another in the midline, leading to the outside via the 2nd thoracic spiracle (Th.2). There are no small tracheae arising from them, and they are considered only as air reservoirs. The posterior third of the two longitudinally running muscle blocks is covered each with an approximately rectangular tracheal airsac (Ths.) with their anterior corners drawn out forwards a long way. These sacs lie completely flat above the muscles, and from the exterior hind corner of each emerges a short, broad trachea which leads into the lateral trunk (i) right by the second thoracic spiracle (Th.II).  Tracheae arise from the underside of these sacs which supply the posterior parts of the longitudinal muscles. The lateral trunks mentioned above (i) come out of the head and run along between the body wall and the dorsoventral muscle blocks on both sides of the body. Both of the thoracic spiracle pairs (Th.I and II) sit on them without any particular direct tracheal connection. Exteriorly they each send two wing tracheae (fl.), which are very short and enter the wing right behind their origin. In addition, a very fine trachea like a capillary arises from the lateral trunk which runs to the haltere and ramifies there. Moreoever they provide a few branches (i.v,m,n,h) that go inwards between the individual muscle blocks to supply them. The lateral trunks and their subdivisions lie with their upperside directly against the hypodermis of the dorsal side, but reach very deep into the body. The main trunks (Tr.) are therefore found underneath the inner branches (Fig 46 i.v-h) of the lateral trunks. Right over the main trunk, an interior branch (i.v) comes from the lateral trunk which goes posteriorly in a curve between the longitudinal and the anterior dorsoventral muscle blocks. In addition, an interior branch (i.m) divides from the lateral trunk at the level of the wings, and occupies the space between the longitudinal and posterior dorsoventral muscle blocks. It then divides into two parts, the first of which runs forwards between the longitudinal and anterior dorsoventral muscle blocks, and the second backwards between longitudinal and posterior dorsoventral muscle blocks. A small inner branch (i.n) of the lateral trunk divides the posterior dorsoventral muscle blocks into a larger anterior and a smaller posterior part. At its posterior end the lateral trunk bends again forwards (i.h) and runs in between the most posterior part of the longitudinal muscles and the posterior dorsoventral muscles. This space between the longitudinal and dorsoventral muscles is therefore completely filled up with parts of the inner branches of the lateral trunk. Anteriorly under the main trunk a trachea arises from the lateral trunk that widens shortly after into a tracheal sac (Fig 46 Thg). This is elongated and its inner side run absolutely straight back, whilst its rear edge makes a trachea that sends branches to the midgut and salivary glands. On the ventral side of the thorax we find some more tracheal sacs that partly supply the legs with tracheae. The lateral trunks of the abdomen run into the thorax and run laterally right along it (Fig 47). Directly behind the entry spot they broaden into triangular sacs (Fig 47, bs.3) which touch in the midline of the body; they have a point directed forwards. At the place where the longitudinal trunks (i) enter the sac, a trachea runs to the second thoracic spiracle. In addition, from the underside of this sac a trachea (btr.3) runs into the hind leg. The latter is also supplied with a trachea (bt.3) from the longitudinal trunks at the level of the second thoracic spiracle. In front of this pair of tracheal sacs lies a second larger pair (bs.2), which reaches right up to the level of the wingbase, and whose anterior parts are connected by a wide anastomosis. The sacs each send forwards a trachea (bt.2) into the midleg, into which also a second trachea (btr.2) runs that arises from the longitudinal trunk at the level of the wings. Also between the bs.2 and bs.3 is found the exterior longitudinal trunk. Anteriorly there is a commissure between the longitudinal trunks (Bk.1) which lies partly underneath the anterior part of the longitudinal trunks. It sends two tracheae downwards (btr.1), each of which goes to a foreleg. A second foreleg trachea (bt.1) arises from the lateral trunk (i) at about the level of the 1st thoracic spiracle. In addition, two small sacs (gls) sit on the commissure (Bk.1), running backwards each ending in a point from whose ventral side the thoracic ganglion is supplied. Laterally to these sacs, coming from the lateral trunks on each side, there are somewhat larger tracheal sacs (bs.1) that almost reach to the middle of the thorax posteriorly. Between these two sacs lies a rounded unpaired sac (bs) joined to them via a thin trachea.


Although the tracheal system of the adult thorax is very different from that of the pupa or the larva, we can however establish its genesis from them for the most part. The main trunks (Tr.) remain present, but new tracheal branches arise from them to supply the muscles. The anterior commissure (VK) has become very thin, whilst the lateral longitudinal branches have increased in circumference enormously. The wing tracheae (fl.) are short and significantly more robust than in the pupa. In the adult the foreleg anastomosis (Fig 46 Bk) has become thicker and also provides the leg tracheae (btr.1). We find the same situation in the two posterior pairs of legs. One (btr.1-3) of the pair of tracheae supplying each leg comes from the corresponding leg trachea of the pupa (Fig 30 btr.1-3) and larva (Fig 11h). Both of the anastomoses of the posterior legs (Fig 30 tk.2 and 3) have broadened into several sacs, the middle one into three (Fig 47 bs.1 and bs), the posterior one (Fig 30 h.3) into two (Fig 47 bs.2). The posterior of the original leg tracheae has swollen up into a tracheal sac (Fig 47 bs.3) before its entrance into the leg. The inner trachea reaching right into the abdomen (Fig 46 A) comes from the first inner tracheal bush (Fig 30 A) of the pupa, this in turn from the corresponding branch of the larva (Fig 9 A). The situation has therefore changed here a great deal.

The head

The tracheal system of the head is almost the same in both sexes with a slight difference, which I will mention in the conclusion (p.487). Two large tracheae run into the head from the thorax (Fig 48 q), which I will call the head tracheae; they correspond to the two cerebral tracheae (Fig 9 q) which, as we saw, migrated forwards during the pupal stage with the brain (Fig 30 q). Right behind their entry spot into the head, they fuse, corresponding to the anastomosis already present earlier (Fig 30 qk.), only here the connection is a bit wider and lies against the posterior brain. Into this widened connective open most of the rest of the tracheal sacs of the head that almost completely enclose the brain. We find the head (prepared from the posterior side outwards [??]) completely covered in tracheal sacs, whose touching surfaces lie so closely up against one another that they can be separated only via laborious preparation. For simplicity I have numbered these sacs in the figures. Sac 1 begins approximately over the centre of the head and runs on the outside round to the proboscis. It extends underneath into a few tracheae (R1) that supply the proboscis and enters into the labium with some fine branches. From its lower half anteriorly arises a broader tracheal branch (Ssu.1) which fuses with the lower frontal sac (Ssu), which I will mention later. This trachea (Ssu.1) gives rise to a somewhat thinner trachea that runs into the proboscis and partly supplies its muscles. Along the edge of the head, a second smaller tracheal sac (2) adheres to Sac 1 dorsally, which just as Sac 1 sends many small tracheal branches to the eyes and the optic ganglion, particularly on its outer edge. Between Sacs 1 and 2 and the middle of the head lie two connected sacs (3 & 4);  Sac 4 leads into the common broadening of the tracheal commissure of the head. Between Sac 2 and the middle of the head there is a 5th sac, whose upper section is divided from the top downwards. The lower part lies under Sac 3, and first appears when the latter is removed. Sac 5 also leads into the connecting surface of the head trachea and it lower part is joined with the contralateral part (5.1). All the sacs hitherto mentioned are found in the same disposition on the other side of the head. In Fig 48 I have only drawn them on the right side, whilst on the left side shows the underlying tracheal sacs. On the right is still indicated the lower frontal sac (Ssu). The inner of the two upper halves of Sac 5 supply the ocelli. This structure of the 5th sac is only found in females, corresponding to the large space between the eyes, lacking in males. In males (Fig 49) Sac 2 is significantly longer and goes almost to the middle of the head. From the broadening of the head trachea, an unpaired trachea leads to the ocelli, which shortly before them swells out into a small bladder-like tracheal sac, which lies on the ocelli from the inside and supplies them (Fig 49). This is the only difference between the head tracheae of males and females. Two broad trachea (Fig 48 ag.1 and 2) arise from a common root from the upper frontal sac (Sso), which run downwards in a curve parallel to the outside wall. The shorter of the two lies posteriorly on the optic ganglion, and the longer one anteriorly. The latter runs around under the optic ganglion and a small part comes back again on the other side. Both send small tracheal branches supplying the optic ganglion from the front and back, and run into the eyes. In addition the brain and especially again the optic ganglion on its anterior side is covered with a circular-sector-shaped tracheal sac (6) which also sends tracheal branches to the eyes and the brain. The eyes are exceedingly richly pierced by the finest tracheal capillaries. Finally there are still two pairs of frontal sacs to mention, of which the upper (Sso) is significantly smaller than the lower one (Ssu). They all lead into the common connecting piece of the head tracheae. Seen from the back, the upper sac (Sso) lies under the 5th sac, but it is larger than this one and fills the whole space between the brain and the anterior wall of the head right up to over the antennal prominences. From here downwards to the proboscis, the part in front of the brain is filled with the large lower frontal pair of sacs (SSu), from which arises a small antennal trachea. Both of these frontal sac pairs provide small tracheal branches to the brain. The lower frontal sac reaches right to the posterior wall of the head in places in the middle. Parts of it there lie next to Sacs 4 and 1. It moreoever provides tracheal branches (R3) to the upper half of the proboscis, particularly the musculature.


All the tracheal sacs of the head are novel structures. They emerge in connection with the cerebral trachea (Fig 30 q), whose commissure (qk) has widened greatly into a flat shape. Beyond the commissure in the larvae there are only very short elongations of the cerebral tracheae that supply the pharyngeal ganglion. As we have seen, in the pupa (Fig 30 qa) they become ever longer and become fine lateral branchings from where in the adult the airsacs arise.

IV. A study of the physiology of the anal papillae

As we have already seen (p.433), at the hindgut of the larvae we find extrusible tubes, which Wahl and others have called the anal gills. Opinions as to the function of these organs are very different, and the question is in no way answered, since several observations condradict one another. Buckton considered them to be rudiments of the rectal glands of the adult, whilst Batelli considered them to be anal glands which could have some other function as well. Chun described their glandular and respiratory function, and Wahl thought they only had the function of gills. The latter came to this opinion purely on the basis of anatomical findings. The anal papillae consist of 20 tube-like blind sacs of various lengths (Fig 3). They are thin-walled and extrusible via muscles (Fig 50, Rm) that are easily seen in living animals, and are figured by Wahl. In each tube there is a tracheal branch (Fig 50, Te) which gives off small branches. Chun saw the anal papillae filled with gut contents, and thought that they might also reabsorb food material to a limited extent. As Reaumur I was also able to see that the anal papillae were extruded sometimes during defaecation, but I have never found gut contents in them. I can confirm Chun’s observation that larvae placed in pure water extrude their anal papillae and set them in rhythmic motion. In cross-section (Fig 50) we see that there is a layer of large cells under the exceedingly thin cuticle with somewhat rounded or flattened nuclei. The inner of the tubes is separated into two parts along its entire length by a horizontal septum, and is filled with haemolymph. It is easy to see many blood corpuscles in it (Fig 50 Bk). The tracheal supply is very rich, but this alone cannot establish a respiratory function since other parts of the gut are also densely braided with a mesh of tracheae. I have now sought to prove their respiratory function as the basis of physiological experiments. I eliminated air respiration by placing the animals in small Weithal’s flasks bandaged with fine gauze (used for sampling plankton) and placed in a large container with water. It was not possible for the animals to reach the water surface with their breathing tubes. Larvae of various species were used, and remarkable differences were found. E.tenax and arbustorum died within 10-12 hours, but [Eristalinus] sepulchralis lasted for a whole week without food. Then I extruded the anal papillae and ligated them. It is not possible simply to cut them off, since the hindgut is thereby also cut and the haemolymph flows out. However, I was able to cut off the anal papillae after ligation, and of course the animals were harmed by this, but one could still keep them for a few days. If one made it possible for [larvae] with ligated and excised papillae to breathe air, they then lived longer but still died after a few days. If air respiration was made impossible for them, they died after 10-12 hours even with functional anal papillae. It was not possible to establish that an earlier death occurred without anal papillae. Unfortunately it was not possible for me to carry out these experiments also with Eristalinus sepulchralis since I had no material.


In addition I placed tenax and arbustorum in a closed airtight container with boiled water. These individuals were also dead within 10-12 hours. If one uses in this experiment larvae with shrivelled anal papillae, and ligates the breathing tube and hence air respiration, they are already dead within 1-2 hours. In these experiments for all species I used tap water as the medium, and as a control used stagnant water for sepulchralis and diluted manure for the other species. The different media  had no noticeable influence on the results during the course of these short experiments. Different instars behaved in a similar manner.


Ther results were therefore the following. Eristalinus sepulchralis can obtain its oxygen requirements from the water. Whether the oxygen was taken up in the anal papillae or in other body parts, I was not able to determine. Spallianzi [Spallanzani] ligated the breathing tubes of Eristalis larvae, and on the basis of these studies came to the opinion that the larvae are capable of breathing through the cuticle to a certain degree. This contradicts the view as expressed in Schröder’s handbook. There it is stated with reference to Eristalis larvae: “In larvae that live in fluids such as manure, faeces, urine, etc., similar demands are made of the respiratory system as in aquatic larvae, and animals are only present if they do not [need to] obtain respiratory gases from the surrounding fluids”. The two other species studied could not obtained all their oxygen needs from the fluid. Since the longevity of larvae with anal papillae is not greater than those without anal papillae, oxygen uptake is apparently not localised in the anal papillae. However it is actually questionable whether oxygen uptake from the surrounding medium occurs at all, since I could also find no difference between animals in tap water and those in boiled water. As I have already mentioned above, since tenax and arbustorum only occur in sewage, they should be able to take up dissolved oxygen, even though it is of no use since [oxygen] is hardly present in the sewage. In contrast, Eristalinus sepulchralis lives in a medium that always contains oxygen to a certain degree. The rapid death of larvae ready to pupate apparently occurred from a general change in constitution and not directly in connection with the shrivelled anal papillae. Thus larvae that are ready to pupate are for example very vulnerable to changes in the concentration of the medium in which they are living. The fact that larvae in pure water extrude their anal papillae particularly often can also not be interpreted as a need for respiration, as has been suggested, since precisely here is a situation with particularly large amounts of oxygen available, and perhaps only a general unease expresses itself. In my opinion this question of the function of the anal papillae can only be answered on the basis of a comparative study of similar organs in different insect larvae. For example, we find very similar appendages in Ptychoptera (Liriope) contaminata L., which are always extruded. To my knowledge their function is also still unknown. However I should also mention Teichomyia fusca Macq (Muscidae), which also lives in human excrement. This has rosette-like tracheal gills, of which Deegener thought that they could serve to breathe out CO2. Vogler in contrast disputed their respiratory function. We see therefore that this aspect is still not completely understood.

V. Summary

The differences in the anal papillae of various Eristalis species were established, and those of E.tenax, arbustorum and sepulchralis described. These three species overwinter, as does intricarius, as larvae, and probably also as adults. The prolegs of the larvae belong to the mesothorax and A1-6, not as Wahl maintained to A1-7. For the rest I could confirm Wahls’s data on the tracheal system of the larva. It should be noted, however, that the anterior spiracles of the larva first appear after the second moult, whilst the tracheal system of the various instars is very similar.


The various Eristalis pupae differ in size and the shape of their pupal spiracles. They take over from the tracheal system of the larva the anterior part of the main trunks and the lateral longitudinal trunks, in addition to the central part of the anterior commissures and the cerebral branches of the cerebropharyngeal trachea. The first four of the inner and outer tracheae reappear in the pupa. Also the three first pairs of proleg tracheae remain. The anastomoses of the 2nd and 3rd nerve tracheae are found again, in a strongly modified form, in the pupa. Almost all these tracheae have taken up a different shape.


The adult has 9 pairs of spiracles, belonging to the pro- and metathorax and A1-7. The two thoracic spiracles have a lip-closing mechanism, but the abdominal spiracles have a closing peg, handle and band. The closing lips of the metathoracic also involve folds.


The tracheal system of the adult takes over the main trunks and the lateral longitudinal trunks of the pupa, and in addition the anterior commissure, the three pairs of leg tracheae with their anastomoses, the cerebral trachea and the four first inner and exterior tracheae.


From the larva to the adult, there remain the anterior sections of the main tracheal trunks and lateral trunks, the anterior commissure, and the first four inner and outer tracheae, the three first proleg- (ie leg-) tracheae and their anastomoses and the cerebral tracheal branch. In the adult, the tracheal sacs appear, which are mostly novel structures. The tracheal systems of the two sexes are identical in the thorax, show small differences in the head associated with the different condition of the eyes. The largest differences lie in the abdomen, whose posterior half in females is much more richly supplied with tracheae than in males.


From physiological studies I was unable to prove the respiratory function of the anal papillae. E.tenax and arbustorum larvae could not obtain their oxygen requirements from water, whilst this is possible in sepulchralis.
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