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1.  Introduction

The larvae of syrphids represent very different types of adaptation, all biologically very specialised and interesting. A particularly well differentiated type is represented by the limnophilous types, to which belong many large genera, e.g. Eristalis, Myathropa, Helophilus, Chrysogaster, Syritta, Neoascia, etc. Superficiaally the larvae of the limnophilous species appear to be significantly different, but careful anatomical studies show that they always have one and the same groundplan even in extensive details. It is obvious that the different forms must be taxonomically closely related, and that the similarities are not explained as a result of the same adapative pressures in the various cases.


The environmental conditions which have selected directly for the characteristics of the limnophilous syrphid larvae are the respiratory and nutritional properties of the milieu. In the present report of a 4-year study I concentrate on the respiratory adaptations of larval forms present in compost or dung heaps.

2. Study animals

The larvae of Eristalis are seen from an ecological and physiological standpoint as very interesting forms and have therefore often been studied. The animals live in disagreeable places such as dung pools, cesspit mud, etc, where they occur buried in the earth substrate. The rear part of the animal is terminated by a more or less expanded part into something like a rat-tail, so that Reaumur (1740) called them “rat-tailed larvae”. As already mentioned, the present study concerns mainly the genus Eristalis: the particular species studied were sepulchralis, lucorum [=pertinax], tenax, arbustorum, intricarius, all species found especially in these localities.


I also studied larvae of Myathropa florea. I very commonly saw adults flying around the above-mentioned localities, but I did not find larvae. I was able to bring caged adults to produce eggs, which I then placed in cesspit mud that was not too putrid. The eggs hatched and I succeeded in rearing the larvae to a reasonable size, when I preserved them. On certain grounds I have come to the opinion that the normal habitat of Myathropa larvae is to be sought in the pools that are created at the base of wounded trees. Several Helophilus species are always flying around dungpits, and on rare occasions I could rear adults from captive larval material. Equally I sometimes got captured adults to lay eggs which also hatched perfectly well. However, the larvae were difficult to rear. From the exterior, the larvae of Myathropa and Helophilus are exactly the same as those of Eristalis, and they live in the same places. Only by careful study of the larval morphology can one discover any diagnostic features.


One larva very often encountered in dung heaps is Neoascia podagrica. In contrast to the above types, the larva of this species does not occur directly in the manure, but all along the edge of the dungpile. This is caused by their small size and consequently comparatively small tail. I suceeded in rearing adults from larvae collected from the field. I also found adults of this species flying around the dungpiles in large numbers.


The species that has yielded the best insight into the anatomy of limnophilous larvae is Syritta pipiens. The larvae of this species occur in large numbers in the same places as those of Neoascia, and the origin of their restricted distribution is the same, although larvae of Syritta are a little larger, as are their adults. However I could often come across Syritta larvae swimming on the free surface of the manure.


According to Reaumur’s primarily ecological motivated explanation, Eristalis larvae supplied their needs for air with the help of the above mentioned distal part, whch represents a breathing tube (Reaumur 1740: 206). He established that the tip of this elongated posterior part of the body, which represents the distal pair of spiracles, is generally found at the water surface. However, we can also imagine that the skin could play a role in respiratory gaseous exchanges. Spallanzani (1803: 113) found that individuals still survived for a while even when the breathing tube was covered over. Reaumur (1740: 226) and mainly Batelli (1879, from Wahl 1900:5) had the view that a pair of proximal horn-like protuberances upon which open a apir of spiracles played a role in exhalation, but Wahl disputed this since this spiracular apparatus was closed. Trybom (1875: 80) however believed that this apparatus functioned in inhalation.


There remains still one mechanism that probably could play a role in respiration, described in particular detail by Reaumur (1740: 217) and Chun (1875). Chun described that larvae in water extruded a large number (up to 20) tube-like appendages from the anus, “which floated about like a ring around the same position in the water for a time”. Thus Chun adn Trybom, and more clearly Wahl state their opinion that the task of this organ is at least partly respiratory.


As stated above, there are therefore four different mechanisms that might be important for supplying gaseous exchange. First there is breathing out through the breathing tube and its characteristic spiracular apparatus; second, we should think about the anterior spiracles; third, we must discuss the function of the rectal branchial apparatus [anal papillae] from a respiratory standpoint. Finally cuticular respiration comes into question.

3.  The general features of the tracheal system

[...]

4.  Respiratory movements of the tracheal sacs

The most important  part of the tracheal apparatus consists of the two dorsal tracheal trunks. These are found in normal individuals in rhythmic motion whose frequency is extraordinarily variable, and which depends on different external and internal factors. The movement consists of a very rapid contraction of the sacs, followed immediately by an expansion, and then a pause whose length determines the frequency. In contracting, the sacs become thin and broad, and the bands lying almost horizontal in the abdominal cavity are pressed together, but in expansion the sacs become expanded again and take up an almost cylindrical shape.  The motion involves the whole sac at once in its expansion. These ventilatory movements consist not of the action of special muscles connected to the tracheal system, but of the integumental muscles (although naturally working in a special manner).


It is particularly easy to make undamaged preparations of the two tracheal sacs in either their emptied or full state. The sacs are as already stated pressed together into flat bands in their empty condition, and they appear to be substantially shortened because the taenidia now are right next to one another. If they are placed under water in this condition, and a hole punctured into the wall, one finds that they immediately expand and fill with water, since the taenidia then move quite a way apart; therefore this is not only a direct volume increase following a change in the position of the tracheal walls, but also an expansion of their surface [area]. It is therefore obvious that the active, ventilation movements that empty the tracheal sacs arise from an increase of the common internal [haemolymph] pressure brought about by contraction of the musclature of the body wall. The passive movements in contrast bring about the filling of the tracheal sacs, and happen by relaxation of the muscles of the body wall, and the taenidia taking up their normal shape again via an antagonistic effect of the tracheal sacs.


Now as an aside I want to go into a special question. I mentioned that it is possible also to prepare the emptied sac without it being filled with air, even though we have now discovered that a negative pressure exists within it. We therefore also have to reckon with the fact of a shutting off of the air. The site at which this occurs lies directly in the two S-shaped bends in the tracheal trunks. I can suggest no other source for the closure effected here than the fact that the tracheal tubes become strongly kinked during contraction, and that the location of the kink itself creates the closure. Both the distal and the proximal bends function in the same way. The tracheal tubes lying outside the two kinks are not flattened during normal emptying of the tracheal sacs, but are filled with air. I succeeded experimentally in localising the closure in the following manner. I cut off a small piece from the tracheal tube outside the bend in the direction towards it, and at the same time I checked whether the tracheal sac was filled with water or with air; this only occurred when I had cut the sharpest part of the bend. Probably under normal conditions the closure opens by the straightening of the bend.


In the same way I established that the emptying of the tracheal sacs must be very effective, since if it was damaged during preparation under water and as a consequence filled with water, only minimal air bubbles were found in the sacs. That emptying is active whilst the corresponding filling with air is passive, I was able to show in a different way. The animals have the peculiarity of reacting to very slight contact with a sudden relaxation of the muscles of the body wall, so that the body takes up a relaxed consistency. If the animal finds itself in water with the distal breathing tube in contact with the water surface, it immediately comes up to the water surface. Therefore the tracheal system expands following a decrease in muscle tone, and air flows in, and then the specific gravity of the animal is diminished.


But this clears up only a small part of the mechanism of tracheal breathing, because we still do not know whether the above described emptying of the tracheal sacs is an expsiration, and filling of the tracheal sacs an inspiration. One can imagine that for example in tracheal sac emptying the air mass is pressed out of the sacs and into the tissues, instead of into the atmosphere. If this were the case, the similarity with an exspiration would only be apparent [rather than real]. In an analogous manner, we could imagine also the filling of the tracheal sacs. We could easily understand the special importance of the air sacs in the role of a reservoir of air. The following observations give an immediate answer. I allowed the animal to breathe from a small air bubble cut off from the outside world by the meniscus; it was now not difficult to establish that the water meniscus moved to and fro in rhythm with the movements of the tracheal sacs, and in such a way as it was obvious that emptying of the tracheal sacs must be a true exspiration, and their filling a true inspiration. During exspiration, not only the tracheal sacs but also the coarser and finer tracheal branches connected to them emptied, and during inspiration the lost air content was replaced overall. In fact there was a continuous decrease in the air bubble, and therefore a consumption of the air in it, and to explain this, we can perhaps imagine that part of the breathed-in air was breathed out again, whilst the rest was pushed into the tracheoles and there [geriet] under pressure. No such pressure exists in the fine branchings of the tracheal system, since these also retain their band-like appearance during the ‘out’ operation [Hervoroperation] of the emptied air sacs, but which disappeared when the tracheal sac and the coarser tracheal branches were damaged.


But now the question again arises of the importance of the tracheal sacs, since from the above significance as a mechanism of respiration, they cannot play a role as a reservoir of air. Their importance is completely different. We have already mentioned the fact that a large part of the tracheal system consists of stiff tubes which under normal conditions are never emptied. This is particularly the case in the important canal system encountered in the distal breathing tube. The function of the tracheal sacs is to eliminate this dead space, allowing the tracheae of the body to be filled from an effectively ventilated internal atmosphere, instead of being dependent on a predominantly stagnant internal column of air. The tracheal sacs and their mechanism of movement are in fact the phsiological answer to the ecological peculiarities of the milieu of these animals. Larval forms with long distal breathing tubes, mainly Eristalis, without exception have very large airsacs, whilst forms with short distal breathing tubes (e.g. Neoascia, Syritta) have correspondingly reduced airsacs.

5.  The distal breathing tubes and their terminal mechanism

[...]

6.  The anterior spiracles

[...]

7.  Gaseous exchanges through the integument

In the tracheal system of the animal there can be a significant negative pressure. This is particularly present when they are submerged in deep water. After a few hours the animals as a rule float up again as long as the depth is not too great. This reaction which I have studied rather closely is very interesting in this connection. I have established that the floating reaction does not occur in well-boiled water, in contrast to ordinary tap water. Thus it was proven directly that the animals took up dissolved air from the water and could fill their tracheal system with it, whilst the tracheal system very soon fills with water when the dissolved air has been boiled away. The imbibition of water takes place through the tracheoles, but certainly not through the distal breathing tube, since filling with water occurs even when it is ligated. I also established that the nitrogen in the water made floatation possible, whilst floatation remained absent in previously boiled water that has been enriched with O2 or CO2. This latter result is also easy to understand, since the N2 found in the body [hereindiffundierte] is not reduced by a respiratory process, as is the case with O2. That CO2 is useless for floatation is understood from the large absorption coefficient of this gas.


Therefore a transport of gas occurs across the integument, a situation that is of great significance for these animals, although hardly directly connected to respiration. In the tracheoles more or less empty of gas, there exists a negative pressure with a diffusion gradient that forces nitrogen into the body. When N2 is lacking, water is sucked in instead. I have tried to estimate the size of this negative pressure, and for this I have studied both the floating reaction of individuals in water with various levels of N2-content, and also the ability of various animals to float. The limits of this ability were about 2.5 M., for which I used ordinary tapwater as a medium, well agitated with air. The pressure of N2 was 0.79 atm that these animals had at their disposal under these conditions, and because a general diffusion should take place, the pressure in the tracheal system must also have been at most 0.79 atm. or reduced below this, and therefore a reduction of 0.21 atm with respect to the prevailing air pressure. We assume that the specific gravity of the animal with an empty tracheal system is the same as that of the water. Naturally the animal is somewhat heavier under these conditions, but I have established that the specific gravity is only insignificantly higher and hence [this difference] can be omitted from the calculation. Moreover about 0.25 atm negative pressure is needed to overcome the reverse pressure of a 2.5 M water column, and therefore the value of the negative pressure in the tracheal system of these animals must have amounted to at least 0.46 atm (0.21 + 0.25), indeed a significant amount. By studying the floating ability of animals in water of various levels of N2-content, I have arrived at a similar value. Clearly the negative pressure which through the influx of O2-containing air via the distal breathing tube and tracheal sacs of the same size, is 0.46 atm [??not fully understood]. On can appreciate without anything more that such a change in pressure is essential in order to make gas transport possible, since the transport must take place in and out of very fine-calibre tubes. During the short exhalation, the air is rapidly driven out of the tracheoles, and during inhalation air is sucked in again during which a longer time is available for transport. The mechanism of this transport is unknown, but it is possible that the driving power during ventilation of the tracheal sacs and the trunks going out from them is explainable by an increased muscle tone, and likewise [it is possible that] the intake is the result of the tension of the tracheal tubes themselves; thus it is not meant by this that the transporting power is the same in the fine tracheae.

8.  The general features of the anatomy of the branchial system [anal papillae]

[...]

9.  Branchial movements

[...]

In order to summarise the facts mentioned in connection with the description of the anal papillae, I want to emphasize the following: the anal papillae are constructed just like a true gill organ, and have the same function, since the blood is propelled in such a way as to come into as close contact as possible with the peripheral walls of the organ, particularly those of the filaments [fingers]. The papillae form therefore a blood gill, not a tracheal gill as Wahl thought. Corresponding with the function of the papillae is also the condition that the outside medium is set into a particular and suitable circulation because of its mechanism of movement.

10.  Partition of the respiratory function between the tracheal and branchial systems

Here we address the highly significant question: how are the respiratory functions shared between the two systems present, the tracheal system and the branchial system ? It is very obvious that the significance of the tracheal system consists of the fact that it supplies the animal with air, especially oxygen. It is also clear that the anal papillae do not have this function, since the medium in which the larvae are buried lacks oxygen (Alsterberg 1922). Furthermore, I have never found that a submerged individual even when directly dying of suffocation, sought to prevent this eventuality via setting into play its anal papillae. For this to work [to save themselves], instead of this [using their anal papillae] it is necessary to have direct tracheal contact with the air; [but] the anal papillae become involved even in the smallest submersion [??german very obscure]. Upon restitution after a long submersion, the papillar beat gets going gradually at first, reaching its normal frequency after a long time; I have also never been able to establish any phenomena associated with breathing difficulties after removing the oxygen from the atmosphere and replacing it with nitrogen. Under all these conditions, breathing difficulties [dyspnoia] were actually always diagnosed by the [response of the] tracheal system. Instead of this [respiratory interpretation] we have the basis of the hypothesis that the particular function of the branchial system [anal papillae] consists of the absorption of metabolic CO2. One might also imagine that the nitrogen remaining in the inhaled air would be removed via the anal papillae, but this is not the case. When the animals were placed in fizzy water [with bubbled CO2], we find that they take up and consume the separated bubbles of CO2 avidly without further ado, whilst they avoid taking in an atmosphere of absolute N2. After such a CO2 treatment, there followed an intensive use of the anal papillae with an active frequency of movement, but especially with great expansion of the fingers [Filamente], and therefore clear branchial dypsnoia [was] a consequence of CO2 treatment. These various experiments show directly that the use of the anal papillae is dependent on CO2 release, whilst N2 is insignificant in this. This is separated from the tracheae.


As already mentioned, I have established that animals can breathe for some time from a small air bubble, but that they finally leave it, obviously when the O2-content has been consumed. I was also able to show that the volume of each exspired volume of gases was significantly smaller than the inspired volume. Therefore the gaseous oxygen was consumed without the discharged CO2 replacing the gas volume. 


I want now to go over to the physical mechanism of respiration in limnophilous syrphid larvae. In this we have the following phases to consider: the atmosphere outside the animals, in the large tracheal trunks, in the fine tracheae and tracheoles, the kinds of gas in the cells of the body, in the blood, and finally the dissolved kinds of gas in the medium exterior to the anal papillae. The atmosphere outside the animal consists of 79% N2, 21% O2 and only a little CO2, and the atmosphere in the large tracheal trunks should be largely the same, perhaps a little poorer in O2 and at the same time richer in N2. This air is now transported into the tracheoles, and has now changed. Metabolism is continuous in the tissues, consuming O2 and producing CO2; therefore the air in the tracheoles becomes to a greater or lesser degree robbed of its O2-content, whilst in the tissues and the blood there is a corresponding enrichment of CO2. This CO2 must be transported away in one way or another, either into the atmosphere of the tracheoles, or also into the water via the anal papillae. For this transport the CO2 tension in both media is crucial. In the air of the tracheoles the tension is directly proportional to the percentage of CO2 calculated in the volume, whilst the CO2 tension in the water in the first place [in erster Reihe] is determined by the absorption coefficient of the type of gas in question. The absorption coefficient of CO2 is already very high for pure water, and is even greater for milieux which are strongly alkaline because of the constant production of ammonia, in which normally the CO2 tension would work out at a value of zero. From special studies I have established directly that the medium is alkaline in both dung piles and (peculiarly enough) to a particularly high degree in the sap-flow pools of wounded elms. Therefore even a small CO2-absorption would continue [create? - gewähren] a block against further CO2 transport in the same way, whilst CO2 transport from the blood in the direction of medium outside the anal papillae makes free passage always available.


The N2-pressure ratio develops in a completely different way. In the tracheoles the N2 pressure is 0.79 atm at the beginning, but it must increase to still higher values in these tubes because of the continuing O2 transport into the tissues. Also since we assume that in the milieu of the animal so much elemental nitrogen is present that it is in complete equilibrium with atmospheric nitrogen pressure, and therefore the highest that this pressure can reach is 0.79 atm. It is therefore clear that here the transport conditions are created, but with a smaller capacity in comparison to the conditions for CO2 transport. The concentration gradient is small for N2, lying between two high values, and the end positions of the system, the tracheoles and the exterior medium of the anal papillae, are separated by a distance as far as it is possible to be from one another. The concentration gradient of CO2 is large, lying between two values one of which is zero, and the end positions of the system, here the haemolymph and the exterior medium of the anal papillae, are separated only by the epithelium of the papillae. We must establish that such a type of N2 removal was ineffective, and that the O2 influx must be hampered to a large degree. The O2 requirement of the animal must be rather large, to judge from the activity of the animal and its ability to consume O2 quickly from absorbed volumes of air; therefore a large O2 supply is required, a requirement that coincides with the need for the fast removal of N2: these two requirements are satisfied by tracheal breathing. From a rich O2 supply  and a large O2 requirement, there follows a large CO2 production, and consequently a particularly high demand for its elimination: this demand is satisfied by branchial respiration [the anal papillae].

11.  Limnophilous syrphid larvae as adapted amphibian organisms 

[...]

