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Despite their important position as the closest living prototetrapod relatives, the Dipnoi have received only sporadic research interest. The physiology of adults of the living genera  Neoceratodus, Lepidosiren and Protopterus have been most frequently studied  (Liem,1986; Fritsche et al.,1993; Harder et al.,1999) but larval stages have been poorly studied. Accordingly the following studies were carried out on developmental stages of an African lungfish Protopterus aethiopicus.(Hekel)
Larval and juvenile stages of P. aethiopicus were collected from L. Victoria near Entebbe, Uganda. Respiratory and cardiac movements were observed and counted using a dissecting microscope. At collection the youngest larvae had 3 pr. external gills (equivalent to Stage 35 for P.annectens, Kerr, 1909) but both buccal pumping and surface visits to breathe air were observed. It was thus assumed that four areas, lungs, external and internal gills and the skin were potentially available for gas exchange. 

Results
The responses of branchial and lung ventilatory systems and, in some stages, heart rate were measured on a range of developmental stages during confinement under water and during exposure to normoxic and hypoxic water. The responses are compared with those of adults (McMahon, 1970) to illustrate the development of respiratory systems and their control.

Effects of emersion
Table 1  Variation in viability of P.aethiopicus immersed in normoxic water  (PO2 =120mm.Hg; 16kPa) with no access to aerial ventilation.

	Stage
	External 
	Internal
	Lungs
	Viability Immersed

	Young larva (35)
	3 pairs
	Poorly developed
	Functional:  poorly perfused
	>15days

	Older larva
	2 pairs reduced
	gill slits open
	>50% perfused
	6days

	Juvenile
	Reabsorbed 
	Functional
	Functional
	1-4days

	Small adult
	     “                           
	        “
	        “
	 Approx 24h


Effects of exposure to severe ambient aquatic hypoxia (20mm.Hg, 2.5kPa) with access to air. 

Rate responses of the heart and both branchial and lung ventilation systems of  two larval stages, juveniles and  small adult Protopterus aethiopicus were assessed in normoxic and hypoxic water (Figure 1)

Figure 1. Variation in cardiac and respiratory responses to severe hypoxic exposure during development in Proptopterus aethiopicus.

[image: image1.emf]1

10

100

55 107 150

Time (min)

Log rate

0

2

4

6

8

10

12

Rate

Heart

Gill

Lung

Hypoxia

LARVAE 0.1g 

 

[image: image2.emf]OLDER LARVAE 1.7g

0

2

4

6

8

10

12

14

16

30 35 45 50 55 80 110 120 170

Time (min)

Rate

gill

Lung

Hypoxia

Hypoxia


                                                            [image: image3.emf]JUVENILE  50g

0

1

2

3

4

5

6

7

8

9

72 126 196

Time (min)

Rate

Gill

Lung

Hypoxia

 

[image: image4.emf]SMALL ADULT >400g.

0

5

10

15

20

25

30

35

40

45

40 90 135

Time (min)

Rate

0

5

10

15

20

25

Rate

heart

Gill

Lung

Hypoxic air

No response to aquatic hypoxia


Discussion and Conclusions

During development Protopterus aethiopicus must transfer from fully aquatic to bimodal gas exchange. At hatching no accessory gas exchangers are developed and the larvae must rely on exchange across general body surface.  In later larval stages external gills, lungs and internal gills become functional but larvae can sustain life confined under normoxic water for extended periods (Table 1).

In severely hypoxic water the available aquatic gas exchangers are insufficient. Prior to the development of accessory exchangers, oxygen levels in the nest are enhanced by ‘thrashing’ movements of the bodies of parental adults and probably by outward diffusion of oxygen across the parental gills and body surface. Specialized pelvic fin exchangers as reported for Lepidosiren are not seen in Protopterus.
External gills develop and become functional very early in development and these provide an additional exchange surface while the lungs and internal gills develop. Importantly the external gills do not require the complex musculo-skeletal and neurological developments associated with ventilation of internal gas exchangers and thus can be functional in the early larval stages. 

Perhaps sensibly in an often hypoxic environment, lung ventilation appears to be functional earlier than branchial ventilation and is used predominantly in response to hypoxic exposure even when both external and internal gills are present.  This situation persists into the adult where >90% of oxygen uptake occurs across the pulmonary surface even in normoxic water. Aquatic ventilation alone is not sufficient to sustain oxygen uptake in adults but is maintained at a low level and is  important in the elimination of CO2.
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