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Overwintering Strategies in New Zealand Insects
            
          
        

        
by 
Mere Roberts


Zoology Department, University of Auckland

        

          
Insects are the most numerous of all living animal species. The reasons for their success are many and varied but can be directly related to adaptations found not only in the adult, but also in the various life cycle stages. In particular, those adaptations which enable survival during a period of severe environmental adversity are of considerable importance as the survival of the species depends to a large extent upon the success of these particular adaptations. Foremost among these are the overwintering adaptations which enable survival during the rigours of winter. For a large majority of species these include not only sub-optimal temperatures, frosts, and snow, but often the absence of the food source or host, so that normal growth, development and reproductive activity are inhibited. Many species of animals and plants faced with such environmental problems during winter have evolved a variety of survival mechanisms loosely referred to as dormancies, all of which involve either the slowing down or even the complete cessation of normal metabolic and behavioural activity. For such insects, the only alternative to evolving an overwintering survival stage (or dormancy mechanism) is migration out of the region for the duration of the winter, and in fact many insect species rely on this strategy instead of a period of dormancy.

          
Specific overwintering mechanisms such as diapause in insects, or its equivalent in plants — deciduousness — are presumed to have evolved during the Pliocene-Pleistocene Ice Ages in the Northern Hemisphere, when the selection pressures of severe climatic adversity brought about either the extinction of many species, or the development of overwintering survival mechanisms such as diapause. In the Southern Hemisphere, however, and particularly in New Zealand, the severity of this period is thought to have been sufficiently modified by our maritime climate so that relatively few insect or plant species were eliminated. As a result, we not only have a very high percentage of endemic plant and animal species, but there is also considered to



be a very low incidence of diapause (and deciduousness) among our native fauna and flora (Dumbleton 1967). Instead, the occurrence and improvement of adaptations other than diapause, which conferred increasing cold hardiness and which were sufficient to enable survival during our relatively mild winters no doubt became widely established among surviving insect and plant species.

          
However, diapause is not solely an adaptive outcome of severe climatic selection pressures; it may also evolve in response to a number of other limiting factors in the life cycle such as periodic absences of food, or water (or even an excess of water in certain tropical latitudes). In some cases, in which the life cycle of the individual is closely related to that of a host species (animal or plant) a diapause stage may result which synchronises the insect with the seasonal cycle of the host species. According to the ‘Dumbleton hypothesis’, examples of climatically induced diapause in New Zealand insects should be rare or even absent; and any example of a diapause stage can therefore be presumed to have two probable sources: either it evolved in response to environmental pressures other than climate (such as have already been referred to); or the mechanism was evolved elsewhere and imported into this country along with the insect in question. Problems associated with the latter can be easily solved in those cases where the recent arrival of the insect has been observed and recorded. Difficulties can occur, however, in those cases in which the insects' antiquity in this country cannot be accurately determined.

          
The major objectives involved in overwintering studies are thus three-fold. The first involves detailed field studies, noting in particular how many, and which particular stage(s) are present during the winter months and their state of activity. This may range from normal daily activity to various degrees of inactivity or dormancy. Observations on adult activity during winter also involve examination of the state of the reproductive organs, as imaginal reproductive diapause is known in many insects. Identification of any possible environmental limiting factors operating in the field during the winter will assist the second objective which is a laboratory study of the factors that induce and terminate the state of dormancy. Finally interpretations of the findings from both field and laboratory observations have to be based upon a clear understanding of the meaning and definition of the various types of dormancy states commonly referred to in the literature. Unfortunately several of these terms are often used synonomously, i.e. hibernation, diapause and dormancy may all be used with reference to the same overwintering mechanism. Generally, the term dormancy can be used to encompass all types and degrees of growth arrest, which range from briefly and directly induced states of cold torpor to progressively intensifying states of inactivity including quiescence, through to the advanced and physiologically complex adaptation called diapause.

          


          
Many attempts have been made to define these terms and in particular to identify the environmental factors which are involved in their induction (or onset). Recent literature on the subject (e.g. Way 1962; Lees 1962; Danilevskii 1964; Norris 1970; Mansingh 1971) reveal a consensus of opinion that two basic types of dormancy can be distinguished: quiescence and diapause. The former can be defined as cessation of activity for indeterminate lengths of time, in direct response to adverse environmental conditions (commonly temperature) with a correspondingly direct return to normal activity upon termination of the adversity. Quiescence can be found in any or in all stages of the life cycle which are subjected to the adverse conditions. By contrast, diapause is known to occur in only one species specific stage of the life cycle, in almost all known diapausing insects (Beck 1968). This stage, therefore, is the only one which is present and able to survive the period of seasonal adversity. Secondly, it can be distinguished from quiescence by being induced in advance of (i.e. in anticipation of) the seasonal adversity, and then continuing to proceed for a definite period regardless of changes in the external environment. Only when this period of ‘diapause development’ is completed will the diapause be terminated. Observations in the field on the anticipatory nature of diapause and of its ‘timing’ in order to synchronise a particular life cycle stage with the seasonal adversity, have led to the conclusion that an innate ‘clock’ mechanism is involved in this process. While temperature has long been known to influence both the incidence and intensity of diapause, its actual timing has been shown to be based on seasonal information received from the daily photoperiod. This provides an extremely stable and accurate environmental ‘time cue’ as to the time of year, and thus enables the insect to anticipate the onset of the unfavourable season and hence enter diapause before its arrival.

          
An interesting aspect of this discovery is that this reliance on photoperiod by diapausing insects has led to the observation that this photoperiodic process is latitudinally related, and in fact many examples of geographical ‘clines’ in a population of the same diapausing species are known to occur. This is particularly true in facultatively diapausing species in the Northern Hemisphere which can show a gradation in the percentage of diapausing individuals in any one generation ranging from virtually nil at low latitudes, through an increasing percentage with increasing latitude until at very high latitudes an apparently obligate diapause of 100% in every generation is manifested.

          
A survey of the literature concerning overwintering studies in New Zealand insects highlights most of the aspects already mentioned, i.e. problems concerning the introduced or endemic status of some insects; problems in the lack of parallel field and laboratory investigations into the nature of the overwintering stage(s); and problems in the interpretation of the type of dormancy stage. A good variety



of studies is involved including representatives from different insect orders, and from geographical locations ranging from 36° S to 48° S. Despite their relatively small number they provide a fairly comprehensive test of the ‘Dumbleton hypothesis’, and enable some conclusions to be drawn.

          
According to Wilkinson (1964) the tiger-moth, 
Metacrias strategica, in Otago (47° S) appears to overwinter in the larval and pupal stages, the adults having only a very brief life span (approximately 21 days) confined to the summer months. Early instar larval feeding during warm periods then gives way in the cold winter months of June to August to an inactive ‘quiescent’ last larval instar, which overwinters until the approach of warmer spring weather. Because of individual variations in the duration of the larval instars, pupae too may overwinter, and Wilkinson noted that the duration of the pupal instars increased with decreasing winter monthly temperatures. Although no experimental investigations were carried out to determine the nature of the stimuli(s) involved in the onset of this ‘quiescence’, the absence of a total arrest in the life cycle prior to the onset of winter, and of a single specific overwintering stage, along with the observations concerning the relationship of the length of the pupal stage to temperature, are all strongly suggestive of a temperature induced quiescence rather than a diapause. (Unfortunately Dumbleton (1967) cited this as one of the two known examples of a winter diapause in New Zealand.) Spitzer (1970) looked specifically for evidence of either winter quiescence or diapause in the Manawatu (40° S) as indicated by the presence or absence, respectively, of all or only one stage of the life cycle during the winter months. Of at least 23 species of Noctuidae examined, in most the adults, although not numerous, could be found during the winter and in all cases they were reproductively mature. The larval and pupal stages during winter remained active but growth was slowed, and pupal quiescence was ‘probable’ in at least one case. Spitzer concludes that ‘at low altitudes in the North Island diapause does not occur’ (either in the adults, as reproductive diapause) or ‘even in the immature stages although … development may be somewhat retarded’ — this state of growth retardation he terms ‘quiescence’. Because of the low altitude and more northerly latitude of this study, Horak-Kaenel's (1969/70) investigation into the overwintering of 
Proteodes carnifex is of particular interest as it was carried out on an alpine species at high altitudes and latitudes (41° S at the St. Arnaud Range in Nelson, and 45° S at Te Anau). In the Northern Hemisphere at such latitudes and in a known univoltine species, diapause could be expected to occur. In fact, however, although 
P. carnifex constructed a protective winter hibernaculum, it only remained inactive within this cocoon for short spells during heavy snowfalls when feeding was impossible. At every favourable opportunity it emerged to feed on 
Nothofagus cliffortiodes. It appears that despite the high latitude



and altitude, the winter temperatures are not sufficiently severe, at least for prolonged periods, to completely inhibit slow growth and development throughout the winter.

          
The 10 species of Lepidopteran Crambini studied by Gaskin (1975) included both uni- and bi-voltine species, and even geographical races within the one species, which vary according to latitude as to the number of generations per year. The life cycle of 
Orocrambus simplex, a uni-voltine species inhabiting sub-alpine tussock grasslands, is illustrative of the general overwintering trends in this group. The adults and eggs are both present during the summer months while the first four larval feeding stages can be found during autumn. The sixth larval instar appears to be the overwintering stage, remaining inactive (and non-feeding) from April to October. No adults of any of the 10 species were recorded during August and September. In 
O. flexuosellus (on which the greatest number of observations of each stage were made) there is a definite trend within each particular stage of the life cycle for an increase in its duration to occur with the approach of winter: e.g. January egg duration (9-10 days); July egg duration (24-29 days); larval stages 1-4 in March (14-30 days); in May (25-50 days). Without conclusive experimental evidence it is not possible to state categorically that the last larval overwintering stage represents a quiescent rather than a diapausing dormancy stage. However, the evidence of progressive growth retardation in all stages with the onset of lower winter temperatures, along with the overlap in several species of both late larval and pupal stages during winter months are again suggestive of a quiescent rather than a winter diapause mechanism.

          
It is important at this point to emphasise that all insects so far cited are not only endemic but are phytophagous, on evergreen host plants. The existence and the importance of such a year-round food supply for so many of our endemic insects is realised only from comparison with studies on insects lacking such a continuous food supply; in which case this can possible become the limiting factor promoting the evolution of a diapause overwintering mechanism. In the remaining studies, this and other potential diapause-producing factors are considered.

          
The Pompilidae (‘spider-wasps’) studied by Harris (1974) are a case in point. Unfortunately although a large number of these species were studied in considerable detail, only one life cycle is described. 
Priocnemis nitida is a uni-voltine insect present in the adult stage only during the summer months when, because of its strongly positive heliotropism, it is active only in full sunlight. The eggs are laid in summer (e.g. February) and along with a single spider to which each egg is attached, they are placed individually into a protective nest. Within two weeks the larva passes through its feeding stages, completely consuming the spider food supply before spinning the cocoon of the last larval (fifth) instar. Inside this, the



prepupae spends nearly eight months in a completely inactive state before pupating (14-18 days duration) in late spring and emerging as an adult in early summer (e.g. November). Although Harris reports that the prepupal ‘diapause’ could be terminated by chilling at 0° C for three weeks, no other experimental investigations into stimuli affecting the timing and induction of this overwintering stage were carried out. However, there is a strong likelihood that in this insect the overwintering prepupae is in a true diapause, and that this has evolved as an adaptation to the absence of food during the autumn and winter. This absence is probably due not so much to the lack of spiders, but rather to the inability of the adult wasp to collect spiders during the autumn and winter when the heating effect from insolation is too low. Another example of a possible diapause mechanism having been evolved in a New Zealand insect is that of the weevil 
Praeolepra unifomis. This insect displays a close relationship with the seasonal phenology of its host plant 
Coprosma lucida. The eggs are laid in March in the axil of the green fruit and stem, and the developing larvae burrows into the fleshy mesocarp where the first instar feeds externally, while the second instar tunnels in through the hard endocarp and continues to feed inside the seed case on the carpels, and inner walls of the seed coat. The prepupa then overwinters inside the maturing fruit until emergence 16 to 18 months later (i.e. in July and September respectively of the following winter). (B. M. May, pers. comm.)

          
Although details of the degree of host specificity and the adult foodplant of this weevil are not certain, it is possible that the winter emergence of the adults is related to the winter flowering of the 
Coprosma plant. The interesting feature of this life cycle is that it illustrates another environmental factor which is known to contribute to the evolution of a winter diapause mechanism, and that is where the life cycle of the insect is closely adapted to the phenology of the host plant for food and/or shelter. Danilevskii (1964) cites as a ‘typical example’ of this situation the apple blossom weevil whose entire development occurs in the buds of the apple blossom. The adult beetle after emergence enters a diapause state for 10 to 11 months until the following spring flowering of the apple tree. It is quite possible that 
Praeolepra uniformis may have evolved a prepupal diapause for similar reasons; as Danilevskii (1964) notes, ‘such cycles are characteristic of many carpophagous insects.’ Alternatively, the lengthy period inside the 
Coprosma fruit may be spent in a combined larval feeding and prepupal quiescence.

          
The life cycle of 
Pericoptus truncatus, an endemic scarab beetle (Dale, 1963) provides another example which poses interesting ecological problems concerning the existence of a diapause or quiescent stage in the life cycle. This beetle spends its entire life, including mating and reproduction (except for an adult dispersal flight shortly before death), beneath the ground on sandy beaches.



It depends for its food supply on the nutritionally rich but environmentally unstable driftwood zone, as well as on the more stable but nutritionally poorer marram grass zone. Although it thus has a year-round food supply, in both habitats dessication is a problem. Both an egg diapause and a prepupal diapause are suggested in Date's study but the occurrence of two distinct diapausing stages in a life cycle is rare (Beck, 1968). It is possible, however, that in such a precarious and dessication-prone habitat, moisture content may act as a (micro) climatic limiting factor on egg and/or on prepupal development, necessitating a diapause stage in at least some individuals. The resistance of diapause stages to dessication is well known (Danilevskii, 1964) and would thus ensure the survival of some prepupae over the summer dry period, until they were able to pupate the following year. Such a prepupal facultative diapause would result in both the two and three year cycles recorded by Dale. Yet until the environmental factors are known which enable the actual timing and induction of the diapause, the alternative possibility of a state of quiescence, at least in the egg, cannot be discounted.

          
The remaining overwintering studies worthy of note concern those insects which (unlike the endemic species previously mentioned) are of more doubtful, or of recently introduced origin. In such insects it is not surprising to encounter instances of diapausing mechanisms; the problem lies in determining whether they evolved in this country or were introduced with the arrival of the insect.

          
Hardwick (1965) reports a winter pupal diapause in 
Helicoverpa armigera conferta (of the corn earworm complex), varying from 19% at Rotorua (39° S) to 82% in the Nelson (41° S) population. The published status of this insect as a South Pacific sub-species is indicative of its lengthy presence in the area, but the origin of its diapause mechanism was most probably imported along with its adventitious spread into the Pacific. (J. S. Dugdale, pers. comm.)

          
Similarly, the codling moth, 
Cydia pomonella, is of known recent introduction, and it also exhibits a diapause in which the percentage variations in incidence per generation (and hence the occurrence of uni or bi-voltinism) are correlated with different latitudinal locations. (H. C. Waring, pers. comm.)

          
The cricket species in New Zealand represent the most interesting and problematical of overwintering studies, and indeed one species, 
Teleogryllus commodus, is the second of the two examples of winter ‘diapause’ cited by Dumbleton (1967). However, two major problems present themselves when trying to determine the exact nature of the overwintering mechanism in the Gryllidae; one is the uncertainty of origin (particularly of 
Teleogryllus commodus) and the other is (once again) the lack of experimental evidence concerning the environmental stimuli responsible for the timing and induction of the ‘diapause’. It is commonly observable that the uni-voltine life cycle of 
T. commodus in the field, even in Auckland (37° S)



involves an egg diapause of approximately 98% (R. L. Hill, pers. comm.) and that adults are completely absent during winter. In contrast to this high diapause incidence are studies on native Nemobiinae crickets; two studies in particular illustrate a geographical (and hence latitudinal) gradient in diapause occurrence. McIntyre (1969) has looked at differences between a Christchurch (43° S) and a Kaikoura (42.° 5 S) population of 
Pteronemobius sp. and concluded that they represent distinct ecological races, with the Christchurch egg diapause being ‘obligate’ and of ‘high intensity’ while in the Kaikoura population it was of ‘lower intensity’ and ‘facultative’. Comments on diapause formed only a minor part of McIntyre's investigation and were based on insufficient evidence to verify this conclusion. However, her work, together with evidence from cultures of 
Pteronemobius bigelowi and 
P. nigrovus at Victoria University (
G. W. Gibbs, pers. comm.) indicate that an egg diapause mechanism is present in these crickets but that its control and significance are poorly understood at present. It must be facultative in both populations studied by McIntyre, the differences in incidence and intensity merely representing variations in the broad spectrum possible in facultative species.

          
Parkes (1972) also examined two populations of 
Pteronemobius sp. at Hamilton, and the more coastal Kawhia (38° S). Here field studies showed that adults were present throughout the winter months in the Hamilton population, while at Kawhia ‘both adults and nymphs could be found during most of the year’. Parkes concludes that in the Hamilton population a partial second generation may occur in favourable years while at Kawhia, ‘continuous year-round breeding probably occurs’ — which rules out any diapause mechanism at least in the latter population. By contrast 
T. commodus populations at both locations had only a single generation/year, the adults dying out in autumn and only the eggs overwintering in diapause.

          
Although Bigelow (1964) points out that certain morphological differences exist between the New Zealand and Australian populations of 
T. commodus, suggesting its long standing in this country, Parkes (1972) comments that both Gryllinae species (
T. commodus and 
Modicogryllus tepidus) are of introduced origin.

          
In conclusion it appears that to date the investigations into overwintering mechanisms of endemic New Zealand insects do not indicate the existence of a diapause state as distinct from other forms of dormancy, such as quiescence. However, possible exceptions may be the zoophagous ‘spider wasps’, the carpophagous weevil 
Praeolepra uniformis, and the sand-inhabiting scarab 
Pericoptus truncatus. It is interesting to note that each of these insects introduces ecological factors other than that of severe macro-climatic adversities which more commonly promote the evolution of a diapause mechanism.

          
It thus appears that Dumbleton's (1967) thesis relating the lack of a sufficiently severe Pliocene-Pleistocene with the presence of a high



percentage of non-diapausing (or non-deciduous) endemic fauna and flora, can largely be confirmed by our present knowledge of overwintering studies in New Zealand insects. The emphasis of this suggestion is, however, on phytophagous insects with evergreen host plants. If further investigations indicate the existence of a winter diapause in an endemic insect, then factors other than climatic adversities, such as the type of food source or the phenology of the host plant or animal, or even more subtle micro-climatic factors may provide the clue to the selection pressures necessitating the adoption of this overwintering mechanism.
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Introduction
          

          
These practical notes on the microscope are intended for the biologist, who uses a microscope as an analytical tool in his research work. It is not necessary to become a full-time professional research microscopist in order to get the best out of a microscope. For this reason these notes do not go into the laws of optics as applied to microscopy.

          
The ‘biological microscope’ discussed here includes all types in general use in teaching laboratories that employ bright field illumination. The parts of a typical instrument are shown in Fig. 1. Low-power dissecting microscopes, i.e. stereo microscopes, have been omitted as they are easily set up and hence less likely to be used incorrectly.

          
The optical information which can be obtained from a biological microscope (also known as a compound microscope) is sufficient for most biological demands. However, it has its limitations as a bright field observation microscope. Its utilisation can be enhanced by adaptation for dark field, phase contrast, polarised light, differential interference-contrast and U.V. fluorescence microscopy. It should be noted that only modern high quality microscopes can be converted from one phase of observation to another. In fact each one then becomes a specialist instrument. In order not to confuse the beginner this article will deal only with the basic compound microscope. The higher facets of microscopy are nevertheless built on these foundations.

        

        

          

            
The Microscope Image
          

          
Magnification in the microscope is collectively produced by two independent optical systems — objective and eyepiece. The image formed is inverted and reversed, i.e. it is seen upside down, and left to right is also reversed. The objective projects an image which is located below the eyepiece at a point which falls in the front focal plane of the eyepiece (known as the aerial image). The eyepiece, because it is acting as magnifier, enlarges the already greatly magnified image coming from the objective to produce at the exit pupil of the eyepiece an even wider visual angle and thus higher magnification.

          
The objective and eyepiece have been designed to work together to give best results at a particular tube length. 160 mm is one of the standardised tube lengths. This length is the distance from the flanged shoulder of the objective to the upper end of the eyepiece tube.

        

        


        

          

            
Resolving Power
          

          
Resolving power is the ability of an eye or lens system to differentiate between extremely fine lines. When two adjacent objects become so small in apparent size that further reduction results in the eye's failure to separate them, the angle of maximum resolution has been reached. The image-forming power in the optical system of a microscope is naturally much greater than the unaided eye.


[image: Figure 1 A Generalised Bright-FIELD Microscope (1) A, eyepiece; B, diopta ring; C, eyepiece interpupillary slide. (2) Binocular inclined tube. (3) Revolving objective nosepiece. (4) Mechanical stage. (5) Sub-stage condenser assembly: A, swing-out top lens; B, centering screw (one each side of condenser carrier); C, aperture iris; D, filter carrier; E, auxiliary condenser lens. (6) Field stop diaphragm. (7) Lamp mount. (8) Base plate. (9) Coarse focus adjustment. (10) Fine focus adjustment. (11) Sub-stage condenser drive. (12) Operating knob for mechanical stage. (13) Stand with tube carrier.]

Figure 1


A Generalised Bright-FIELD Microscope


(1) A, eyepiece; B, diopta ring; C, eyepiece interpupillary slide. (2) Binocular inclined tube. (3) Revolving objective nosepiece. (4) Mechanical stage. (5) Sub-stage condenser assembly: A, swing-out top lens; B, centering screw (one each side of condenser carrier); C, aperture iris; D, filter carrier; E, auxiliary condenser lens. (6) Field stop diaphragm. (7) Lamp mount. (8) Base plate. (9) Coarse focus adjustment. (10) Fine focus adjustment. (11) Sub-stage condenser drive. (12) Operating knob for mechanical stage. (13) Stand with tube carrier.



          


          
It should be noted that a limiting factor that is generally termed ‘useful magnification’, namely the limit of resolving power, is also to be found at a specific point. Beyond this limit further resolution of fine detail is no longer accomplished even when magnification is further increased by the use of a higher-powered eyepiece. To do so would only increase the initial magnification without resolving any new detail. We can calculate the limits of ‘useful magnification’ by knowing the 
numerical aperture of a particular objective.

        

        

          

            
Numerical Aperture — (N.A. Value)
          

          
The useful magnification of an objective is found by multiplying the N.A. by a minimum of 500 and a maximum of 1000. An eyepiece must then be selected to produce the appropriate magnification up to, or within, these two limits. The numerical aperture is engraved on most objectives. For example, we may find ‘40/0.65′ engraved on a typical ‘medium power’ objective. This indicates that 40x is the objective's magnification and 0.65 is the maximum numerical aperture of its front lens. Multiplying 0.65 by 500 and 1000 gives a useful magnification range from 325x - 650x. As the magnification of the objective is 40x in our example and as total magnification of a microscope is found by multiplying objective and eyepiece magnifications, we can calculate that to remain within the limits of useful magnification an eyepiece should be selected which has a magnification within the range of 325/40 to 650/40— that is, between about 8x and 16x magnification. Eyepiece magnification is normally engraved on top of the eyepiece. To exceed (as many beginner microscopists do) the useful magnification range of an objective by using an eyepiece of too high a magnification only distracts from the excellence of the objective.

          
We have seen that resolving power is the measurement of the degree to which an optical system can create separate images of two points closely set together. This ability to distinguish fine detail is thus not governed by magnification alone but rather by the N.A. value. The higher the N.A. the greater the, resolving power.

          
To help understand the theory behind the formula which determines the N.A. value, one must firstly comprehend that any light entering the optical system of a microscope manifests itself in the form of waves (the fundamental restricting element in all optical microscopes). These light waves have a natural spreading tendency. Furthermore, as they traverse through the specimen and cover glass, they become refracted from the optical axis, i.e. the cone of rays originating at the object. The outermost rays thus fall in intensity as their angle of refraction is increased. Conversely the central area of light is concentrated because of the smaller refracted angle.

          
As Fig. 2 shows, the refractive index of air has been given a numerical value of 1. Objectives which do not employ a refractive medium such as some liquid between the cover glass and the front lens are referred to as ‘dry systems’. Objectives so designed cannot have an N.A. value greater than 1.





[image: Figure 2 Schematic diagram showing how a ‘dry ‘objective fails to absorb all the diffraction of light rays. By using a liquid, e.g. oil, between the cover glass and objective, the numerical aperture is increased so that the lens can resolve all of the diffraction aperture.]

Figure 2


Schematic diagram showing how a ‘dry ‘objective fails to absorb all the diffraction of light rays. By using a liquid, e.g. oil, between the cover glass and objective, the numerical aperture is increased so that the lens can resolve all of the diffraction aperture.



          


          
In practical terms it is impossible to achieve a figure greater than 0.95 for dry systems. This is due to the failure of the aperture angle within the objective to attain a half-angle of 90°, a limiting factor governed by optical theory. If a medium which has a greater refractive power than air is used between the front lens and cover glass (e.g. immersion oil, N.A. = 1.515) a greater angle of acceptance is achieved. Consequently this type of objective, known as an ‘immersion system’, has a superior ability to resolve through the gain in numerical aperture. Immersion objectives are therefore assigned higher N.A. values than those designated to dry systems — and are used to obtain higher magnifications. At this point it is important to stress the influence of illumination and the sub-stage condenser on the microscope's total resolving capability.

        

        

          

            
Illumination
          

          
There are various kinds of illumination on biological microscopes.

          


	(a)
	The most basic type employs the use of daylight via a collecting mirror which has both plane and concave sides. The use of daylight is somewhat inconvenient, because light intensity is so changeable. It is therefore not recommended for prolonged observation.


	(b)
	
              An improvement on daylight illumination is to use a desk lamp with an opalescent bulb. Place it about 25cm from the plane side of the mirror.
              Note: Generally use the plane mirror in (a) and (b). However, when the microscope has no sub-stage condenser or you wish to remove unwanted images cast by the plane mirror, use the concave side.
            


	(c)
	An improvement on (b) is to fit a sub-stage illuminator in place of the mirror. This can take the form of a simple lamp-holder and bulb with a frosted glass screen. More basic models are plugged directly into a 240-volt power supply. Others work with a low-voltage bulb through a transformer with intensity steps. This gives some degree of control over the illumination.


	(d)
	A type of illumination preferable to (c) also uses low-voltage illumination. However, it incorporates two superior features —- a lamp condenser and an iris diaphragm (known as a field stop diaphragm) at the light source. This provides Kohler illumination. This system of exacting control of the light rays will usually be found only on the higher quality microscopes. Nonetheless some manufacturers do make free-standing illuminators of this pattern which can be utilised for microscopes with mirrors.


        

        

          

            
The Condenser
          

          
This assembly has a very important role to play in the total balance of microscope illumination. Its task is to collect as much



light as possible from the light source and to concentrate that light on to the specimen. A good quality condenser ensures that the numerical aperture of the higher-powered objectives is fully utilised in providing maximum resolving power.

          
A basic bright-field condenser can be vertically racked up and down. It consists of a fixed lens and an iris diaphragm. More sophisticated condensers incorporate a swing-out top lens or one which can be screwed off and interchanged. Most microscopes with this type of unit also have the extra facility whereby the condsenser can be centred in the horizontal plane. This is a prerequisite for Kohler illumination unless the light source itself can be centred.

        

        

          

            
Operation and Setting up of the Microscope
          

          
Basic preparatory points are often neglected by the student microscopist.

          
Firstly, it is important to avoid the use of mismatched components on your microscope. Do not use different makes of objectives and eyepieces. They may work and produce a somewhat satisfactory image. However, they are usually not ‘parfocal’ with the other objectives. (Each objective must have the same focal length to the mechanical tube length.) It is important that when the nosepiece is revolved to a different objective, the focal plane does not deviate from the last objective used — a significant factor when changing from low power to an oil immersion system when damage to the objective and specimen can occur if parfocalisation is not maintained. When revolving the nosepiece make sure that it positions itself at the click stop. Failure to do this will cause the objective to be out of alignment with the optical axis. Check, too, that the objectives are fully screwed in. A dirty or finger-printed front lens will give an upsharp image lacking in contrast. When the lamp collector, condenser lens or eyepiece are dirty, this will usually be indicated as blurred spots or flecks which remain in the field of view as the preparation is moved. Their location can be easily found by rotating either the eyepiece, objective or by moving the sub-stage condenser. When using a microscope with a monocular body tube, it is recommended that you keep the unused eye open to lessen eye fatigue. In order not to harm the muscles by this form of ‘disconnection’, the eyes should be used alternately. This problem does not apply to binocular microscopes. However, it is important to adjust the eyepieces for individual interpupillary distance. This is accomplished by lateral movement of the eyepieces until only a single image is seen in union with both eyes. Also the eyepiece must be adjusted to suit the operator's individual eyesight. This is done by focusing sharply on to the specimen while observing only through the fixed eyepiece (the other eye remaining closed). Now open the closed eye and bring into focus the image seen in this eyepiece, by adjustment



of the diopta ring. Some binocular microscopes have diopter rings on both eyepieces, with a small engraved disc set between the eyepieces. The indicated value shown must be transferred to both diopta rings (this compensates for any change in tube length which might have occurred while adjusting for interpupillary distance). If the observer has a visual defect, focus the microscope with the strongest eye only, then adjust the diopta ring of the weaker eye.

          
Often the novice does not correctly relax his eyes while focusing the instrument. The image should be imagined to be set at infinity. Invariably this is mistakenly viewed as if it were closely set inside the eyepiece. This form of accommodation by the eye will be found to be very tiresome. If one is working in a laboratory that has a window, a good practice is to periodically glance at some distant object. You should be able to look from the window back to the specimen image without refocusing. Another good practice is to constantly alternate the focus by means of the fine motion adjustment. This will prevent your eyes from accommodating a fixed point, thus alleviating eye strain.

          
As stated earlier, the most basic illumination device found on microscopes consists of a mirror, either utilising daylight or some form of artificial illumination. For the sake of convenience this has generally been substituted by a fixed light source mounted on the base plate. For this reason we will describe the adjustments required for the latter system. The manner of operation will, of course, also apply to other bright field observation instruments, irrespective of what system is used.

        

        

          

            
Setting up for Critical Illumination
          

          


	1.
	
              Place the microscope in a convenient working position. Switch on the light source, then check that all optical components are clean and that the rest of the instrument is functioning correctly. Before placing a specimen slide on the stage, the following important points must be observed:
              Never try to set a slide under the objective without firstly either lowering the stage assembly so that there is some distance between slide and objective (on some microscopes the stage is fixed and the body tube is the moving part) or, alternatively, if you do not wish to lose your focused setting, you may turn the objective away from the optical path. e.g. slanting it halfway between click stops. However, this is not recommended when using oil immersion objectives, i.e. unless they are of the spring-mounted type (pushed up and locked).
              The above prictice, if adopted, will safeguard the objective's front lens from being inadvertently scratched by the sharp edge of the slide. The importance of this exercise cannot be overstressed and should in time become second nature to the operator.
            




	2.
	Select a low power objective (10x) and locate it in the optical path. While viewing from the side of the microscope, place a suitable slide on the stage in the aforementioned manner. Carefully lower the objective by the coarse motion to within a short distance of the cover glass. Look through the eyepiece and focus the image sharply with the fine adjustment knob.


	3.
	Fully open the sub-stage condenser aperture iris. If a detached light source is used via a collecting mirror make sure that the plane side of the mirror is facing the light source and that the field of view is uniformly illuminated. This can be checked by removing the eyepiece and manipulating the light so that the back lens of the objective is completely filled with light.


	4.
	Rack the condenser to its upper limit. If it embodies a swing-out top lens, place it into operation. Now bring the whole assembly down till the granular diffuser of the light source becomes visible through the specimen. In order to facilitate the location of this image it is suggested you either close down the condenser iris or rotate the illuminator back and forth on its axis. Having thus found the focal plane, slowly move the condenser upwards until the frosted image has just disappeared. If the above adjustments have been carried out correctly, the top lens of the condenser should be seated slightly down from the underside of the stage.


	5.
	
              Finally, rotate the nosepiece to the required objective that is to be used for observation. Remove the eyepiece and look down the tube at the objective. Take care when doing this so that dust does not enter the tube or eyepiece. By using the aperture iris, mask the visible field by approximately one third. It is important to remember that each time a different objective is used the aperture must be correspondingly adjusted.
              A point of caution here. — Never control the light intensity by using the iris diaphragm on the condenser as the resolving power will be adversely affected. Should the image be too bright, regulate the lamp voltage or insert a filter (e.g. neutral density or blue) between condenser and light source.
            


        

        

          

            
Setting up for Kohler Illumination
          

          
Observe and carry out steps 1 and 2 as previously described under Critical Illumination'.

          


	A.
	Open fully the lamp field stop (diaphragm installed in the microscope base). Rack the condenser with the top lens in place to the upper end of its travel, i.e. to the underside of the stage. If your microscope has an auxiliary bottom condenser lens, put it into operation.


	B.
	Having focused on to the specimen, almost fully close down the field stop. Lower the condenser slowly until the image of the diaphragm edge is focused sharply within the specimen. This circle



of light, also called the radiant field stop, must be correctly centred so that it is set in the middle of the field of view. To align it use the centering screws located on the condenser carrier. Microscopes fitted with a fixed condenser, i.e. without centering screws, are adjusted by moving the lamp within its socket mount until the field of view appears centralised. This type of instrument will usually have a ‘sliding insert’ which is located above the lamp assembly. Use this to make the final centering correction. If neither of the above centering descriptions seem to apply, consult the operating instructions supplied with your microscope.


	C.
	Open the radiant field stop until the edge of the diaphragm has just moved beyond view. Finally, check that the whole field is uniformly illuminated. Should it require adjustment, reposition the lamp housing as outlined above.


          
Then carry out step 5 as described under ‘Critical Illumination’.

        

        

          

            
Further Points
          

          


	(i)
	When using scanning objectives, (i.e. objectives with initial magnifications between 2.5 and 4x), swing out the condenser front lens and open the condenser iris.


	(ii)
	Before setting a microscope up for Kohler illumination check if it has a filter between the sub-stage condenser and the radiant field stop. If it has, make sure that it is of the clear type and not frosted glass. The matt surface will obstruct the image of the field stop iris and will thus make it impossible to achieve Kohler illumination.


	(iii)
	Double immersion is the means by which maximum aperture utilisation of a given lens system is obtained. When the condenser's front lens has a high N.A. value, e.g. 1.25 or greater, immersion oil is applied between the underside of the specimen slide and condenser front lens. This will ensure the highest concentration of light rays falling within the objective's front lens aperture.


	(iv)
	If unstained specimens are to be used, close down the condenser aperture till approximately half of the objective's field is masked. This will improve the contrast of the specimen. However, care must be taken not to close down too much, as this will then be at the expense of losing resolution. Unstained specimens are best examined under phase contrast or interference phase contrast. (Methods used for preparations poor in contrast.)


	(v)
	A brief note on synthetic immersion oils. Recent research has shown that most modern immersion oils contain harmful and toxic chemicals, in the form of PCB compounds (polychlorinated biphenyls). When using immersion oil strict care should be taken not to transmit any part of it to the mucous membranes, i.e. lips, tongue, nostrils and eyelids. After use it must be



washed immediately from the hands as it can be absorbed through the skin. PCB-free immersion oil can be obtained, however, from one known manufacturer (Carl Zeiss, West Germany).


        

        

          

            
Hints on Maintenance of the Microscope
          

          
Remove dust and dirt from the microscope body, i.e. painted surfaces, with a damp cloth (never use harsh or abrasive solvents on any part of the microscope) and if required use a small amount of hand soap. Dry and polish with a soft linen cloth. When the above exercise is carried out always remove the objectives and eyepieces (replace with dust plugs).

          
The optical components of the microscope such as eyepieces, objectives and condenser should never be attempted to be dismantled. Clean only the outer surfaces in the following manner:

          

            
Remove loose dust with a degreased (in ether) camel-hair brush or a soft ‘brush-blower’. However, check that the inside of the ‘blower’ is of a type that is chalk-free. Rigid and encrusted dirt should be removed by firstly breathing on to the lens surface and then cleaning with a clean, lint-free cloth. Avoid using circular motions that produce harmful ‘sandpaper’ effects. Lateral movement is far better as it minimises the risk of scratching the lens surface. Should a closer inspection (e.g. with a magnifier) reveal still some residual dirt, try using a cotton wool applicator moistened with a little xylol. (Never use alcohol as this may dissolve the cement between lens elements.) Note of caution here is to remember that xylol is carcinogenic so that inhalation or contact with the skin must be avoided. This also applies to benzene which is frequently used as a cleaner. If possible safer alternative solvents should be used, e.g. diethyl ether. It goes without saying that all chemicals should be used sparingly and with care.

          

          
Never attempt to oil any part of the microscope. Special lubricants have been used in its manufacture. If it requires servicing due to a stiff focusing mechanism, condenser drive or a tight mechanical stage, take the microscope to an authorised workshop.

          
Finally, protect the instrument against dust by covering it when not in use, e.g. plastic cover or placed in a cabinet.

          
In conclusion, remember that the microscope is only as good as the operator and its performance will be dictated by the user's own technique.
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Summary
          

          

            
The zoogeography of moas is compared with that of other bird groups within New Zealand. Moa species tend to be restricted to one or other of the two main islands, whereas the other birds, flightless as well as flying, tend to occur on both islands. The ecology of moas provides no explanation for the contrast. Rather, the anomaly probably reflects faulty taxonomy, several subspecies of moas having been ranked as true species.

          

          
In 1873 Haast, drawing largely on the descriptions of Owen, made the first serious attempt to classify the moas. Subsequently, Lydekker (1891) and Parker (1895) refined the generic definitions, and in 1930 Oliver produced a fully integrated taxonomy. It was further improved by Archey (1941) and Scarlett (1972). There would be general agreement with this skeletal history of the evolution of moa taxonomy. Other writers might add a few more names and dates — they are unlikely to subtract any — but they would recognise the progression I have listed. It passed through a descriptive phase powered by Owen's genius, to a classificatory phase dominated by Parker and Oliver, to a consolidatory phase in which Archey and Scarlett rationalised and economised the previous classifications.

          
Meanwhile, Fleming (1962) placed the extinction of moas in ecological and historic perspective. Far from being a puzzling and protracted episode reflecting an obscure conjunction of unknowable circumstances in the early Holocene, the extinction stood revealed as an event modern in its timing and abrupt in its duration. Most species of moas were still extant in 1600: while Cromwell was making Ireland safe for potatoes the Polynesians were making New Zealand safe for kumaras.

          
Classification of incomplete specimens usually goes through a stage when species proliferate. The moas provide no exception. The trend reached its apogee with Rothschild's (1907) 38 described species, many of them based on single bones. Oliver (1930) reduced the number to 22 which he divided between two families, the Dinornithidae and the Anomalopterygidae. Subsequently Archey (1941), who had access to a wider range of material, continued this rationalisation by reducing the number of species to 19. His sensible scheme was made possible by his study of variation within species, thereby enabling him to reject those taxa that fell within the range of variation of others. He accepted Oliver's (1930) families, and subdivided the Anomalopterygidae into the sub-families Anomalopteryginae and Emeinae.

          
Oliver's classification of 1949 is based largely on Archey's (1941) scheme. Into this he injected a further nine species required by study



of new material. One of these can immediately be rejected as an accident of labelling (Scarlett, 1969) to lower the tally to 27 species. The Checklist Committee (1970) tidied up this classification by reducing the number of species to 25 and indicating that at least two of the remainder might not stand up to close scrutiny. Table 1, giving the species recognised in the checklist, corrects a couple of misprints in that list.



Table 1


Species and Ranges of Moas Given by the Checklist Committee (1970)

	Species
	Range


	
Anomalopteryx


	
	
antiquus

*
	
	S.I.


	
	
didiformis
	N.I.
	S.I.


	
	
oweni
	N.I.


	
Megalapteryx


	
	
didinus
	N.I. (rare)
	S.I.


	
	
benhami
	
	S.I.


	
Pachyornis


	
	
elephantopus
	N.I. (rare)
	S.I.


	
	
mappini
	N.I.


	
	
septentrionalis
	N.I.


	
	
australis
	
	S.I.


	
	
murihiku
	
	S.I.


	
Emeus


	
	
crassus
	
	S.I.


	
	
huttoni
*
	
	S.I.


	
Euryapteryx


	
	
curtus
	N.I.


	
	
geranoides
	N.I.


	
	
gravis
	N.I.
	S.I.


	
Zelornis


	
	
exilis
	N.I.


	
	
haasti
	
	S.I.


	
Dinornis


	
	
novaezealandiae
	N.I.


	
	
robustus
	
	S.I.


	
	
giganteus
	N.I.


	
	
maximus
	
	S.I.


	
	
struthoides
	N.I.


	
	
torosus
	
	S.I.


	
	
hercules
	N.I.


	
	
gazella
	N.I.



          
McDowall (1973) complained that there were still too many species for his liking. He looked at the problem as a zoogeographer rather than as a taxonomist, pointing out that the late tertiary history of New Zealand did not provide the necessary conditions for a radiation of this magnitude, and that none of the other groups of birds radiated in this way.

          



* Of doubtful status




          
I have another complaint. It might appear to be opposed to McDowall's, but actually it comes down to much the same thing: there are not enough subspecies. Table 2 divides four classifications of the moas, and two groupings of extant birds, into three categories: those species occurring only in the North Island, those common to both islands, and those only in the South Island. The extant birds (which for the purpose of this analysis are defined as species alive within the last 150 years) are divided into flying and flightless forms. They include only those species peculiar to New Zealand. Offshore island forms and all sea birds, shore birds and water birds are excluded. The data of Table 2 reveal no significant difference between the distributional patterns of flying and flightless extant species, but both of these groups differ significantly from the moas in the ratio of North Island: common: South Island species. Moa species, as presently recognised, tend to be restricted to one or other of the main islands whereas the extant species tend to be on both, usually with one subspecies on each island.



Table 2


The Pattern of Distribution of Bird Species in New Zealand

	Group
	Exclusively N.I.
	Common to both islands
	Exclusively S.I.
	Total


	Moas (Oliver, 1930)
	6
	4
	12
	22


	Moas (Archey, 1941)
	8
	3
	8
	19


	Moas (Oliver, 1949)
	9
	6
	12
	27


	Moas (Checklist, 1970)
	11
	4
	10
	25


	Extant flightless birds other than moas
	0
	5
	1
	6


	Extant flying birds

*
	3
	17
	5
	25



          
Taken at face value Table 2 suggests that the zoogeography and hence ecology of moas was quite different from that of the other birds. Circumstantial evidence as to the ecology of moas is thin, but what data are available on distribution, diet and the species of birds associated with them in sub-fossil deposits, suggest that most forms, if not all of them, lived in forest and along the forest edge (Simmons 1968, Gregg, 1972). Moas ranged from sea level to the upper timber line and penetrated the alpine grassland beyond. Habitat requirements for most species were probably generalised in much the same way as are those of kiwis today. Ecological counterparts of the moas are more likely to be found with the forest-dwelling cassowaries of northern Australia and New Guinea than with grassland forms such as emus and ostriches. There is no evidence to suggest that the ecology of moas was in any way strange or remarkable; ecology provides no explanation for the strange zoogeography implied by their current taxonomy.

          



* See text for further definition.




          
A more likely explanation is that the zoogeography of moas is much the same as that of the rest of the New Zealand avifauna but that this is not reflected in their current classification. The dearth of species occurring on both islands need reflect no more than an unwarranted assigning of species status to North Island and South Island subspecies. Interestingly enough, Archey (1941, p. 62) came within a whisker of this interpretation in his treatment of the genus 
Dinornis. He remarked that the series in the South Island — 
D. torosus, D. robustus, D. maximus, ranked in ascending size — was paralleled by the analogous series 
D. struthoides,* D. novaezealandiae

* and 
D. giganteus in the North Island. Scarlett (1972) explicitly invoked subspeciation to explain these similarities, but then awarded species status to all six forms in his informal list of species. Since, in each case, the South Island form is a little more robust than its North Island equivalent, there seems little reason to suspect anything more than straight-forward subspeciation conforming to Bergman's rule. Similar comparisons can be made with species-pairs of the other genera.

          
I am actively dissatisfied with the checklist classification, but my dissatisfaction is founded on distributional anomalies rather than on morphology. Hopefully taxonomists will take a closer look at the taxonomic relationships deduced from the size and shape of bones. Luckily they are not entirely satisfied with the prevailing scheme witness, for example, Scarlett's (1972) drubbing of Oliver's (1949) genus 
Zelornis and Cracraft's (1976) conclusion that only 13 species should be recognised. As Dwyer (1976) and others have argued, if it is to have any evolutionary meaning a classification must make sense according to ecological and zoogeographic criteria as well as according to morphological criteria. My considerable fund of osteological ignorance does not, of itself, disallow a critical interest in the classification of moas. Nor does it disqualify me or any other ecologist from questioning the biological reality of this or that ‘species’ which, although perhaps morphologically distinct, is ecologically anomalous.

          
There are four areas in which ecology can say something useful about the classification of moas:

          

Sexual dimorphism: We know from extant species that ratites can be sexually dimorphic, particularly with regard to size. So far no bimodality of size has been detected within any species of moa. Strange? An ecologist would suspect strongly that he was dealing with sexual differences if two forms shared a common distribution and were found together consistently in ratios not significantly more disparate than 1:4.

          



* These are not the names used by Archey or by Oliver. In 1954 the International Commission of Zoological Nomenclature replaced 
novaezealandiae, as used by Archey and Oliver, with 
struthoide, and their 
ingens then became 
novaezealandiae.




          

Subspeciation: If two forms, one on each of the main islands, are morphologically closer than is either to other species of that genus with which it is sympatric, then subspecies status is the most economic and conservative interpretation.

          

Misclassification: If a form is well represented on one island but occurs rarely on the other we can reasonably question its occurrence on the latter island. It may be misidentified there or the locality label may be in error. Neither circumstance is unprecedented.

          

The one-off problem: If a species is erected on a single specimen (e.g. 
Dinornis gazella, Pachyornis murihiku, and 
Megalapteryx benhami), or a particular bone 
(Dinornis hercules), we should wonder why, with the wealth of material available, further specimens have not been discovered. Does the specimen represent a morphological extreme of some well-known species? Ecologists tend to distrust this kind of data for two reasons: they are conditioned to question the significance of an unreplicated event, and they would view as anomalous the corollate implication that several species of moa were extraordinarily rare. It might be as well to keep these ‘species’ on a suspense list, transferring them to the list of species we are sure of only after further material is unearthed in support of the original diagnosis.

          
Probably the most efficient instrument for tightening up the current classification is a multivariate analysis of a large number of bones collected, without judgement as to species, from both islands. The first question we might ask of it is how many distinct morphological groups (clusters) can be recognised within the moas. These groups would then be investigated further to determine which are sexes, which races and which species, by use of distributional criteria similar to those listed above. The problem of deciding which bones belong to which specimen can be avoided by restricting the analysis to one bone (femur, tibia) or a single fused bone sequence (cranium, pelvis, sternum, metatarsus).

          
As a means of determining how large a sample might be required for this exercise I ran a preliminary analysis on the measurements of 60 pelves and 85 crania recorded by Oliver (1949). Three multivariate techniques (Principal Component, MULTBET, MULCLAS) generated clusters mainly on the basis of the absolute size of specimens. The measurements were therefore converted to ratios and re-analysed. This time the clusters produced interesting relationships at and above the level of genus, but these samples were too small to allow resolution at the level of species. A sample of around 500 is needed, and that requirement rules out crania, and probably also pelves. The answer seems to lie with leg bones, but if these were used the sample size should be increased further or the number of measurements taken from each should be expanded well beyond the standard set.

          


          
But does it all really matter? Is the questioning of the number of moa species a first cousin to the debate over the number of angels that can dance on the head of a pin? It does matter. The New Zealand avifauna provides unparalleled opportunities for cracking some of the larger general problems of zoogeography and evolution. Because the tertiary and quaternary geological history is known with fair precision, and that knowledge improves each year, before long we should be able to calculate rates of speciation and subspeciation for the birds. Few other countries provide this opportunity. If there is a pattern of distributions common to several species in New Zealand it can be summarised as a zoogeographic model of how this came about in terms of what is known of the geological history. The hallmark of a useful zoogeographic model is its generality, the extent to which it accounts for the distributions of many species, not just one or two. But any attempt to produce such a model runs headlong into 25 species of moas doing something else. Until we know if the moas are, in fact, zoogeographically distinct from the rest of the avifauna, avian zoogeography in New Zealand will hang fire.
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Introduction
          

          
It is characteristic of an oceanic island that its fauna, in comparison with that of an adjacent continent, is an impoverished one (Falla, 1953). Thus Australia (including Papua/New Guinea) has 66 species of ticks, 52 of which are indigenous whereas the New Zealand sub-region has only 9 named species of ticks. 3 of which are endemic and 6 of which also occur in Australia. One further species, an as yet unnamed argasid from a native bat 
(Mystacina tuberculata), was collected recently from North Auckland (
G. W. Ramsay, pers. comm.).

          
The origins of New Zealand's tick fauna and its affinities with those of other countries in the Pacific region have received little attention. The aim of this paper is to investigate the possible origins and means of dispersal of our tick fauna and to place the New Zealand Ixodidae and Argasidae within the framework of current biogeographical knowledge. The data used for this purpose come from a large number of host and locality records, and from publications on bird migration, geology and vertebrate palaeontology.

        

        

          

            
Tick Biology and Dispersal
          

          
Ticks are blood-feeding, obligate ectoparasites of vertebrates and are related to spiders and mites. There are two families — the Ixodidae or hard ticks, so called because of the presence of an inflexible dorsal scutum, and the Argasidae, or soft ticks that have a leathery cuticle and no scutum.

          
Ticks can cause anaemia, paralysis and death of their hosts and, in addition, are among the most successful of those arthropods that transmit viral, protozoan and rickettsial organisms to man and other animals.

          
Members of both tick families pass through egg, larval, nymphal and adult stages. The Argasidae can have 2 to 7 nymphal instars whereas the Ixodidae have a single nymph stage. Some Ixodidae are 1 or 2-host ticks but most utilise 3 hosts. In other words, each of the 3 feeding stages is punctuated by a free-living phase. During this latter period, the engorged tick moults (if a larva or nymph) or oviposits (if a female) and the ensuing unfed stage later becomes parasitic on another host. Feeding times range from 4 to 21 days (Balashov, 1972) with larvae feeding more rapidly than adults or nymphs.

          
The Argasidae are mainly multihost ticks and contrast with Ixodidae in that the feeding times of nymphs and adults vary from



minutes to, at most, a few hours. At the same time, the larvae of some Argasidae may remain attached to the host for some days but in view of their short feeding periods, widespread dispersal of the feeding stages of Argasidae by land or sea birds seems unlikely. In contrast, the Ixodidae remain attached to the host for long periods while feeding and could be dispersed by bird hosts. Nevertheless, carriage of the eggs of both families in mud or similar material on the feet of birds could occur and a phoretic association between an unfed tick and a vertebrate is another likely means of dispersal.

          
The time spent off the host by members of both families depends upon the stage of development reached, the ambient temperature and humidity, and the availability of hosts. The unfed, questing stages of some species of Ixodidae can live without food for at least one year. Some Argasidae have been known to survive for 10 years without a blood meal. Such survival ability would be of considerable value to ticks on isolated, infrequently visited islands or in generally inhospitable areas where hosts only appear sporadically.

          
The duration of the incubation and premoulting periods can range from days to months, depending upon the temperature and humidity within the immediate environment (Heath, 1974). Generally, low temperatures and low humidities can retard moulting or incubation to the extent that eggs or engorged stages of ticks could be carried over long distances stuck to birds' feathers or feet. Ticks carried on sea-birds face the problem of immersion in sea water but there is evidence (Murray and Vestjens, 1967; Sutherst, 1971) to show that tickets are capable of withstanding prolonged immersion in fresh as well as exceedingly stagnant water, thus periodic immersion in sea water may not disadvantage them.

        

        

          

            
The Endemic New Zealand Tick Species
          

          

            
There are three endemic species of ticks occurring in New Zealand: 
Aponomma sphenodonti Dumbleton, the tuatara tick, 
Ixodes anatis Chilton, the kiwi tick, and 
I. jacksoni Hoogstraal, the cormorant tick.

          

          

            
Aponomma sphenodonti Dumbleton

            
The genus 
Aponomma contains about 25 species (Roberts, 1970). Five species are found in Africa, 8 in the Australian-New Guinea-Indonesian region and 4 in the Americas (Hoogstraal, 1956). The genus is unknown in Europe. Most species occur on reptiles and exhibit remarkable host and geographic specificity, factors which could indicate considerable antiquity.

            
The first rhyncocephalid reptiles, forerunners of the tuatara, appear in the fossil record in the Lower Triassic (Fleming, 1962a). They are known also from East Africa and South America, but probably became extinct, except in New Zealand, in the late Cretaceous or Tertiary (Robb, 1973). This geographical distribution



could be explained in terms of the continental drift hypothesis (Keast, 1971; Hallam, 1975). Darlington (1965) offers the opinion that New Zealand has been isolated from all habitable continents at least since the beginning of the Tertiary, and this could have ensured the isolation of the tuatara on the early New Zealand land mass.

            
The tuatara probably dates from the lower Cretaceous (Fleming, 1975) and fossil evidence indicates that it was once widespread on the mainland (Crook, 1975). New Zealand's coastline in the Eocene extended into the 
Hauraki Gulf and Bay of Plenty (Fleming, 1962a) where most of the 12 tuatara islands now lie (Fig. 1). Post-Eocene geological changes isolated the islands and the tuatara, the latter presumably succumbing to predation pressure on the mainland and becoming extinct.


[image: Fig. 1: The distribution of three endemic New Zealand ticks, an indigenous species, Ixodes eudyptidis and the introduced species, Haemaphysalis Iongicornis. Data from various sources (see text).]
Fig. 1: The distribution of three endemic New Zealand ticks, an indigenous species, 
Ixodes eudyptidis and the introduced species, 
Haemaphysalis Iongicornis. Data from various sources (see text).



            
The reptile and its tick are known to occur together only on Stephens Island (I. G. Crook, pers. comm.). One could speculate that if the tick is found on any of the other offshore islands, it will possibly show a pattern of subspeciation due to the long isolation of these separate tick populations.

            


            
When the systematics of the genus 
Aponomma are finally unravelled, it may be possible to show whether 
A. sphenodonti has African or South American affinities, especially since its host has at least tenuous links with those continents.

          

          

            
Ixodes anatis Chilton

            
This species was first described from the North Island kiwi, 
Apteryx mantelli, and occurs in both islands (Fig. 1). It is chiefly regarded as a kiwi tick, the only other recorded hosts being the grey duck, 
Anas superciliosa, a colonist from Australia, and the Canada goose, 
Branta canadensis, which was introduced from North America. The earliest known kiwi dates from the Quaternary although Reid and Williams (1975) are inclined to accept Fleming's (1962b) hypothesis that the ancestor or ancestors of the kiwis and moas colonised New Zealand during the Upper Cretaceous.

            
The affinities of 
I. anatis are not clear, although Dumbleton (1963) felt that the tick may be contemporaneous with the kiwi and could be included in the subgenus 
Sternalixodes which occurs on land mammals in Australia. However, I find little agreement between Dumbleton's (1953) description of 
I. anatis and Roberts's (1970) definition of 
Sternalixodes.

            
There still remains the possibility of an Australian origin for the tick, as Reid and Williams (1975) infer that the New Zealand and Australian ratites are more closely related to one another than to those in South America or Africa. Unfortunately, no ticks are known from Australian ratites with which comparisons can be made.

          

          

            
Ixodes jacksoni Hoogstraal

            
This species was only recently described from New Zealand by Hoogstraal (1967) and its affinities are not yet clear. It is held that 
I. jacksoni and 
I. uriae share a relationship within the subgenus 
Ceratixodes (Dumbleton, 1973), a group which, until now, had had 
I. uriae as its sole representative. Hoogstraal (1967) does not share Dumbleton's (1973) view but these differences of opinion do not clarify the degree of relationship between the species.

            
The only known host for 
I. jacksoni is the spotted shag, 
Stictocarbo (= Phalacrocorax) punctatus, a sedentary species which occurs only in New Zealand. Further collections, especially from shags in other areas of the southern ocean, are a necessary prerequisite to any further speculation on the origins of 
I. jacksoni. Shags, together with penguins and petrels, probably constituted the largest component of the early sea-bird fauna of the southern ocean (Oliver, 1955) and 
I. jacksoni may, in time, be no longer regarded as endemic to New Zealand.





[image: Fig. 2: The circumpolar distribution of sea bird ticks. Data from various sources (see text).]
Fig. 2: The circumpolar distribution of sea bird ticks. Data from various sources (see text).



          

        

        

          

            
Indigenous New Zealand Species
          

          

            
Ixodes eudyptidis Maskell

            
This species occurs commonly on penguins in New Zealand and there are also records of the tick from Australia on a penguin, a gull and a gannet (Roberts, 1970). Because the tick appears to be so common in New Zealand and because there are so few Australian records (Fig. 2) I suggest that we have ‘exported’ 
I. eudyptidis to Australia. This could have been effected by the little blue penguin 
(Eudyptula minor) or by gannets 
(Sula bassana serrator). The latter are known to make east to west Tasman crossings (Stein and Wodzicki, 1955). Although a proportion of New Zealand's plant and animal life appears to have come from Australia, a modest flow of organisms to Australia from New Zealand is a distinct possibility (Fleming, 1976).

            

Ixodes eudyptidis is very similar to, but distinguishable from 
I. kohlsi, a tick which is restricted to Australian waters. The latter species is common on the Australian race of the little blue penguin and has also been found on gannets (Roberts, 1970). Dumbleton (1961) felt that because of the absence of significant overlap in the distribution of 
I. eudyptidis and 
I. kohlsi, the home range of the hosts did not interdigitate. He was also of the opinion that the



penguin ticks of Australia and New Zealand did not arise and evolve from the same stock in parallel with the subspeciation of the host. Without going into the origins and relationships of penguins in detail, it would appear as though ticks from two different stocks have adopted the same hosts in both New Zealand and Australia (Dumbleton, 1961). This thesis, however, does not preclude colonisation of Australia by an endemic New Zealand tick.

          

          

            
Ixodes auritulus-percavatus groups

            
All the species within these complex groups appear to be closely related although they are different in form.

            
The relationships and localities of the various species as presently accepted, are set out below using data from Zumpt (1952), Arthur (1953), Roberts (1970) and Dumbleton (1973). The question marks serve to emphasise Arthur's (1953) contention that 
I. percavatus is synonymous with 
I. auritulus and that 
I. rothschildi deserves specific ranking instead of its earlier status as a variety of 
I. percavatus.


[image: ]

            
In addition to the above species, 
I. kerguelenensis, Kerguelen Island (Arthur, 1960b), 
I. kohlsi, Australia, and 
I. diomedeae, Tristan da Cunha (Murray, 1967), are other sea-bird ticks of the south circumpolar region which may one day be found in the New Zealand subregion.

            

Ixodes auritulus s. str. occurs almost without exception on land-birds in North America (Cooley and Kohls, 1945). The New Zealand material, being found exclusively on sea-birds, was assigned a sub-specific ranking by Dumbleton (1973). A South American form, 
I.a. auritulus, was described by Kohls and Clifford (1966) and is almost indistinguishable from 
I. auritulus material in Australia (Roberts, 1970). 
Ixodes a. zealandicus has not been recorded north of the equator, although the tick has been taken on the sooty shearwater 
Puffinus griseus. Dumbleton (1973) feels that carriage of this subspecies to the Northern Hemisphere would be unlikely to be followed by permanent colonisation by the ticks. It is possible, however, that godwits, 
Limosa spp., may carry the tick north (Dumbleton, 1973) so further examination of these birds is necessary.





[image: Fig. 3: The range of Puffinus griseus and distribution of Ixodes uriae. Base map for range and breeding areas of P. griseus from Palmer (1962). Other data from numerous sources (see text).]
Fig. 3: The range of 
Puffinus griseus and distribution of 
Ixodes uriae. Base map for range and breeding areas of 
P. griseus from Palmer (1962). Other data from numerous sources (see text).



            
There is a likelihood that the New Zealand subspecies of 
I. auritulus has been derived from a North American parent stock but the different host preference tends to contradict this view. In fact Arthur (1960a) expresses the doubt that 
I. auritulus is a sea-bird tick at all.

            
The 
auritulus and 
percavatus complexes along with 
I. kerguelenensis, I. kohlsi and 
I. diomedeae may be a recently evolved group of species, with origins in the southern oceans and having no affinities with the Northern Hemisphere at all. The parent form(s) can only be speculated upon but the stock(s) could presumably have become isolated during the break-up of Pangaea.

          

          

            
Ixodes uriae White

            
Study of this species has generated some interesting theories because of its bipolar distribution (Fig. 3). Schulze (1938) discussed the distribution of 
I. uriae and suggested that this could have been achieved either by land bridges or by dissemination of the tick's eggs by migratory sea-birds. Conversely, the tick could be a relic of a Tertiary fauna separated by continental drift (Pfeffer's hypothesis).

            
There is no morphological evidence of subspeciation in either the Northern or Southern Hemiphere populations and Schulze (1938) attributes this to the similarity of the two polar environments.



However, no attempt has been made to interbreed representatives of the two populations and this would be a more certain method of clarifying the situation.

            
The distribution of 
I. uriae could be explained by birds carrying tick eggs on their feet from their breeding grounds to their overwintering regions. The ticks themselves do not appear to remain attached to the host for long enough to ensure that another hemisphere could be reached (Murray and Vestjens, 1967). On the other hand, Amerson (1968) found an 
I. pterodromae which was believed to have remained attached to a bird which had flown a distance of 4800 km, so the feeding stages of some ticks may become widely dispersed.

            
A number of birds, including the sooty shearwater 
Puffinus griseus (Fig. 3) and Wilson's storm petrel, 
Oceanites oceanicus, are transequatorial migrants (Serventy, 1953; Palmer, 1962) but only the former species has been found infested with 
I. uriae.

            
Circumpolar distribution in both the Northern and Southern Hemispheres could be accounted for by a large range of hosts including penguins, albatrosses, skuas and puffins (Nuttall, Warburton, Cooper and Robinson, 1911; Nuttall, 1912, 1916; Johnston, 1937; Senevet, 1937; Cooley and Kohls, 1945; Hoogstraal, 1954; Gregson, 1956; Dumbleton, 1961; Arthur, 1963; Gressitt, 1964; Wilson, 1964, 1967; Theiler, 1971). In addition, Falla's (1960) comments on oceanic birds as dispersal agents support the view that many sea-birds fly considerable distances and do regularly visit oceanic islands. On the other hand, there is some doubt (G. van Tets and C. J. R. Robertson, pers. comm.) that the distribution of 
I. uriae in the circum-south-polar region is related to bird movement in this area (see Fig. 2). The birds on which the tick has been found apparently do not normally indulge in ‘island hopping’, although it is possible that heavily tick-infested birds are forced to rest on islands and so disseminate 
I. uriae. Arthur (1963) records the debilitating effect of heavy 
I. uriae infestations and affected birds could have their flying ability reduced.

            
There are no indications as to which hemisphere is the ancestral home of 
I. uriae although the possibility cannot be discounted that two separate stocks of ticks evolved in parallel or converged.

          

          

            
Ornithodoros capensis Neumann

            
This species is essentially a tropical and subtropical species with a wide distribution throughout the Pacific (Fig. 4).

            
Until recently this was the only argasid tick known to occur in New Zealand (
G. W. Ramsay, pers. comm.). The species has now been found on both the east and west coasts of the South Island and on the Kermadec Islands (Ramsay, 1967; Dumbleton, 1973) and throughout its range is mainly associated with sea-birds (Amerson, 1968; Theiler, 1971).

            


            
On present evidence the tick's presence in New Zealand can be linked with two species of birds. One is a turnstone, 
Arenaria interpres, a land bird from the Holarctic region. The other is the brown booby 
Sula leucogaster which does not range further than 40° S (Fig. 4). Both species commonly visit New Zealand and spend some time here (Baker, 1963; Kinsky, 1970). Both birds have been found infested with 
O. capensis (Amerson, 1968).

            
I suggest that either 
S. leucogaster or 
A. interpres may have introduced 
O. capensis to New Zealand from the Coral Sea or the Central Pacific. Furthermore, 
O. capensis could have been introduced to Australia from New Zealand as well as from a Central Pacific source. Gannets which regularly fly to Australia from New Zealand (Stein and Wodzicki, 1955) could have introduced the tick or its eggs to Australia, although these birds have not been found to be infected. However, their nesting sites at Cape Kidnappers, which are commonly visited by 
S. leucogaster (Kinsky, 1970) have been found infested with 
O. capensis (Ross, 1971). In addition, 
A. interpres is a common associate of gannets on the Australian east coast (G. van Tets, pers. comm.). Although less likely, the little blue penguin could have carried ticks from New Zealand to Australia. This penguin is the only known host of 
O. capensis in Australia, but it is improbable that an argasid tick with its short feeding time would reach Australia in this way or withstand long immersion in sea water.


[image: Fig. 4: Distribution and possible dispersal agents of Ornithodoros capensis. Base map for distribution of O. capensis from Amerson (1968). Other data from various sources (see text).]
Fig. 4: Distribution and possible dispersal agents of 
Ornithodoros capensis. Base map for distribution of 
O. capensis from Amerson (1968). Other data from various sources (see text).



          

        

        


        

          

            
An Introduced Tick
          

          

            
Haemaphysalis Iongicornis Neumann

            
The genus 
Haemaphysalis contains a world-wide total of about 150 species with representatives in Africa, Russia, Europe, the Americas and Asia which has the majority of species (Hoogstraal, 1956).

            

Haemaphysalis longicornis is the only tick of economic importance in New Zealand. It feeds on sheep and cattle and also infests many mammalian and avian hosts (Myers, 1924). The tick occurs on both islands as shown in Fig. 1 and is particularly abundant in the northern half of the North Island (Heath, 1973).

            
The species is found in a number of countries in the Western Pacific (Hoogstraal, Roberts, Kohls and Tipton, 1968) and probably came from Japan, reaching New Zealand via Australia (Hoogstraal 
et al., 1968). Because 
H. longicornis has been in this country for a relatively short time and with cattle as the generally accepted introductory agent, there is no need to invoke other theories for its presence. Nevertheless, Myers (1924) suggests a number of alternatives.

          

        

        

          

            
Conclusions
          

          
As Fleming (1963) suggests, Australia is well placed to supply New Zealand with animal and plant colonists. In fact, the bulk of New Zealand's plant and animal life appears to be closely related to the Australian biota. Many northern and southern elements are shared by Australia and New Zealand and could have come to New Zealand via Australia or directly from the north or south. However, New Zealand's endemic tick fauna appears to have no close affinity with extant Australian species and indeed there appears to be no single country of origin for any of its components. The zoogeographic associations of the tick fauna indicate introductions from areas remote from New Zealand's present faunal boundaries. Thus, there are affinities with the Central Pacific 
(O. capensis), the Atlantic 
(I. uriae) and the circumpolar region (many species). Alternatively, some species may have arisen from an ancestral stock which has evolved to varying degrees since the break-up of Gonwanaland 
(I. auritulus-percavatus group).

          
There is every likelihood that additional sea-bird ticks will be discovered in and around New Zealand. Other potential colonists such as 
Argas (Persicargas) robertsi (Hoogstraal, Kaiser and McClure, 1975) and 
H. (Ornithophysalis) doenitzi (Hoogstraal and Wassef, 1973) which are known from Australia on birds that frequently reach our shores, may be added to our tick fauna in the future.

          
In addition, 
Haemaphysalis spp. could be introduced to New Zealand by migrating birds from Asia, a major source of members of this genus (Hoogstraal and Wassef, 1973).

        

        


        

          

            
Tick Collection and Preservation
          

          
Very little detailed knowledge exists regarding the biology of any New Zealand ticks except 
H. longicornis. A keen collector could help greatly by adding to host lists and locality records. The larger the number of known hosts and localities, the more likely a common factor may become apparent which will clarify some point about the life cycle or biology of a tick.

          
Ticks can be found in a variety of habitats and are easily removed from the host or from places of concealment with a small paint brush or fine forceps. Gentle traction with the forceps grasping the base of the mouthparts should easily remove feeding ticks. In sea-bird colonies, ticks are frequently found under stones or timber or at the base of plants in the close vicinity of nests. Nests and burrows are also a good source of ticks and material from kiwi nests would be of particular value. Living and freshly-dead sea-birds are frequently found infested with ticks and anyone having the opportunity to examine ‘wrecked’ birds driven ashore by gales is sure to find some tick specimens.

          
When examining a bird-host, pay careful attention to the head, vent, and webbing of the feet; and when examining mammals, look in the ears, around the eyes and axillae and groin as these are sites preferred by ticks. Do not confine your collecting to the bloated, easily-seen female ticks. Careful searching is likely to reveal pin-head sized larvae and slightly larger nymphs as well. Nest material from birds and mammals can be shaken up in water and sieved, or exposed in a Tullgren funnel.

          
Ticks are best preserved in 70% ethanol but if a study of living engorged stages or eggs is desired, moist sand or tissue paper in the bottom of a covered container should be sufficient to maintain a suitable humidity at room temperatures.
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Despite their vast numbers and the important role they play in freshwater ecosystems, the study of these minute arthropods in New Zealand has remained the prerogative of relatively few specialists. One of the difficulties has been the scattered nature of the information about them, hidden away in a large number of technical papers or publications which are not readily accessible. Perhaps this new book will mark the end of the ‘specialist’ era and stimulate a wider interest in these animals now that a source book of information is available. A plankton net and high quality microscope will always be essential items of equipment but with this illustrated handbook, the identification and study of these tiny crustaceans comes within the reach of any keen student of the natural sciences.

          
It is in this role as a handbook of basic information about all types of freshwater arthropods found in New Zealand (with the exception of the insects), that this book really excels. It introduces the basic morphology of crustaceans and the methods for their collection in a variety of habitats, before dealing with the thirteen groups of crustcaeans known to occur in New Zealand. Our freshwater crayfish, crab and shrimp are the more obvious members of the fauna, but chapters are also devoted to a number of more obscure freshwater groups such as the Notostraca, Chonchostraca, Syncarida, Tanaidacea and Mysidacea. The syncarids have only recently been discovered in New Zealand in underground interstitial waters. The major chapters cover the more diverse groups of Copepoda, Cladocera, Ostracoda, Isopoda and Amphipoda. Aquatic arachnids, mostly mites, are dealt with in a chapter by 
Dr V. M. Stout, whose



speciality is included in order to provide a complete coverage of Freshwater Arthropods when this book is considered together with Pendergrast and Cowley's ‘Introduction to the Freshwater Insects of New Zealand’. The final chapter discusses the assemblages of various crustaceans found in different sorts of habitat. To many readers, this is likely to be the most interesting section. It is not as extensive as one might hope for in a book of this type but this is perhaps more an indication of the lack of knowledge than of any shortcoming on the part of the authors.

          
The chapters on animal groups give an outline of the morphology, types of habitat occupied and features of the life cycle biology. Very often some of this information is drawn from overseas literature with the comment that ‘no information on these aspects exists for the species found in New Zealand’. Thus there are plenty of suggestions for future studies. Keys to species level are given wherever possible. In preparing these keys, the authors have made an extremely commendable effort to illustrate with clear line drawings all the characters necessary for identification. Despite the deceptively straightforward appearance of the keys, however, it should be stressed that identification of such tiny animals is a highly skilled operation, involving dissection, mounting and experienced interpretation. This aspect of the book, by the very nature of the subject, is therefore directed toward the qualified biologist. A substantial bibliography of 252 references provides the keen student of crustacea with plenty of back-up information. Illustrations include eight colour plates, thirty-nine black and white photographs and a wealth of line drawings, all to a high standard.

          
The authors claim to have addressed the book to ‘students beginning their studies in freshwater ecology’ and to ‘general readers’. It certainly fulfils the needs of the former readers with its coverage of the New Zealand fauna. No textbook can approach it for value and relevance at that level. But I strongly suspect that it will not appeal to the general reader, who looks for fascination in the subject but does not wish to become a freshwater biologist. It is indeed rare to find a book of sufficient technical standard for research students and yet still be entertaining for the general reader. This is a technical book, presenting its facts clearly, precisely and impersonally. It is of obvious value to all teachers and students who will use it as a constant source of reference. The study of freshwater crustacea will never have the wide following of ornithology or entomology and this book is unlikely to change that, but if it encourages more New Zealanders to probe further into the ecology of these tiny arthropods, then it will make a real contribution to the natural sciences in this country.
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Abstract
            

            

              
The zoogeography and relationships of the four species of New Zealand freshwater Decapoda (Crustacea: Malacostraca) are reviewed. It is suggested that the fauna is an ancient one which has its closest affinities with the Australian freshwater Decapoda.

            

            
Four species of decapod Crustacea occur in New Zealand fresh waters. They are 
Paratya curvirostris (Heller), a shrimp of the Family Atyidae; two crayfish, 
Paranephrops planifrons White and 
Paranephrops zelandicus (White) (Parastacidae); and a small crab, 
Halicarcinus lacustris, belonging to the Family Hymenosomatidae. The small size of the fauna is probably related to New Zealand's temperate climate (most freshwater decapods are tropical), the country's small size and the long period of isolation since Gondwana broke up in the Cretaceous (Raven and Axelrod, 1972).

            

Paratya curvirostris is found in New Zealand from Northland to just south of Dunedin (46° S), and also occurs on the Chatham Island. It occurs in lowland streams and estuaries where the salinity is less than 20°/oo. Distribution records indicate that its upper altitudinal limit decreases towards the southern limit of its range, suggesting that temperature may be an important factor controlling its distribution (Carpenter, 1976). It apparently occurs only in estuaries when the marine palaemonid shrimp 
Palaemon affinis is absent. Orr (1971) reported that 
P. affinis ate 
P. curvirostris when they were kept in the same aquarium.

            
The atyid shrimps are primitive carideans that probably originated in a Tethys shallow-water tropical sea during the Cretaceous (Banarescu, 1973). The family is usually described as restricted to fresh water (Barnard, 1950; Ullman, 1967; Yaldwyn, 1954), although a number of species are known to inhabit anchialine

* pools with salinities as high as 30°/oo (Holthius, 1973). Atyids are most common in the Indo-Pacific and Caribbean regions (Johnson, 1963; Hedgepeth, 1968).

            
The antiquity of the family is indicated by the high ratio of cave species, with reduced or absent eye pigmentation (16 species), to



epigean or surface water species with normal eyes (100 species) (Holthius, 1956; Williams, 1964; Yaldwyn, 1954), as ‘cave species may be regarded as relicts of older faunas (Barr, 1968; Vandel, 1966).

            
Thirteen species of 
Paratya have been described. Their distribution forms an arc along the western border of the Pacific Ocean: Siberia, Korea, Japan, Vietnam, Indonesia, New Caledonia, Norfolk Island, Lord Howe Island, Australia, Tasmania and New Zealand. The species and their distributions are shown in Table 1. In addition, 
P. curvirostris was recorded from India by Kemp (1912), but as it has not been found there since (Kemp, 1917; Holthius, 1969) it seems reasonable to disregard that record.



Table 1
Synopsis of the Described Species of 
Paratya and Their Geographical Distribution

	Species
	Range
	Subspecies given specific rank by


	
P. compressa (De Haan, 1849)
	Japan, Korea, Siberia


	
P. annamensis Balss, 1924
	Vietnam


	
P. martensi Roux, 1925
	Adonnarra (Flores)


	
P. bouvieri Roux, 1926a
	New Caledonia


	
P. caledonica Roux, 1926a
	New Caledonia


	
P. intermedia Roux, 1926a
	New Caledonia
	Holthius, 1969


	
P. typa Roux, 1926a
	New Caledonia


	
P. australiensis Kemp, 1917
	Australia


	
P. atacta Riek, 1953 

**

	Australia


	
P. tasmaniensis Riek, 1953 

†
	Australia


	
P. howensis Roux, 1926b
	Lord Howe Island


	
P. norfolkensis Kemp, 1917
	Norfolk Island
	Roux, 1926b


	
P. curvirostris (Heller, 1862)
	New Zealand



            

Paratya curvirostris is the southernmost species of the Atyidae, and is believed to be one of the most primitive members of the family (Kemp, 1917; Yaldwyn, 1954). The two northernmost species 
Atyaephyra desmaresti (Millet) and 
Paratya compressa (De Haan) (Europe and Japan respectively) are also considered to be primitive.

            
Roux (1962a) placed 
P. curvirostris in the primitive subgenus 
Paratya (Paratya) along with 
P. compressa and 
P. australiensis Kemp (Australia). The first two species of this group are possibly related to each other as both have the propodus of the third and fourth pereiopods of the male broadened distally, a feature no found in any other species of 
Paratya. P. australiensis is morphologically very similar to 
P. norfolkensis and there is more resemblance between these two species than between either of them and 
P. curvirostris. Holthius



(1969) has suggsted that the subgeneric groupings are artificial, a view supported by Carpenter (1976) on the basis of morphological studies of all three species and biological observations on 
P. curvirostris.

            
The available direct evidence indicates that 
Paratya curvirostris has a mixohaline life cycle (Carpenter, 1976; Garrett, 1974; Nielson, 1972). All three workers showed that juvenile shrimps are found in upper reaches of estuaries and the lower reaches of streams, mature shrimps being found farther up streams. Carpenter (1976) found larvae in the Ashley Estuary (Canterbury), but he also made a case for the larvae to be facultatively mixohaline rather than obligatorily so. This involved an analysis of their distribution which showed in some cases barriers, such as areas of major organic pollution, long distance or actual physical obstruction, which must prevent larvae moving from fresh water breeding areas to estuaries and/or returning. Laboratory studies (Carpenter, 1976; Garrett, 1974) have shown that unfed larvae of 
P. curvirostris although able to survive at salinities from that of fresh water to sea water (0-36°/oo), survive longest at 20°/oo. This is equivalent to the blood concentration of the adult (Orr, 1971) and suggests that survival time could be related to the need for osmoregulation being less when the blood is isosmotic with the medium. The presence of a larva which can survive at high salinities can be used to explain the occurrence of lite species on the Chatham Islands, as Burling (1961) has shown that both the Southland and East Cape currents flow to the Chatham area from mainland New Zealand. In contrast to 
P. curvirostris, both 
P. australiensis and 
P. compressa have larvae which develop in fresh Water (Bayly and Williams, 1973; Yokoya, 1931), and 
P. curvirostris also differs from the other species of 
Paratya which have known life histories in that it is protandrous (Carpenter, 1976). (Protandry is the situation in which all or nearly all the individuals in a population first function as males and then undergo a sex change to become females.)

            
It is possible that the ancestral 
Paratya had a marine larva, which has been retained only in the New Zealand species because competitively superior palaemonid shrimps are absent from the upper reaches of New Zealand estuaries. In Tasmania, palaemonids occur in estuaries in salinities as low as 3°/oo (Walker, 1972) and the competition from these could have contributed to 
P. australiensis developing a completely freshwater larva (T. M. Walker, pers. comm.). The occurrence of well developed rapids in the lower reaches of Tasmanian streams is probably sufficient to prevent shrimps returning upstream from estuarine areas to streams (Walker, 1972) and this, too, would select against a mixohaline larva.

            
An alternative theory suggested by Carpenter (1976) is that the mixohaline larva also could have been an important survival mechanism for the species as the New Zealand archipelago has been in a constant state of change since at least the Eocene (Fleming,



1975). A mixohaline larva would have been able to colonise new land masses and prevent extinction of island populations by submergence. This whole question remains conjectural, particularly as the presence of an obligatory mixohaline larva has yet to be proven unequivocably.

            
In summary, it seems probable that the present species of 
Paratya, which are rather poor at coexisting with palaemonids (Orr, 1971; Walker, 1972) and are at a disadvantage with more advanced genera of the family (Riek, 1959), are the remaining members of a genus which was widespread before the palaemonids and more advanced atyids had diversified.

            
The endemic crayfish genus 
Paranephrops contains two allopatric species that probably separated in the early Pliocene, and became isolated by the Pleistocene (Hopkins, 1970) when the Main Dividing Range reached its present configuration (Fleming, 1962). 
Paranephrops planifrons is found on both sides of Cook Strait, as far south as Jackson's Bay on the west coast of the South Island and as far south as Ward (Marlborough), east of the Main Divide (Hopkins, 1970). Archey (1915) found that populations of the species form a cline from Northland to Westland, with individuals from Westland resembling the second species, 
Paranephrops zelandica. P. zelandica occurs from Cheviot (North Canterbury) to Southland, on the east of the Main Divide. Both species occupy similar habitats: under stones, in banks, and in aquatic vegetation in streams, rivers and lakes, from sea level to an altitude somewhere between 1500 m and 2500 m.

            
The family Parastacidae is restricted to the Southern Hemisphere. Species occur in Madagascar, Australia, New Guinea, New Zealand and South America, each region having a fauna endemic at the generic level (Riek, 1972). This high endemicity indicates that the family is ancient. Support for this contention is provided by Schaeffer (1971) who suggested that the Temnocephalida (Platyhelminthes) were originally restricted to a commensal life on crayfish in the south-east Australia, New Zealand region.

            
The present distribution of the Parastacidae fits quite well with a Gondwana origin for the crayfish except that none occur in South Africa. However, this is not necessarily a problem as Banarescu (1971) and Huxley (1881) both considered that crayfish may have become extinct in South Africa through not being able to co-exist with more recently evolved freshwater crabs of the family Potamonidae. Little evidence exists to support this theory, except that parastacids and potamonids are rarely found together (Banarescu, 1971).

            

Paranephrops is closely related to the Tasmanian 
Parastacoides and the Australian 
Cherax, differing from these two genera in the configuration of the carapace grooves, the shape of the chelae and the form of the rostrum (Hobbs, 1974).

            


            
The crab, 
Haticarcinus lacustris, has a restricted distribution in New Zealand, and is known to occur only in a few lakes in the Auckland region (Melrose, 1975). Nothing is known of its biology in New Zealand. K. Walker (1969) studied some aspects of its ecology in Australia where it lives on submerged macrophytes or the root systems of emergent macrophytes. Like most decapods, 
H. lacustris appears to be omnivorous. In the laboratory, Walker found it survived at salinities from 0-36°/oo.

            
Hymenosomatid crabs are widely distributed in the Indo-West Pacific and although most species are marine, six species in two genera are restricted to inland waters. Only 
H. lacustris is widespread and as well as New Zealand and Australia, is found in Tasmania, King Island, Lord Howe Island and Norfolk Island (Holthius, 1968). Chilton (1915) suggested that the species was ancient, possibly Cretaceous in origin, and he postulated a trans-Tasman land bridge to account for its present distribution.

            
A different view was taken by both Lucas (1970) and K. Walker (1969) who suggested that the species had a more recent origin, possibly evolving from 
Halicarcinus paralacustris Lucas, which lives in estuaries in south-eastern Australia. As 
H. lacustris does not have a free-living larva, oceanic dispersal cannot account for the present distribution of the species if it arose in south-east Australia. Lucas therefore suggested that adult crabs could have been carried across the Tasman Sea by birds. This is theoretically possible as he found a crab could survive in the laboratory for more than four days, long enough for a bird to fly the Tasman Sea. However, it is unlikely that a crab would survive such a flight, for if it was close enough to the bird's plumage to escape wind desiccation it would be under considerable thermal stress. The localised occurrence of the species in New Zealand (Melrose, 1975) also indicates that dispersal by birds is unlikely, as if some crabs could have been carried across the Tasman Sea, others surely would have been carried short distances around New Zealand. On the other hand, the suggestion of K. Walker (1969) that adult crabs could have been rafted across the Tasman appears to be a more reasonable one considering the wide range of salinity tolerance of 
H. lacustris.

            
Lucas (1970) also has claimed that the lack of fossil freshwater Hymenosomatidae indicated a relatively recent origin. This argument is tenuous, as the chance of a soft-shelled freshwater animal becoming fossilised is remote and if it does happen the appropriate stratum still has to be discovered.

            
As the six geographic isolates of 
H. lacustris are morphologically similar (Chilton, 1915), the ancestor of the species either had to be widespread, or dispersal occurred from a single point of origin. I believe that the first of these alternatives is the more unlikely, as the only extant species that is likely to be ancestral to 
H. lacustris is 
H. paralacustris, which has been found only in south-east Australia.



On the other hand, the five freshwater species of 
Halicarcinus as well as 
H. paralacustris may not be congeneric with the marine species presently placed in the genus (Holthius, 1968). Thus the occurrence of 
H. paralacustris in estuaries may be the result of a reinvasion of the marine environment. This view is supported by K. Walker (1969) who found that 
H. lacustris could not co-exist with freshwater crayfish in the laboratory and is found most often in brackish water (in which crayfish do not occur) in Australia. He suggested that the crabs may have been forced into the estuarine environment to escape predation by crayfish, eventually giving rise to a sibling species which occurs only in estuaries.

            
If we assume that it is more likely that 
H. lacustris gave rise to 
H. paralacustris rather than vice versa, it is easier to accept the suggestion of Chilton (1915) that 
H. lacustris is an ancient species that arose prior to the break-up of Gondwana. The present fragmented distribution can be interpreted as the result of environmental changes, including the effects of predation by parastacid crayfish, in the intervening period.

            
From this discussion it should be clear that our understanding of the zoogeography of New Zealand's freshwater Decapoda rests largely on speculation. Existing information leads me to the conclusion that the freshwater decapod fauna of New Zealand is an ancient one although a lack of detailed systematic studies of all three families prevents many definitive statements being made. The relationships of the 
Paratya species are at best confused, although the morphological similarity of the secondary sexual characters of 
P. compressa and 
P. curvirostris suggests an affinity, despite important differences in the breeding biology of the two species (Carpenter, 1976). The taxonomy of the Hymenosomatidae is now under review (Lucas, 1975) and when this work is completed it may help clarify the relationships of the freshwater 
Halicarcinus to other members of the family.

            
Despite these limitations, it can be stated that the New Zealand freshwater crayfish and crab are closely related to members of the Australian fauna. In this respect they resemble a number of other freshwater crustacean groups such as the Syncarida (Schminke, 1975) and Cladocera (Brehm, 1956).
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† Present address: Research Division, Ministry of Agriculture and Fisheries, Palmerston North, New Zealand





* ‘anchialine’ — a term introduced by Holthius (1973) to describe pools with no surface connection with the sea, containing salt or brackish water, which fluctuates with the tides.





** W. D. Williams (ms.) has synonymised 
P. atacta and 
P. tasmaniensis with 
P. australiensis, but this unpublished revision will not be followed here.





† Walker (1972) in an unpublished thesis has shown 
P. tasmaniensis to be synonymous with 
P. australiensis.
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