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Studies on the biology of the butterflies 

Anthocharis cardamines (L) and Pieris napi (L), 

in relation to speciation in Pierinae. 

Steven Peter Courtney 

Being a Thesis offered in candidature for 

The Degree o£ Doctor o£ Philosophy at 

The University of Durham, 1980. 



Proboscis of Anthocharis ~f£ami~~ 

with ~J:.is 2_er~nnis pollen. (S.E.JI.-1.) 

Proboscis o£ Antb_ochari§. cardamines 

with Al!_iaria petiolat~ pollen grain. 





Today, this insect, and the world I breathe, 
Now that my symbols have outelbowed space, 
Time at the city spectacles, and half 
The dear, daft time I take to nudge the sentence, 
In trust and tale have I divided sense, 
Slapped down the guillotine, the blood-red double 
of head and tail made witness to this 
Murder of Eden and green genesis. 

The insect certain is the plague of fables. 

Dylan Thomas 



The evolutionary biology of Pierinae is described 

in three separate studies. In Part One, the population 

biology of the Orange Tip butterfly (AnthQ_£h_a;_is 

~2~!~) is described. Colonies of this species are 

localised in riverbank habitats in Co. Durham. Using 

mark-recapture studies, the population size and move

ments of individual males were assessed. Studies of 

individual pre-adult survival indicated that food-plant

related mortality and parasitisation were important 

causes of death. However a key-factor analysis for one 

population showed that failure of adult females to lay 

all their eggs was- the most imp-or ta.nt factor influencing 

population size. 

The adaptiveness of oviposition behaviour was 

examined by following individual females and by mapping 

the distribution of eggs upon foodplants. It was shown 

that many aspects of oviposition choice were best 

interpreted as chance outcomes of searching behaviour. 

The observed differences in larval survival on different 

foodplants, and the constraints placed by time shortage 

on oviposition were used to construct a simple optimality 

model. It was shovrn that oligophagy, the typical 

condition of A. cardamin~.§_ populations, leads to increased 

individual fitness when compared to monophagy. The effec:t 



of this stabilising selection on future speciation in 

Pierinae is discussed. 

The concept of effective population size is 

developed for A.cardamine§., and it is shmm that allelic 

variation at one locus conforms to the predictions of 

sampling theory in small populations. 

Part two describes the mating behaviour of several 

Pierinae, and demonstrates that reproductive isolation 

in this group is not a result of male behaviour, but of 

female discr :i.mination of male characters. The agreement 

of observed behaviour with the predictions of sexual 

selection is noted, and the ~ikely eff~cts of se~1al 

selection in past and future speciation is discussed. 

Part three describes the amount of structural gene 

change that has occurred during the evolution of Pierinae. 

It is shown that little genetic differentiation at such 

loci occurs prior to or during speciation. Rather, 

differentiation of species appears to occur at other 

loci, including those involved in local adaptation, as 

was described for montan·e and lowland populations of 

the Green-Veined White butterfly (Artogei~ napi) in 

Co. Durham. 

The importance of these results to the wider field 

of speciation studies is discussed. 
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The Pierinae butterflies provide an unrivalled 

opportunity for evolutionary studies, in that the group 

is both generally distributed and well-studied. The 

economic importance of several Holarctic species has 

meant that attention has been focussed on aspects of 

1 

their biology only infrequently examined for other 

Lepidoptera. Thus it is that the pathology (David, 1978), 

parasitology (Sato, 1976, 1979) and other aspects of 

their ecology, such as seasonal movements (Baker, 1968; 

Jones, 1977), oviposition behaviour (Behan and Schoonhoven, 

1978) and relationships to fooclplants (Roth~child, 1975; 

Feeny, 1975) are relatively well known. In addition the 

species are often easy to rear (David and Gardiner, 

1961 a b) which leads to their frequent use as laboratory 

animals. Hence the comparative physiology and biochemistry 

(Turune~, 1977) have also been studied. Of particular 

importance is the fact that some species have been the 

subject of intense neurophysiological experimentation 

( Chun and Schoonhoven, 1973; Kolb, 1978). 

In common with most butterflies, the taxonomy of 

Pierinae is extremely well known. Some genetic work has 

been done (e.g. Shapiro, 1971, 1975; Thomson, 1946; 

Bowden, 1956, 1972) but evolutionary studies have tended 



to concentrate on particular species or subspecies 

problems. In particular the well-known Artogeia napi/ 

bryoniae group of taxa have captured much attention 

(l\1uller and Kautz, 1939; Bowden, 1972). It was the 

opportunities provided by this species group which 

initially stimulated my interest in the Pierinae as a 

whole. 

The Pierinae butterflies, then, were ideal subjects 

for studies on adaptation and speciation. In particular 

the cross-breeding experiments of Lorkovic (1958) and 

Bowden (1972) and others allow a biological species 

concept to be used within the group with a degree of 

accuracy r_ar ely found elsewhere. 

Originally it was intended to work. with ~Qgei~ 

2 

napi L. in all aspects of the work described below. 

Ho·wever this rapidly proved impossible; in particular it 

was soon established that the species presents insuperable 

problems to studies of population ecology, since it is 

often extremely mobile (as are A.rapae and P.brassicae). 

In addition it was found that the ecology of ~.!...na2! 

was in any case being studied elsewhere (by E. Lees, 

A. 1\1. Shapiro, F. Chew, C. Wiklund), and it was felt 

prudent to diversi£y effort into other species for 

comparative purposes. 

Chapter 2 describes the population biology of the 
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Orange Tip butterfly, AnthQ£haris £ard~!~· This species 

was chosen for ecological work since it seems, uniquely 

among British Pierinae, to live in discrete colonies, at 

least in the Northern part of its range. Further, the 

species offers wide oppoxtuni ty for studies on behavioural 

and ecological adaptations as seen in a member of the tribe 

Euchloini. This tribe has been rather poorly investigated 

as compared to the well-knm·m Pierini of the genera Pieris, 

Ar~Qqeia, Pontia and Apori2. The results gained from the 

Orange Tip, together with some incidental observations 

made on some other Palaearctic Euchloini in North Africa, 

will be useful for comparison with these Pierini. The 

relationship of the Orange Tip to its cruciferous food

plants was chostm for particular attention, since ther.8 is 

good reason to believe that hostplant related evolution is 

of major importance in diversification and speciation in 

butterflies and other insects (Ehrlich and Raven, 1965; 

Zwolfer, 1974). 

When I started this work, no detailed ecological 

studies on the Orange Tip, or indeed any Euchloini member, 

had been completed. However, midway through 1978, contact 

was made with C. Wiklund of Stockholm University, who has 

been engaged on a 5 year ecological study of ~~caEd~i~· 

Much that is reported in Chapter 2 agrees with the 

conclusions of his work { ~viklund and Ahrberg, 1978) ; 



however, all material reported here was derived quite 

independently. 

4 

The study of reproductive isolation and of the origin 

of isolating mechanisms is central to the study of 

speciation. Chapter 3 describes the mating behaviour 

of animals of this sub-family, and demonstrates the 

mechanisms responsible for reproductive isolation among 

the three Pierinae commonest at Durham (~~rdamines, 

· A.rapae and A.napi). The likely effects of selection 

acting on the behaviours described are examined, and 

the importance of such selection to future speciation 

discussed. 

Chapter 4 describes an investigation into the amount 

and nature of genetic change during both local adaptation 

and speciation. Local populations of the Green-Veined 

White (A.napi) were examined using electrophoretic methods, 

as were populations at increasing levels of div~rgence, in 

order that the amount of gene change during speciation 

might be assessed. At the inception of this study, 

relatively few investigations of this sort were available 

for other organisms (e.g. Avise et al, 1975; Ayala, 1975) 

but since that time other studies have been published, 

usually agreeing with the initial findings of little gene 

change during speciation. One feature that distinguishes 



the present study is that the taxonomy of the Pierinae 

is well know~, thus avoiding complications caused when 

taxonomic status is unsure (e.g. Brittnacher et al 

(1978) studied Speyeria butterflies of uncertain levels 

of divergence). 

The research reported here thus forms studies of 

several different aspects of the evolutionary biology 

of Pierinae, which are briefly discussed in relation to 

speciation of that group in the general discussion. 

5 



Species names used fre.9!:!ently in the text 

The classification of Pierinae is discussed in App. 14. 

Pierinae 

Artogeia napi L. Green Veined White 

Artogeia bryoniae 0. 

Artogeia virginiensis 

Artogeia ergane Gyr, 

Artogeia melete Men. 

Edw. 

Artogeia krueperi Stgr. 

Artogeia mannii Myr. 

Artogeia rapae L. Small White 

Pieris brassicae L. Large White 

Pier is cherranthi Hbar. 

Pontia daplidice L. Bath \Vhite 

Pontia chloridice Hbar (: Pontia beckerii Edw) 

Synchloe callidice Hb•r (= P.occidentalis Rkt and 
P.protodice Bois Lact.} 

Aporia crataegi L. Black-veined White 

Euchloe ausonia Hbnr. 

Euch loe au son ides Bois. 

Euchloe tagis Hb•r· 

Euchloe belemia Espc. 

Euchloe olympia Edw. 

Elphinstonia charlonia Donzel 

Anthocharis cardamines L. 
Anthocharis sara Bois. 

Anthocharis da.mone Bois. 

Orange Tip 

Anthocharis gruneri Herch-Seffr. 

Anthocharis belia L. 

Anthocharis genutia F. 

Anthocharis lanceolata Bois. 

Zegris eupheme Esp. 

Papilionidae 

Papilio machaon L. Swallow Tail. 
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Pieridae 

Leptidea siNa· ·pis 

Danaidae 

Danauus plexippus 

Nymphalidae 

Limenitis camilla 

Inachis io L. 

Vanessa card.lli L. 

L. 

L 

L. 

Wood White 

Monarch 

White Admiral 

Peacock 

Painted Lady 

Aglais urticae L Small Tortoiseshell 

Euphydryas editha 

Euphydryas aurinia Rtmg. Marsh frittilary 

~yridae 

Eumenis semele L Grayling 

Maniola jurtina L. Meadow Brown 

Coenonympha tullia M/r. Large Heath 

Coenonympha pamphilus L 

Pararge aegeria L 

Lasiommata megera L 

Lycaen~ 

Thecla betulae L. 

Quercusia quercus L 

Strymonidia pruni L 

Lycaena phlaeas L. 

Lycaena di spar Haw. 

Heodes virgaureae L. 

Maculinea arion L

Aricia agestis Sff.M/r. 

Small Heath 

Speckled Wood 

Wall 

Brown Hairstreak 

Purple Hairstreak 

Black Hairstreak 

Small Copper 

Large Copper 

Scarce Copper 

Large Blue 

Brown Argus 

Polyommatus icarus Rtmbg. Common Blue 

Carterocephalus palaemon. P/s. Chequred skipper 

Thymelicus lineola Och Essex Skipper 
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Thymelicus sylvestris Poda. 

Ochlodes venatus Brm Grey 

Cruciferae 

Small Skipper 

Large Skipper 

Nasturtium officinale R.Br. Water Cress 

Rorippa sylvestris L Creeping Yellow Cress 

Barbarea vulgaris R.Br. Yellow Rocket, Winter Cress 

Arabis hirsuta L· Hairy Rock Cress 

Turritis glabra L. Glabrous Tower-Cress 

Cardamine amara L. Large Bitter Cress 

Cardamine pratensis L. Cuckoo Flower, Lady's Smock 

Cardamine hirsuta L Hairy Bitter Cress 

Cochlearia officinalis L Common Scurvy Grass 

Hesper is matronalis L. 

Alliaria petiolata Bieb 
Da.mes V\o\~-r 

Garlic Mustard 

Wild Cabbage 

Turnip 

Brassica oleracea L. 
Bras sica rapa L. 

Sinapis arvensis L. 

Hirschfeldia inc ana L 

Capsella bursa-pastoris 

Thlaspi arvense L 

Thlaspi alpestre L · 

Isati5 tinctoria L . 

Char lock 

Hoary Mustard 

~ Sheperd's-Purse 

Field Penny-Cress 

Alpine Penny-Cress 

Woad 

8 



2. The population biology of the Orange-Tip, 

Anthocharis cardamines Linn 

"For the young pointer can no more know that 

he points to aid his master, than the white 

butterfly knows why she lays her eggs on the 

leaf of the cabbage'' 

Darwin, The Origin of 
Species, 1st Edn. 



The Population Biology of the Orange-Tip, 
Anthocharis cardamines b!llll 

i. Introduction 

a. Introduction 

10 

''P.D. alis integerrimis rotundatis albis: primoribus media 
fulvis, posticis subtus viridi nebulosis" 

Linnaeus. Syst. Nat. ed.x.p.468 

The Orange Tip butterfly is a familiar member of the 

British fauna, well known to both entomologists and more 

casual observers. It is an attractive species, popular with 

the public, and associated by many with the sights and sounds 

of the English spring. The first British writer to note the 

species was Sir Thomas de Mayerne of the court of Charles I, 

who in 1634, published his 'Theatrum insectorum' which 

describes the species. Later writers such as John Ray (in 

his Historia Insectorum, 1710) co~tinued t~ note its presence 

in Britain. (Ford, 1945, gives a summary of such writers). 

The species has probably been present since 10,000 B.P. 

It is unlikely that the species was able to survive the 

oscillations in Temperature of the Alle~ Interstadial, 

although one of its foodplants is recorded from Godwin's Zone 

III. Dennis (1978) has argued convincingly that the animal 

would not survive at the low temperatures of this period and 

that the species could not have survived in Britain prior to 

the beginning of the Interglacial proper. This is contrary 

to the earlier suggestions of Ford (1945) and Beirne (1947). 

The distinctness of A.cardamines in Britain and Ireland has 

been used in these arguments to suggest an early colonisation 

of those isl~1ds. In addition to pi9mentational differences 

between these and the nominate race, British A.cardamines has 



11 
a karyotype of n=30 (Bigger, 1978). Throughout the rest 

of its range, which extends across Europe and Asia to Japan, 

n=31. The animal is widely distributed and common through

out this region, but has a slightly northern distribution, 

being absent from South Spain, North Africa and the Atlantic 

Islands. Related species occur in southerly areas of Asia 

and Europe (belia L.-, damone Bd\tl •. , gruneri Hch. -Sfr). In 

North runerica, A.sara Bd¥1. represents the species group. 

Fig. 1 shows the results of the Biol. Rec. Centre for 

the Orange Tip. Within the British Isles the species has a 

disjunct distribution, being generally common in the South, 

the Isle of J.olan and in Ireland, but becoming less common in 

more hilly areas. A gap occurs in its present distribution 

with a northerly limit in the Borders country followed by a 

reappearance in the North East of Scotland. This is a relict 

distribution caused by the contraction of a former, continuous 

range. As recently as the last century, the Orange Tip was 

common in many Scottish counties, which it is only now re

colonising. The contraction in range mirrors that found in 

other butterfly species, e.g. Pararge ~egeria (Downes, 1948). 

The history o:f the Orange Tip in Scotland is discussed by 

Smith (1949) and Long (1979). 

b. Habitats 

In the south o:f Britain, the Orange Tip is a butterfly 

of riversides, glades, meadows and lanes and may be found 

generally wherever its cruciferous foodplants abound. However 

in the Northern part o:f its range, a marked restriction in 

habitat occurs, and the animal is found only along riverbanks 



Fig. 1. The distribution of Anthocharis 

£srd~ine~ in the British Isles. 

Open and Closed circles represent 

past and present records of 

~£~d~1ines held by the Biological 

Records Centre, Monks Wood. Crosses 

indicate new records obtained in the 

present study. 
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which may also be the foci for dispersal. For instance in 

Aberdeen and Kincardine-shires, Palmer and Young (1977) 

mapped the distribution of the species and found that it 

coincided with river valleys. This is also the ~ase in the 

North of England - during the present study the species was 

only rarely found away from the main rivers of the area 

(exceptionally at the bog at Cassop Vale). This restriction 

in the habitats of the butterfly parallels a similar 

reduction in the major foodplant Alliaria petiolata, 

which is a common riverside plant in Co. Durham, but which 

occurs in only 4% of hedgerows, surveyed by Bailey {"1979). 

This contrasts with Worcestershire where the plant is much 

more widespread, being found in 60% of hedges. A.petiolata 

is found in only 8% of Co. Durham roadside verges (Anon, 1979). 

In Sweden, Wiklund and Ahrberg (1978) have noted that the 

habitats chosen by the two sexes are diff~rent, the males being 

localised in adult feeding areas, whilst the f~1ales are more 

wide ranging in their search for larval foodplants. This is 

also the case in North England and in Scotl~1d, where Morison 

(1965) remarked on the tendency of males to remain in one 

part of the habitat of the species. Other species of butterfly 

show sexual differences in movement patterns and habitat 

selection, e.g. Aglais urticae (Bru<er, 1972). 

c. Foodplants 

A.card~nines is oligophagous as a larval feeder, being 

associated with several related species of plants, in the 

Family Cruciferae. This is typical of Pierinae as a whole, 

although very few species use such a large number of foodplants. 
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Artogeia napi (the Green-Veined White) and Euchloe ausonia 

display similarly wide ranges of foodplants used, but most 

Pierinae are more restricted, e.g. Artogeia rapae and 

Pieris brassicae are associated mostiy with cultivated 

Brassicas; A.belia is restricted to Biscutella sp~ 

Zegris eupheme to Hirschfeldia incana; A.virginiensis, 

a sibling species of A.napi feeds only upon Dentaria spp. 

It is not known whether oligophagy is the ancestral condition 

in Anthocharis as it is in the A.napi-group. 

Like all other Euchloini studied, the Orange Tip uses 

the flowers and seedpods of its foodplants. In attacking 

only the reproductive parts of its host, it may be said to 

act as a predator. Only rarely do Euchloini attack other 

parts of the plant, usually in conditions of crowding or 

food shortage (n.b. Euchloe hyantis is an exception (Opler, 

1974)). This contrasts with the behaviour of most Pierini, 

where the leaves are the food (the animal being a parasite 

in attacking non-essential plant parts). This seed/leaf 

difference in life-style is consistent worldwide in the two 

tribes of the Pierinae and may form the major ecological 

difference allowing coexistence at least in the Holarctic. 

(The currently accepted classificatory groups of the Sub

Family are given in a later section - App. 14). Thus it is 

relatively common to find a single plant supporting both 

A.cardamines larvae and those of A.napi or A.rapae. 

The Orange Tip is univoltine throughout its range, 

although occasional reports of second broods have been 

recorded (see Williams, 1915). These are probably only 
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retarded 1st brood specimens. Neave ( 1914) and Williams 

(1915) give several instances of pupae eclosing in the 

summer, or even autumn, instead of the previous spring. The 

latest flight observed in the present study was in mid

August. Univoltinism appears to be prevalent in the 

Euchloini, although some, e.g. Euchloe ausonia are multiple

brooded. Pierini, however, are generally multivoltine - the 

single brooded A.virginiensis being an exception. In this 

case univoltinism is a derived characteristic {Shapiro, 

1971) and appears adaptive in synchronising the butterflies 

emerqence with the growth of its vernal foodplant. There 

is little evidence for asserting the adaptiveness of 

univoltinism in Euchloini, such as Anthocharis, although 

certain facts are persuasive. The cue for host-finding 

appears to be the sight of the flower (section 2 vii), whilst 

the food, the reproductive growth of the plant, is usually 

vernal. This contrasts with the Pierini where hostplant 

location is, initially, a visual response to vegetative 

parts (Ilse, 1926; Jones, 1977} which in many crucifer 

species grow for extended p~riods. For instance, in 

Co. Durham, A.petiolata flowering and seedset is vernal, 

but there is a resurgence of leaf growth later, which 

coincides with the second brood of A.napi. The local 

differences in voltinism patterns of A.napi are discussed 

in section 4.i. 

Occasionally diapausing pupae of A.cardamines are found 

which lie over two winters, emerging as adults in the spring 

two years after feeding as larvae (Mitchell, 1896}. This 
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was also recorded naturally in one specimen of the present 

study. In addition pupae were kept .in differing conditions 

of light and temperature, in order to find those conditions 

which would break diapause. Only those pupae subjected to 

prolonged cold periods eclosed, those kept at room temperature 

remaining as apparently healthy pupae. It is thus possible 

to both delay and hasten emergences - producing a flight in 

mid-winter if wished {emergence is generally 3-4 weeks after 

removal from the refrigerator). 

Fig. 2 pr-esents the phenology of the Orange Tip at 

Durham. Eclosion takes place from mid-May onwards, 

continuing until the end of June. {Wailes (1857) gives May 

and June as typical for the species in Durham and Northumberland). 

Males generally appear approximately a week before the 

females (although in very late springs the emergence may 

be synchronous). This is typical of most butterfly species. 

Scott (1978) and Wiklund and Fagerstrom (1977) have recently 

produced models of this situation, based on premises of male 

competition for matings with females. Both models argue 

that selection between males for the scarce resource, matings 

with females, will lead to protandry, since the number of 

possible matings to the individual male is thus maximized. 

Oviposition occurs during June and early July; the 

larvae feed up during July and August and most have pupated 

by the second week of the latter month. Minor differences in 

timing occur at the other sites in Co. Durham but the above 

description appears generally applicable to the whole of the 

North of England. Occasional emergences as early as March 



Fig. 2 Phenology of A.cardamines at Durham 1977-79 (qQc) and at Ljustero (d) 

and Ingaro (e) J Sweden 1976 (after Wiklund and Ahrberg.1978) 
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may be dismissed as aberrations. Ho~·•ever, there exists a 

cl car difi:l~r,2nce in adult fli9h t tiril.es between Co. Durh run 

and other ;-..~.reas. For the South of England most observers 

regarc.i the Or3.119e Tip as a species of late April and i•iay, 

rathe1~ than June. For instc.IJ'lCe VJilliams (1915) gives as 

'unu~u al' datE~5 such as .June 16th and 17th - the period of 

pf~;;.l( egglayinCJ at Durham. Simil.:trly Chapman ( 1888) gives 

dates o£ .July 12th-19th for pupation, when many Durham larvae 

are in their early instars. The nominate race in Sweden also 

flies earlier (Fig. 2). Further north in Britain, the relict 

Scottish population, for inst2..:n.ce at .l.\bernethy, flies even 

later th<m at Durha.J.TI- June bein9 typical. 

The adult butterfly has a wing expanse o£ some 40 lilin, 

t;;Jilliams ( Hns-) giving a ranc!e of 30-52 rnm (the largest· 

specimens being of the Continental, nominate race), the 

fem.:1le beint] l.s.rger by some 5-6 mm. The ground colour is 

white and is produced by pterins, as :in other Pieridae. In 

the male the outer half of the wing has bright orange 

scales, giving the species its nar.1e. On the upper side, 

the apex is black, as is the discoidal spot; the wing bases 

are dusted with black scales and thG fringe of the v..ring is 

chequered with black and white. In the female both the 

apical mo.rldng and the discoidal spot are lc..rger; sometimes 

the latter may have a white spot within it, reminisce1t of 

other Euchloini. On the underside the apex is white with 

black and yellmN scales, giving a rnottled green appearance. 

This is also found on the hinclwings vvb:Lch have intric;:;.te 

'green' markings, covering most of the undersurface. This 
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yellowish-green. colour is typical of most Euchloini and 

·some Pierini (e.g. Pontia daplidice) and is an 'impressionist' 

effect, yellow and black scales together giving the appearance 

of green (Wigglesworth, 1928). 

Two characters of variable expression are the tinting 

of yellow on the male underside near the costal margin of 

the forewing and the colour of the female upperside which 

is often ochreous. Both these characters are common in 

Ireland and have been used to describe the Irish race 

(hiberni~a) as distinct from the British (britannica). These 

characters are also found in Manx and \velsh specimens, which 

has led to these animals being placed in the Irish subspecies. 

Both characters are also found in Durham specimens. Other 

variation of the Orange Tip has been but little_s~ud~~d, 

the work of Williams (1915, 1957) being exceptional, though 

occasional captures of spectacular gynandromorphs and of 

yellow-tipped specimens have been recorded. During the 

present study a full gynandromorph was captured at Durham 

in June, 1977; additionally, a specimen of ab.salmonea (in 

which the apical orange of the male is replaced by salmon-

pink) was bred from a pupa t~cen at Witton Park in 1978. 

The colouration of the Orange Tip has caused much comment. 

The underside mottling was cited by Wallace (18~) as a fine 

example of camouflage:'The little orange tip butterfly often 

rests in the evening on the green and white flowerheads of 

an umbelliferous plant, the wild chervil (Anthriscus sylvestris) 

and that when observed in this position the beautiful green and 

white mottling of the undersurface completely assimilates with 
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the flowerheads and renders the creature very difficult to be 

seen'. Similarly Kettlewell (1958) argued that the mottling 

had evolved through natural selection via predation. He 

cited spiders as potential selective agents, but most would 

agree that birds are more likely predators; the camouflage 

seems most suited to deceive the vertebrate eye. (It should 

be noted that at rest the wings are folded so that the 

orange forewing is completely hidden by the hindwings). 

Some authors have suggested that the camouflage of the 

Orange Tip is adapted to particular roosting sites - the 

difficulty of detecting the animal upon Anthriscus sylvestris L. 

has been often noted. However, the animal is equally well 

protected on other plants such as Bracken (Pteridium 

aquilinum L.) (Lucas, 1912) and A.pe~iolata. The mottling 

more likely acts as a general disruptive pattern, equally 

effective in many roosting sites. The orange colouration 

of the male has also been the subject of comment, Darwin 

and Wallace arguing variously for sexual selection and 

aposematism as factors in its evolution; this topic is 

discussed briefly in section 3 iv. 

The plants mentioned above as roosting sites are typical 

for the species. The flowerheads of other umbellifers and 

crucifers are also used for nocturnal roosting; however the 

animal only flies in direct sunshine, and when forced into 

inactivity by le11gthy cloudy periods, it will settle onto 

any available surface or inflorescence. During such periods 

of weather with intermittent sunny spells, the butterfly 

basks with wings open, using sunshine to raise its body 
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temperature (Clench, 1972) to a level suitable for activity 

(as in Heodes virgaureae ( Douwes, 1976 )). This basking 

posture is well-known throughout the Pierinae. The species 

is associated with particular types of £lowering plants in 

the area around Durham. (Appendix 1). Notably, the Orange 

Tip uses, as nectar sources, common flowers of the 

Caryophyllaceae. Especially noteworthy is the importance 

of larval foodplants as nectar sources for the adults. 

This may indicate some behavioural interaction amongst 

oviposition and feeding stimulants, or that the animal is 

adapted visually to certain wavelengths of light. It may 

be significant that many of the nectar plants of the Orange 

Tip are coloured white or blue to human eyes - many of 

the~e plants additional!Y fluoresce in the ~V range. 

Similarly coloured plants are recorded for Swedish 

A.cardamines. The movements, mating and oviposition 

behaviour of adults are described in later sections 

(2.iii, 3.ii, 2.vii). 

e. §.gg 

The eggs are laid singly upon the flowerheads of 

Cruciferae during June and July. They are typically placed 

at the base of pedicels, more rarely upon the bloom or 

stem. They are of the typical Pierid form, being 

approximately 1 mm in height, ribbed with a variable 

number of longitudinal ridges. The colour when laid is 

usually pure white, turning pinkish-orange within 24 hours, 

and subsequently to a deep orange-red, which is very easy 

to detect against the background of the yellow or white 
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inflorescence. Due to the colour changes of the egg, it 

is possible to age an egg during the first three days of 

its life, although caution must be used. When oviposition 

is inhibited by bad weather, the proximal egg within the 

female, being fertilised, may develop the red colour 

(confirmed by dissection). Other Euchloini also show 

egg colour changes, e.g. the several species discussed 

by Opler (1966). 

Immediately prior to hatching,the egg becomes a dark 

brown in colour. On hatching, the larva normally eats the 

transparent egg case, but rarely to completion. This 

proved of great value in following and confirming the 

hatching of eggs. 

The duration of the egg stage is variable, 7 to 10 

days from oviposition to hatching being typical. As recorded 

by Williams (1915) during warm weather, development is 

quicker than in cold spells. 

f. Larva 

The duration of each larval instar is similarly 

variable; Chapman (1888) records a total duration from 

hatching to pupation of 16 to 24 days. At Durham, longer 

larval periods were normal, with some larvae developing 

over up to 36 days. There are five instars in all, as 

confirmed by head capsule width measurements (Fig. 3). 

Upon hatching the larva is approximately 2 mm in length 

and is pale in colour. The body is covered with black 

spots and black hairs which are forked at the tip. The 

head is black. The animal feeds up rapidly, and in the 
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second instar develops a green body and head. Later 

instars also develop a broad ·lateral stripe o.f whi.te, which 

extends the full length of the larva and encloses the 

spiracles. Feeding tru<es place at both day and night. At 

first the larva feeds upon the flowerbuds and open flowers 

of its foodplant, and at this stage it may be difficult to 

detect. Later stages feed upon the developing seedpods. 

"At first it (the larva) requires but little 
food, and the pods, growing with great rapidity, 
fully keep pace with its requirements and 
furnish an abundant supply. It is curious to 
observe with what pertinacity the caterpillars 
in confinement select the pods and neglect the 
leaves of these plants" 

Newman ( 1869) • 

Occasionally the larva may in fact descend the plant and feed 

upon the leaves·, or actually leave the plant altogether. In 

particular, when feeding on very small crucifers this may be 

necessary. Leaving depleted foodplants to search for 

alternative hosts has also been found for other species -

e .• g. l.\1eli taea harrisii Sedr. (DeThier, 1959) Euphy_dryas 

edl'.tha (\fuite, 1974). However, in most circumstances the 

larva completes development upon a single plant or even a 

single flowerhead of the largest crucifers. This happy 

circumstance makes the survival of individual larvae easy 

to follow. Similarly, the cast skin from each ecdysis provides 

clues as to larval survival and development. 

When fully grown the larva measures some 35 mm, 

exceptionally 40 mm, and at this point enters a wandering 

phase, descending the foodplant and searching out a pupation 

site. Occasionally larvae of a distinct blueish colour 

occur; specimens of this type occurred at Wolsingham in 1979. 
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Originally this was described as a separate species 'alberti' 

(Albert, 1894; cited in Williams above) but is now clearly 

an occasional form of A.cardamines proper. 

The larvae are easy to rear in suitable containers; 

During the present study this was routinely done in petri 

dishes. One egg or larva was reared in each dish (to avoid 

cannibalism) and was provided with foodplant material -

typically a sprig of A.petiolata. Foodplant material was 

kept. fresh by a small piece of damp cotton wool, and was 

changed when it dried out or was consumed. Dishes were 

periodically cleaned of frass. Immediately prior to pupation 

larvae were transferred to bigger containers. 

The bifurcate hairs of the young larvae often hold 

drqplets of clear liquid; Ford (1945) and others record 

that these are used in an association with ants. During 

the present study ants were frequently found ascending the 

stems of crucifers, especially A.petiolata, and were seen 

to feed on nectar. The species included Formica and 

Myrmica spp, but no instance was found of any association 

between A.cardamines and these species. (Baker found that 

survival of A.cardamines is better on plants which also bear 

ants - pers. comm.) 

Anoth1:?r habit often associated with a mutualism with 

ants is cannibalism, for which A.cardamines larvae are 

notorious amongst entomologists. Williams (1915) and Ford 

(1945) both record that the habit is restricted to young 

larvae, although some antagonism (not leading to killing) 

is also found in later instars, &1d pupae may be killed if 



left in the same container as large larvae. Cannibalism 

is discussed more fully in section 2.iv. 

The habit of wandering away from the foodplant makes 

the pupa almost impossible to find in the field. Frohawk 

(1915) and T. Dunn (pers.comm.) have each found a single 

example upon A.petiolata, but both Frohawk and Williams 

were of the opinion that the species 'but seldom pupates 
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upon its foodplant'. In captivity pupation will take place 

upon any thick stemmed plant, the larva spinning a thick 

pad of silk to which it is attached anally. The larva also 

spins a girdle of silk which supports the animal around the 

middle, the ventral part being free of support. Pupation 

therefore takes place head upwards, and occurs over a period 

of 24 hours. The pupa is from 15 to 25 m~ in le~gth, 

pointed at either end, and considerably harder than most 

P.ierinae pupae. When first formed it is green, but this 

gradually fades to a drab buff. Like other Pierinae species, 

there is some variation in the colouration, occasional 

specimens maintaining their green hue. There may also be 

environmental influences upon pupal colour (evidence 

summarised in Williams, 1915). Immediately prior to 

eclosion, the pupa 'colours up', the developing wings of 

the adult showing through the pupal skin, now very thin. 

In this way it is easy to sex pupae before emergence, and 

to keep the sexes separate. 

g. Aims of the study 

The central problem addressed in this investigation was 

the relationship of adaptations to individual fitness, that 



is, do 'adaptations' lead to maximal numbers of offspring 

in the next or succeeding generations, and have such 

adaptations arisen by natural selection? Section 2.iii 

describes the movement patterns of one population and the 

censussing of adult numbers, which have bearing on 
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population genetics and dynamics (section 2.viii and 2.vi). 

Female .fitness was investigated by way o.f oviposition 

behaviour (section 2.vii) and the survival of eggs (section 

2.iv). This led to the study of the relations between the 

animal and its foodplants (section 2.v) and to the production 

of a k-.factor analysis for one population, in order that 

individual ad~ptations might be viewed against a proper 

background of .fitness within a population. The results 

o.f these analyses are _discuss_ed in r_elation to _the known 

local history and variation of A.cardamines. (Male fitness 

is discussed briefly in Chapter 3). Section 2.ix then 

draws together these various investigations to consider 

the evolution of lire-history characters, their 

evolutionary 1 stability' and their likely effects 

upon future evolution, diversification and speciation 

in the Pierinae. 

~----------------------------------------------------------------- --



Fig. 4. The location of A. carda.TTiines 

populations (overlay) in the 

vicinity of Durham. 
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ii. Study Sites 

The population chosen for most intense study was that 

occupying the banks of the river Wear upstream of Durham 

City. Fig. 4 maps the area. This population is easily 

accessible throughout its extent, with firm boundaries 

placed by Durham City which is unsuitable habitat for both 

A.cardamines and its foodplants. The banks of the river 

Wear provide ideal conditions for the growth of several 

crucifer species, particularly ~~iolata, Barbarea 

vulgaris, Brassica rapa, Hesperis matronalis and Sisymbr~ 

officinale, in a band of low disturbed vegetation some 

10-20 m. wide. Capsella bursa-pastoris is more generally 

distributed over the whole area and is not restricted to 

the streamsides as a.r·e -tne a15ove species. Cardamine 

pratelli!. occurs in nearby meadows. The riverbanks are 

subject to heavy flooding in some winters and silt 

deposition may have·important effects in preventing 

growth of crucifers. The weather at Durham City is 

summarised in the Annual reports of the Durham Observatory 

and Manley (1941) has summarised the weather over the 

period 1880-1940. Other populations exist nearby to the 

one chosen for study - at Shincliffe Hall (400 m. upstream/ 

South) and at the Sands, Durham (4 km. downstream/1.5 km. 

N.N.E.) with similar arrays of crucifers. A more recently 

derived population is that at Houghall, in meadows some 

750 m. E.. of the Durham population. This population, 

associated with C.pratensis, is believed to have been 

started in 1975 or 1976. Colonisation also took place 



at the Zoology Field station, probably in 1977; again 

C.pratensis was the larval foodplant. 
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Similar conditions to those at the main Durham site 

were found upstream at Croxdale (4 km. S.W. Grid reference 

NZ 250380) and Witton Park (15 km. S.W., NZ 174309) (Fig. 5) 

where adult populations were sampled and larval survival 

followed. Flooding becomes progressively less important 

upstream, although silt deposition does occur at Witton 

Park; here it may serve to keep areas free of herbage and 

open for crucifer growth. Further upstream at Wolsingham 

(18 km. w.s.w. of Durham; NZ 065375) inundation in winter 

is important in maintaining the flooded areas which support 

large stands of Cruciferae, particularly C.pratensis and 

C.amara. In addition the rocky riversides support 

A.petiolata and B.vulgaris with a very rich meadow flora 

adjacent. 

These four areas were the sites for most research. 

Additional observations were also made at various localities 

in the upper reaches of the Wear, Tees and Tyne valleys. 

In particular, fortuitous finds, at Coldberry in 1978, of 

a small population outside the normal habitats of the 

species, and at Alston in 1977 of a large uniform stand 

of H.matronalis, allowed specific questions to be addressed. 

These areas at high levels in the Pennines, are quite 

different to those at lower altitudes; there are few 

suitable nectar plants and normal roosting sites are absent, 

except in the valley bottoms. In addition to all these 

riverside sites, some observations were made at Cassop Vale. 
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This site, which lies in the Wear catchment area, some 8 km. 

S.E. o:f Durham, supports a wide range of plants associated 

with magnesium limestone, and also includes a large marshy 

area with C.pratensis. 



iii. Movements and Population sizes of adults 

a. Introduction 
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The movement patterns of a species may have great 

influence upon the evolution of characters. Immigration 

may swamp local differentiation or facilitate the spread 

of advantageous traits. Alternatively the fragmentation 

of demes with little movement between them may lead to 

random effects on gene frequency, and to local extinctions. 

Lepidoptera, as relatively large, mobile insects, have 

been investigated repeatedly by numerous observers. Several 

species of Pierinae have been found to be long-distance 

migrants. Pontia daplidice, Pieris brassicae and Artogeia 

rapae are familiar immigrants to Britain, P.brassicae 

maintaining only precarious populations in the Durham area, 

periodically subject to incursions from the south. Other 

species may restrict their movements to much smaller 

distances. Scott (1975) studied 13 species of Nearctic 

butterfly using mark-recapture methods, and found every 

intermediate state between long distance migrant and purely 

sedentary species. Previous studies on Euchloini suggest 

that they may be animals of small movements. Thus Evans 

(1955) for Anthocaris reakirtii (= Anthocharis sara), 

Scott (1975) for E.ausonides and incidental observations 

made on A.cardamines by Morrison (1965) all suggest that 

small movements are typical for these species (males). 

In the present study, it was decided to investigate 

movements within the Durham population, which, as noted 

above, is of easy access throughout. The methods in use 
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were those o£ Scott. In essence these consist o£ catching 

and individually marking butterflies, making recaptures on 

following days in the same area. The location o£ every 

capture is carefully marked on a large scale map, carried 

in the £ield, together with any incidental observations 

(such as weather). A£terwards, on return to the laboratory, 

the recapture events were recorded on similar maps, one 

£or each individual animal, allowing a picture to emerge 

o£ that animals movements within the study area. Examples 

of such results are shown in Fig. 6. 

Mark-recapture methods may also be used for population 

sizes, thus providing use£ul information in both ecological 

and genetic studies, as pioneered by Fisher and Ford (1947) 

£or ~xia dominula L., Euphydryas aurinia and other 

Lepidoptera. Num .erous studies have now taken place, and 

several different marking schemes exist. The date-specific 

marks used by Fisher and Ford are usually applied as small 

spots of enamel paint. However this has several dis

advantages, as do individual marking schemes using small 

paint dots, e.g. Frazer (1960), and are only appropriate 

when very large numbers of animals are being marked, e.g. 

Watt et al (1977). In the present study it was decided to 

apply instead a large individual number to each butterfly 

caught, usi Tlg felt tip pens. This marking scheme has the 

advantages of being rapid, quick drying and relatively 

undisturbing to the animal, in that an undersurface is used. 

Other schemes use upper surfaces so that predation risks are 

not increased (the spots being invisible when the insect is 

at rest). A red individual number placed in the orange 
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apical marking of the male and a black number in the same 

position on the female were invisible when the animals were 

at rest. Additionally the mark is sufficiently distinct to 

be read at a distance without catching the animal if so 

wished (in practice this was not attempted). 

One matter for concern in any recapture scheme is the 

problem caused if hroldling increases emigration; this is 

especially so with butterflies, which are sensitive to 

disturbance. The methods employed by others to overcome 

this include chilling and shading the insects into a passive 

state before release. In the present study it was felt 

sufficient to place the marked animal deep tvi thin a clump 

of grass or other herbage, and to fold the grasses back 

over the animal, preventing it from flying out. A brief 

watch was then kept until the animal emerged crawling from 

the grass, when it would fly away, apparently unalarmed, 

and immediately engage in courtship, feeding or other 'normal' 

behaviour. Individual animals were frequently recaptured 

many times within a single day, suggesting strongly that 

handling had not caused emigration in these cases. 

b. Patterns of movement 

In capturing animals for the above studies, it rapidly 

became apparent that females were captured very infrequently 

when compared to males and that female recapture events were 

very scarce indeed. 

Scarcity of females has been noted by Church (1957) and 

Bowden ( 1957) for A. napi. In A. cardamines as in A. napi 

there is a 1;1 sex ratio at emergence, and samples captured 
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which depart from this ratio probably represent a biased 

sample. There is no evidence for female survival being 

shorter than male (in the lab the converse is true) but 

there is abundant evidence for other bias* 1-females are 

less conspicous than males (since females fly more slowly 

through an area) within the habitat and also show different 

habitat selection to males, frequently moving away from the 

riverbanks. For both these reasons it was decided to 

augment recapture studies with direct observations on the 

movements of both species. 

Of 26 females followed individually, all eventually 

left the area of study at least once, moving away on a 

course perpendicular to the river. Nine of these animals 

had also been seen to enter in this way and 13 of the 26 

w~re followed until they re-entered the area (the other 13 

were lost to sight almost immediately, normally on the 

opposite side of the river to the observer. They may have 

subsequently returned to the habitat). Of 25 males followed· 

individually none left the area of the riverbanks, and very 

few casual observations of males were made outside this area. 

(Total length of observation time - males 245 minutes, 

females lOS minutes). When within the habitat both sexes 

frequently showed directionality of flight (as noted for 

many species, including Acardamines, by Baker (1969». This 

behaviour has important effects on oviposition patterns and 

*It is possible to confuse the female in flight with other 
white ~ridae. However, this is not a possible source 
of error here, since all white Pieridae were being caught 
for other purposes. 
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additional results on movement patterns are discussed in 

section 2.vii. 

Scott {1975) has produced several methods for analysing 

the results of mapping individual animal movement. These 

include:-

di = minimum distance between successive captures. 

R = Range =- distance between two most distant 
captures. 

D = Sum of all di. 

V = D/Time between first and last captures = 
'over all speed 1 • 

The results of these methods when applied to A.cardamines 

males are presented in Table 1. There are insufficient data 

for analysis of females to be worthwhile. Also shown are 

Scott's results for Euchloe ausonides for comparative 

~urposes. It will be seen that the values for A.cardamin~ 

males are small - particularly the ranges and speeds of 

animals in 1977·and 1978.*1 This. agrees well with observed 

behaviour. Males are constantly in flight up and down the 

riverbanks and are a typical 'patrolling' species (sensu 

*2 Scott, 1974). This small degree of movement also agrees 

well with the results of Evans (1954, 1955) on Nearctic 

Anthocharis males and the observations of Morison (1965). 

*1 The difference between 1979 and previous years was very 
noticeable in the field. Other aspects of population 
biology, particularly floral choice (for nectar), 
changed dramatically. 

*2 That is, their mate-location behaviour appears to be 
based on making rapid transits of suitable habitat, 
searching for females from the air. This contrasts with 
'perching' species which adopt a small area and remain 
there, often on a flower or the ground, flying up and 
making inspections of insects entering their field of 
v1s1on. Most Pieridae are patrollers. Examples of 
perchers are Aglais urticae (Baker, 1972) and Pararge 
aegeria (Davies, 1978). 



Table 1 

Results of analyses using methods_Qf 

Scott (1975). A.~.2mines <i'~ 

1977 1978 1979 

No. Animals Iviarked 127 168 145 

No. Animals Recaptured 62 91 84 

No. Recaptures 108 150 172 

l\'lean R fm) 211.5 184.2 483.5 

l'-1ean 0 (m) 247.0 253.5 751.4 

Mean V (m/ da.y) 97.8 88.7 150.1 

E. a.usonides d1:f' 

(From-scott, 
1975) 

97 

54 

110 

329.0 

463.0 

139.0 



"From long observation of the males it seemed 
that each male confined its flight to a 
rather restricted area, though it flew rapidly, 
particularly when aided by the wind". 
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The results disagree, however, with the suggestion of Baker 

(1972) that A.cardamines is migratory and, moreover, uses 

sun orientation in such movements. In the North of England 

few males are ever found away from river courses, whilst 

Owen (1977) records only 22 A.cardarnines in 10,730 

butterflies caught in his suburban garden. Fig. 7 shows 

the distribution of ranges recorded for marked animals 

at Durham. The mean recorded range, with one outside the 

area at Shincliffe Hall (500 m distant) is 302 m. The 

maximum possible range within the area studied is 1,800 m. 

There is little evidence for Baker's contention, at least 

in- -:the population here studied·. 

The difference in habitat selection of the two sexes 

has been recorded by Wiklund and Ahrberg (1978) who suggest 

that it arises from the two sexes seeking different 

resources (virgin/receptive females and oviposition sites) 

which are distributed differentially. This agrees well 

with the situation at Durham, where some small patches of 

Cruciferae, particularly C.bursa-pastoris, occur away 

from the river. In the case of males searching for females, 

patrolling a section of riverbank would certainly produce 

more contacts with females than ranging the whole area 

searched by females, since the overall density would be 

small but the females eventually return to the riverbanks. 

(In effect the resource, females, is distributed patchily 

over the total area, and males are maximising their chances 
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or utilising the resource by recognising the optimal area). 

Patrolling a small section of riverbanl< may also be 

advantageous to males in allowing them to adopt a 1 familiar 

area' where the animal is aware or the distribution of 

nectar sources, roosting sites, etc. On the other hand 

the evolution or a small home range, as appears to be the 

case in male A.cardamines, would not be expected where the 

distribution of resources is unequal amongst patches (and 

the animal unable to gauge a patch's productiveness), since 

a larger area would always produce ~ contacts and in a 

mixed population of 1 large movers 1 and 1 small movers' , the 

latter strategists would be gradually eradicated by 

stochastic variations in success (the mean number of matings 

for both strategies would be the same, but more nulls vrould 

occur for 1 small movers'). It may well be that the small 

movement recorded here is·not an evolved characteristic 

per g, but stems from the tendency o:f males to stay near 

good sources of nectar. 

c. Popul~t;on size 

The accurate determination of population size is a 

subject to which considerable attention has been given in 

ecology, 1nith several alterna_tive methods of calculation 

from recapture data, being available. Of these the methods 

of I•Ianley and Parr ( 1968) and Jolly ( 1965) are the most 

widely used, and have the advantages of not assuming 

constant death rates, giving daily estimates of mortality 

and other population parameters. These most powerful 

methods are, however, not appropriate when population 



Table 2 

Daily Survival Hate C¢) and Population 
Size N of"~ardamines populati~ 

~ N~ Est. NcJ'+~ 

A.cardamines 1977 o. 799 173 346 

1978 0.884 298 596 

197q 0 .• 866 243 486 



Table 3 

Daily survival rate (@) in 
-other studies 

~ Ref ere~ 

Parnassius phoebus 0.842 Scott, 1973. 

Euchloe ~usonides 0.835 II II 

fl.1aniola iurtina 0.75-0.93 Dowdeswell et al, 

Pararge megera 0.789 Parr et al, 1968. 

Coenonymoha tullia 0.70 Turner, 1963. 

Polyadryos ~achue 0.794 Scott, 1973 

~caena arota 0. 763-0. 790 II " 
L.Xanthoi~ 0.893-0.932 II II 

- -Pol-vommatus icarus 0.744 II II 

Polyommatus icarus 0.83 Dowdeswell et al, 

1949. 

1940. 
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size is small,as here. In these circumstances the Fisher

Ford method is most appropriate. This method assumes both 

age-independence of mortality, and a constant survival 

rate, although it is robust against small variations in 

either of these. The method (outlined in Appendix 2) uses 

date-specific marks, and produces estimates of daily 

population size, gain and loss. 

Table 2 gives the results when applied to the Durham 

data. The method does not distinguish between the effects 

of emigration and death or between immigration ~1d 

emergence. Very little evidence exists for migration 

between populations. Of 83 animals (47 in 1977, 36 in 

1979) t~<en at the Shincliffe Hall population (which lies 

only some 500 m upstream from the Durham site) only one 

was marked. Similarly none of the 40 animals examined at 

the Durham Sands population in 1979 were marked. 

Additionally no eggs were found on crucifers within the 

city and in other areas away from the populations studied -

arguing strongly against female emigration from these 

populations. Thus mortality is ascribed to be the main 

cause of adult loss and i1mnigration is not believed to 

be diluting the population to any significant extent. 

d. Adult survival 

The mean survival of adult males is given in Table ~. 

There is evidence that female survival exceeds this, the 

animal using her eggs as an emergency energy source. The 

range of mean male survival for the three years ag~ees 

well with that found for other species of Holarctic 
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butterflies. These include species such as C.tullia, which 

is colonial, where there is little chance of emigration, 

and whose mean survival is less than found here. Tropical 

butterflies typically survive for much longer periods 

(Gilbert and Singer, 1975). 

The causes of adult mortality are largely unknown, as 

is typical for butterflies. One animal was found to have 

been killed by a motor vehicle (in 1977). Known causes of 

death include bird predation (Knight, 1972) and one case 

of 37 adults in captivity predated by a carnivorous beetle 

(Floersheim, 1906). Spiders may take a few animals, but 

the major cause of morta~lity is probably senescence. The 

observed life expectancies are not very much smaller than 

those expected in the lab. One cause that has operated on 

the Durham population in the past, is deliberate predation 

by humans - entomologists and children. Collecting ceased 

in 1976. In s~tpling for electrophoretic and other studies, 

animals were either trucen from those reared as pupae, from 

nearby populations (e.g. Shincliffe Hall) or from adults 

flying at the end of the emergence. 



iv. Survival of the.-!!l!m.!.E:!£!Lstag~ 

a. Introduction 

The varying patterns of survival at differing stages 

in the life history of an organism are believed to have 

important effects upon the evolution of adaptive 

characteristics. MacArthur and Wilson {1967}, Wilbur 
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et al (1974) and others have for instance discussed the 

importance of selective regimes associated with reproductive 

effort and survivorship patterns. One aspect of the present 

study was to describe the population background to fitness 

by following the survival of eggs, larvae and pupae of the 

Orange Tip, in order to gain insights into individual 

fitness and adaptations. Additionally, although many 

authors have reported investigations into the survival 

of immature Lepidoptera and have constructed life tables 

representing these patterns, relatively few have recorded 

the details of intra-population variability in survival. 

It was decided therefore to investigate and to identify 

states associated with differing survival of A.cardamines 

young stages {these results are reported in later sections). 

The present section discusses the sources of mortality. 

Studies on the survival of Lepidoptera larvae, etc., 

generally consist of either repeated censusing at intervals 

during development (e.g. Pyornila, 1976) or the fo~lowing 

of cohorts of animals, often individually marked. The 

latter approach has been particularly common in studies 

of butterfly species {e.g. Lycaena phlaeas (Dempster, 1971» 

where, often, overall densities within the habitat are low, 
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and the larvae remain in a relatively small area. The 

Orange Tip is an ideal subject for the latter type of 

study in that host specificity restricts movements of 

individuals, and often the larva may complete its 

development upon a single seedhead of a large crucifer 

such as Apetiolata. The survival of animals was followed 

at a number of sites during the three years of this study. 

Early in the season, before female emergence and ovi-

position, study areas were visited and an area of habitat 

*1 was selected for mapping. This took place by 

exhaustively searching for Cruciferae, and entering 

details of their location, species and 'size' on a sheet 

of paper to produce a diagram of every crucifer within a 

length of riverbank or other habitat. 'Size' of crucifer 

was indexed by the number of £lowerheads - that is the 

number of potential oviposition sites. A copy of this 

diagram was carried on every subsequent visit and amend-

ments were made as necessary (e.g. by the emergence of new 

plants or the budding of new flowerheads). 

In this way a map of part of a particular habitat was 

built up. As soon as female emergence commenced, the 

study sites were re-visited and every crucifer inflorescence 

examined for the presence of A.cardamines eggs. This species 

*1 As far as possible the same areas were chosen from year 
to year. However, extensive subsidence of riverbanks 
at Durham caused the loss of two of four mapped areas in 
1977-8 and the extensive modification of a third in 
1978-9. Similarly, at Croxdale in 1978, logging and 
clearance destroyed part of the study area whilst 
actually under investigation. To compensate for these 
events, additional patches were chosen where necessary. 
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of butterfly provides an opportunity not found in any other 

*1 yet studied, that of finding every egg within an area. 

The red stage of the egg which may last up to a week is 

readily detectable and, since every oviposition site is 

exrunined, there is no danger of missing a single ovum (care 

must be paid not to miss the earlier white stage however). 

The eggs were recorded on photocopies of the crucifer map 

and the visits were repeated as often as possible, at 

least every six days, so that all subsequent ovipositions 

were recorded and complete maps of the distributions of 

eggs over crucifers were possible. In addition, on every 

visit all crucifers knovm to have previously borne an 

egg or larva were examined. If the animal was still 

present, it was recorded together with its size or instar 

(based on colour, length and headcapsule width) and any 

details of its behaviour {for instance, large larvae 

moving down to feed on the leaves). If, hotllever, the 

animal was no longer present and no clue as to its 

survival (or death) such as egg case or exuviae, was 

found on the plant or underneath, every surrounding 

crucifer was searched. If the animal was still undiscovered 

(as was almost invariably the case) then it was marked down 

as a 'disappearance'. On subsequent visits the crucifer 

was examined again; occasionally the animal had 

*1 Other studies on butterfly cohorts use one of two 
methods for detecting eggs; either (1) searching 
within quadrat for any visible egg or larva - this 
is usually unproductive at low densities (e.g. 
Thecla pruni (Thomas, 1974), or (2) following 
individual females and marking oviposition sites. 
This is very laborious and may lead to considerable 
bias if individual females differ in hostplant 
choice. 
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reappeared (usually when first instar larvae were feeding 

within inflorescences). If the animal was not subsequently 

found then it was recorded as dying, and was deemed to 

have done so in the same stage as when last recorded. 

This procedure which follows that of Dempster (197la) 

leads to a slight bias in the data obtained, since it is 

possible that between visits an animal may develop to a 

further stage before dying. This is almost certainly the 

case in several instances of both egg and first instar 

death of the present study. However, provided that visits 

are frequent relative to the development of the animal (as 

*1 here) this inaccuracy does not become a major problem. 

Other information noted was the presence of potential 

predators (ants, sawflies, spiders) or competitors (Molluscs 

and other Lepidoptera) together with comments on the 

condition of the foodplant (e.g. dry and dessicated, dying 

or infected by fungal hyphae). In this way details were 

obtained of the survival of individuals both within 

particular circumstances and within the population. The 

survivorship data from the sites at Durham in 1977-79 and 

from Witton, VJolsingham and Croxdale in 1978-79, are summed 

in Fig. 8 and Appendix 3. This represents the survival 

of 1,798 eggs. The survival of animals at different sites 

and in different conditions are discussed in later sections. 

*l Some animals were killed by humans - trampling, picking, 
etc. In handling such data the procedure followed in 

constructing life tables was to include the animal as 
surviving its penultimate stage, but not as entering 
the stage of its death. 
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The general form of the survival curve (Fig. 8) is 

similar to that recorded for other Palaearctic species of 

butterfly. In E2£ilio machaon (Dempster et al, 1976), 

A.rapae (Richards, 1940; Hasni, 1977) L.phlaeas (Dempster, 

197la) and in the moth Tvria jacobeaea L. (Dempster, 197lb) 

few eggs die, but this is followed by heavy mortality in 

the early instars. In all species mortality is less in 

later instars, but it should be noted that both for these 

species and the Orange Ti~ parasitism is not included. 

Of 1,798 eggs, 173 are recorded as dying before 

reaching the first instar. As noted above, this is 

certainly an over-estimate. The causes of mortality are 

g-iven in Table 4. 

Table 4: Source of mortalit~ 

Dessication 
Philaenus §R 

Failed to hatch 
Trichogramm_!: §.12 

Cannibalism 
Cannibalism? 
Unknown 
Drowning 

Number killed 

16 
2 

1 
2 

15 
85 
46 

6 

173 

A frequent cause of death was 'dessication'. These were 

eggs that were laid, coloured up and showed every sign of 

developing normally but were later found to have collapsed 

internally. These were in every way similar to eggs which 

sometimes died in the lab. in conditions of heat stress. 

Richards (1940) recorded that temperatures above 30°C 

caused dessication of many A.rapae eggs, ru1d it may be 



significant that in A.cardamines dessication appeared to 

occur only towards the end of the oviposition period. 
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One egg was recorded as failing and was presumed infertile, 

or imperfectly developed. Low infertility is typical 

of butterflies, e.g. A.rapae (Harcourt, 1966). 

Two eggs were seen to blacken up in the manner 

symptomatic of Trichogramma parasi tisation (the parasites 

escaped). A low level of egg parasitisation is usual for 

most butterfly species, although some Lycaenids, with 

overwintering egg stages, may suffer greater losses -

e.g. Plebejus icariodes Bds. (Downey, 1962) and QHercH§ia 

guer~ L. (Thomas, 1976). nvo eggs were, subsequent to 

laying, enclosed in the secretion of spittle-bugs. 

Neither developed beyond the pale red st~g~~ _ ~2_g_s lost 

to cannibalism are distinctive in being partially eaten, 

whilst the category of cannibalism? covers those eggs 

which disappeared whilst on the same flowerhead as other 

eggs or larvae. This includes cases of probable cannibalism, 

but some of such losses were not so incurred, and should 

properly be included in the 'unknown' category. These were 

eggs which disappeared without trace, with no larvae nearby. 

Possible causes for this mortality include invertebrate 

predation and the dislodging of eggs. In one instance an 

egg was laid on the growing tip of S.officinale and soon 

fell off {this was not on a study site and is not included 

above). Dislodging occurs in Thecla pruni and may occur 

in some A.rapae populations due to rainfall (Dempster, 

1967). However, in other A.rapae populations rainfall is 



believed to have only small effects (Harcourt, 1966), 

{These studies ._were, however, carried out in climatic 

conditions quite unlike those in England} whilst in 

Lycaena dispar (Duffey, 1968) and T.pruni, earwigs may 

take many eggs. In A.cardamines,rainfall is held to be 

unimportant. At Witton Park on the 6th of June, 1979, 13 

eggs were mapped immediately prior to a torrential 

thunderstorm. All were still present after the storm 

had passed. 

Williams (1915) records one egg killed by having 

another laid upon it. 

Cannibalism is discussed more fully below. 

c. Cannibalism 

One of the most noted facts concerning ~rdamines is 

the cannibalism of the early instars. In the populations 

studied, cannibalism was occasionally noted, particularly 

when several eggs were laid upon a single flowerhead (Fig. 

q). Only cannibalism of eggs was recorded, although in the 

lab. larval cannibalism is known. It seems likely that 

cannibalism of larvae in the field is relatively rare, where 

an aggressive larva would be able to overcome only a 

quiescent opponent (e.g. when preparing to moult). Egg 

cannibalism is also frequent in A.rapae but not in other 

Pierini. An interesting comment on this behaviour is 

recorded by Gardiner (1974); In discussing P.brassicae 

he records how the first larva hatching from a batch of eggs 

eats not only its own eggshell but also the top of those 

nearby, thus causing a synchronous emergence from the egg 
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of this gregarious species. This is strikingly similar to 

the situation in A.rapae and A.cardrunines except that in 

these cases nearby eggs are destroyed. The young larva 

eats through the side of its own shell and immediately 

devours most of the empty case. Should an unhatched egg 

be in the vicinity, that also is devoured. It seems likely 

that the differing behaviour of newly hatched !::_. b,; assi_c;~, 

~.J1pae and A.cardamines larvae arose from the same 

ancestral response - the use of the egg case as food by 

the newly hatched larva. I,t may well be, therefore, that 

some instances of 'cannibalism' (perhaps the majority o£ 

those in A.rapae) result from 'mistaken identity'. However, 

once this circumstance has arisen, it may be the precursor 

for further evolution and the evol-u1don of canni-b-ali-sm 

proper, where this is of individual advantage (for instance 

when larvae are subject to competition for food resources). 

It is normally stated that cannibal ism is a habit 

restricted to the early instars (Williams, 1915) (Ford, 1945). 

In the present study, antagonism was noted occasionally in 

larvae of later instars, where two animals on the same food

plant would appear to spar with rapid head movements. This 

sort of conflict might even lead to an animal leaving the 

f'oodplant, but must be rare in the field. Inadvertently 

leaving pupae in a container with larvae led to the 

discovery that they may also be cannibalised, although 

this was seldom the case and highly unlikely to occur in 

the wild. Nevertheless, the behaviour is of interest since 

it ~uggests that cannibalism might be linked to an 

L------------------------------------------------- -
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olfactory response. 

Cannibalism in A.cardamines usually entails only the 

killing of an opponent, and actual consumption of the 

conspecific appears only partial. Is the behaviour 

spiteful? (sensu Hamilton, 1970). That is, has the 

behaviour evolved under individual advantage or by inclusive 

fitness? A 'spiteful' gene hypothetically comes to 

dominate a population not by increasing the success of 

individuals carrying it, but by decreasing the proportion 

of non-cannibals. Several conditions are favourable to 

the possible evolution of spite in A.cardamines. The over

dispersion of eggs by females, and particularly the habit 

of laying one egg per visit means that con1petition between 

siblings will be less frequent than expected from a random 

distribution. Since most competitors will not be closely 

related, antagonistic larvae will not be selected against 

by kin selection. 

The fragmented nature of demes of A.cardamines in 

northern Britain, and the small effective population sizes 

also favour random genetic events (section 2.viii) and the 

rapid .fixation of favourable traits. This arises due to 

the initial advantage of a spiteful gene in a large 

population being small, since spiteful individuals are 

rare and few non-spiteful individuals killed. In small 

populations, each individual contributes a greater 

proportion of the next generation; thus spiteful genes 

will come to dominate the population .faster, and may be 

helped by random fluctuations in initial gene frequencies. 

It is perhaps significant that ~mannii, a sibling-species 
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o:f the 'accidental' cannibal A.rapae (Powell, 1908), and an 

Australasian Eurema sp. (Jones, pers.comm.) are both highly 

cannibalistic and highly localised butter:flies. 

Ho·wever cannibalism may have evolved under 'normal 1 

individual selection, i:f it favours individuals which as 

larvae might otherwise have succumbed to food shortage 

due to depletion by other individuals. The killing of 

pupae would then become understandable as an 'accidental' 

outcome of olfactory stimuli which normally release killing 

of eggs or larvae. Thus it is not ne Ct~ s s ary to invoke ' spite' 

to explain ~rgamines cam1ibalism. 'Spite' remains an as 

yet unconfirmed principle. 

d. Lar~~ mortality 

rJJ.ost mort ali!~-~~ ~~ature f!! .• cardanlJ.nes oc:::~_!:l:r~ i~ th~ __ _ 

larval stages and is particularly heavy in the early 

instars. This pattern is common to many other species of 

Lepidqptera and is normally ascribed to losses o:f small 

vulnerable larvae to invertebrate predato:rs; for instance 

in studies of A.rapae by Richards (1940), Dempster (1967) 

and Harcourt (1966). Rainfall may also have an effect by 

drowning or dislodging small larvae of some species. In 

the present study little evidence was found for the 

operation of any of these factors. Only one instance was 

seen o:f predation - in 1978 at Durham when a larva of the 

DunBar Moth (Cosm~ trapezin..Ja L.) was seen to ldll a third 

instar larva. Spiders, ants and sawflies were all common 

upon the :foodplants, but no evidence was ever found of 

interactions with these groups. (Spider attacks leave 
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distinctively damaged larvae in A.rapae and L.phlaeas). 

Wiklund and Ahrberg (1978) record only two instances of 

invertebrate predation - the loss of late instar larvae to 

predatory bugs. Similarly, periods of heavy rainfall were 

not associated with increased larval death. 

There is evidence to suggest that the larval food

plants might be responsible for substantial mortality. 

Upon hatching, the tiny larva is faced with penetrating 

the defences, mechanical and biochemical, of the crucifer. 

In fact, a great many fail to establish themselves. 

Comparisons of larval survival upon different foodplants 

{Section 2.v) indicate significant and consistent 

differences at this point, strongly suggesting that the 

foodplants themselves are strongly influencing larval 

survival. Support for this deduction comes from recent 

studies on A.rapae (Jones and Ives, in press) and on the 

chrysomelid beetle Phyllotreta nemorum (Nielsen, 1978) which 

attack the leaves and seedpods of crucifers respectively. 

In both species the success of the larva upon hatching, 

in penetrating at once the plants defences, was critical 

to larval survival. Similarly, in Papilio machaon, in 

laboratory culture (where predators are excluded) larvae 

dying on unsuitable foodplants did so predominately in the 

first instar (Wiklund, 1975). An identical view has 

independently been reached for Swedish populations of 

A.cardamines where, again, initial larval penetration is 

important, survival thereafter being relatively unaffected 

by the foodplant (Wiklund and Ahrberg, 1978). 
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One source of larval mortality also related to the 

foodplant was 'drowning'. On several occasions at Durham 

in 1977 and at Croxdale in 1977 and 1978, crucifers 

collapsed under their O\m weight and, being situated on 

the banks of streams or rivers, submerged their seedheads 

and any caterpillars attached. Larvae were not killed 

directly by immersion, and on rescue usually survived 

(Lycaena dispar larvae can withstand long periods of winter 

floods). However, when submerged,larvae ceased moving and 

feeding and must normally have died rapidly. In all, 38 

eggs and larvae were lost in this way. 

Relatively few larvae were lost in the last two instars 

(36; 7•3%' of those entering the 4th instar). In A.rapae 

(Dempster, 1967; Baker, 1970) and A.napi (Lees and Archer, 

1974) this loss was demonstrated to be due to bird 

*1 predation. The following species of potential bird 

predators occurred at the study sites. 

Grasshopper Warbler 

Sedge \varbler 

Garden Warbler 

Whitethroat 

Lesser \.oJhi tethroat 

Willmv warbler 

Dunnock 

Robin 

Locustella naevita 

Acrocephalus schoenobaenus 

Sylvia borin 

s.communis 

s.curr~ 

Phylloscopus trochilis 

Prunella modularis 

Erithacus rubecula 

----------------·---------------------------------
*l Bird predation may also be important in other species -

for instance in Ladoga camilla it has been suggested 
to act as the key factor determining population sizes 
and changes (Pollard, 1979). 



50 

All these insectiverous birds could be predators but in 

fact only one of them was seen to search in the micro-habitat 

which included A.petiolata and A.cardamines - The Sedge 

Warbler. This species is known to be a major predator of 

P.machaon larvae (Dempster et al, 1976) and it is 

significant that the only site where late instar mortality 

was high ( Durh~m · A in 1977. 46% loss) was also the 

only site included in a Sedge Warbler territory. After 

1977 abundance of these birds fell, frustrating efforts 

to link predation by this species with A.cardamines loss. 

An experiment was conducted akin to those of Baker, and 

of Lees and Archer M1ere larvae were reared in captivity 

until the 4th instar and then placed upon foodplants in the 

field. Half of these were protected from bird but not 

invertebrate predation by a bag of netting. The other half 

(20 in each group) were left unprotected. Survival was 

better in the unprotected group (19 survived 6 days) than 

in the protected group (17 survived) and the experiment was 

not repeated. 

& priori one would not expect heavy bird predation 

upon ~ardamines larvae - the larvae are at low densities 

compared to the semi-natural populations studied by Baker, 

and the artificial ones of Lees and Archer. Birds are only 

likely to invest time searching for such prey at a 

relatively high density or in their normal habitat. The 

major bird predators on suburban A. rapae are House Sparrows 

(Passer domesticus) and Starlings (Sturnus vulgaris) (pers. 

ob.) which do not hunt in riverside areas. 

A major source of mortality in mature larvae is 
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parasitisation. Only one species of parasite was reared 

in the present study, the Tachinid Phryxe vulge.!,is. This 

species lays its eggs directly onto the host and attacks 

from the 3rd in star onwards in A. carda111ines. This species 

of Tachinid also attacks other butterflies - e.g. L.phlaeas, 

(Dempster, 197la), L. disQar (Duffey, 1968) , Lasiommata 

:m:aag~ra L. (Richards, 1940), Aglais urticae (Pyornila, 1976) 

and A.£.~~ - and is known from many other Lepidoptera as 

well. It attacks only the late instars in A.rapae (Richards, 

1940; Harco'..lrt, 1966) and ill?_9_ri a g_;-ataegi L. ( Stellwa9, 1924) . 

The parasite develops within the larval tissue and usually 

emerges after pupation, although occasionally the maggot 

may emerge from a prepupa (in this case the maggot is usually 

small and dies). The parasite emerges either ·within days of 

the pupation of its host or lies over until the following 

spring, emerging soon after the removal of pupae from the 

refrigerator. The parasite therefore does not seem to spend 

its first brood in A.cardami~ ru1d is either bi- or txi-

voltine. The incidence of parasitis~tion at the study sites 

is given in Table 5. 

Table 5 
Overall larval Overall % Locali ty~_and Date t:L dens ft~~ 1 ar v aeL_ parasi tisation 
m of_llabi.ta! 

Durham 1977 76 2.68 38.2 
1978 29 1.35 44.8 

1979 46 1.99 43.5 
Croxdale 1978 27 0.91 11.1 

1979 26 1.92 15.4 
~vi tton Park 1978 24 1.72 16.7 

1979 53 2.94 41.5 
Wol singh am 1978 42 1.15 4.8 

1979 79 3.03 7.6 
Barnard Castle 1978 5 20 
Egg1estone 1978 8 0 
Alston 1977 12 0 

1978 9 0 

1979 12 0 



It may be seen that loss to Phryxe 

parasitisation was consistently heavy at Durham, but 

varied in intensity at other sites. This may reflect 

habitat differences between sites, the presence of 

alternative hosts, the recent origin of some A.cardamines 

populations or other factors. \.Jiklund and Ahrberg (1978} 
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note that parasitisation is low on plants of marshy habitats -

as is the case at Wolsingham. However, variation in loss 

may also reflect broader habitat preference of the parasite, 

perhaps linked to the presence of alternative hosts (as in 

the parasites of Coleophora alticolella- Randall in prep). 

The absence of parasitisation in upland sites may reflect 

this (the sites also support large numbers of A.napi, a 

species which is very little parasitised, Lees, pers comm.) 

Alternatively it may reflect the fact that these populations 

are recently derived - the parasite may not have had 

sufficient time to find these new colonies. However, this 

is not a plausible explanation for variation among the 

main sites. Similarly there is no evidence to suggest 

that the differing parasitisation rates are a result of 

overall larval densities, although it is known that Phryxe 

vulgaris responds to increasing densities of A.rapae by 

increasing searching effort and attack rate in some 

populations (Harcourt, 1966) but not others (Richards, 

1940). Nor was any evidence found for the direct effect 

of larval aggregation or density upon parasitisation (Fig. 

10). Other l'achinids do show increased attack rate with 

increasing host density, e.g. ~oena on Panolis flammea 

(Qurjanova, 1977). 
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Fig.10 The effect of A.cardamines larval density 

upon parasitism by Phryxe vulgaris . 

(Density is taken as the number of larvae within 1m. 

of the 2nd or later ins tars ) 
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The present study records P,vulgaris as the only 

parasite of A.cardamines. This was also the case in 

Berkshire in 1979 (Waage, pers comm). In the past another 

Tachinid has been identified as the sole parasite of some 

British populations - Exorista ~lgaris, another po~yphagous 

species (Williams 1915}. In the summers of 1905 and 1906, 

this species caused particularly heavy losses. Similarly, 

in A.sara, Tachinids are the major parasites. These 

situations contrast markedly with that of A.cardamines in 

Sweden, where no Tachinid parasites were observed but 

instead the Braconid Apanteles saltator which may cause 
' 

very heavy losses. Pyornila (1976} has argued that 

P.vulgaris is inferior in competition with Braconids when 

attacl<ing the host A.urticae and is excluded. PhrXfCe vulg~ 

is also inferior to Apanteles ~.in A,rapae (Richards, 1940}. 

In A.rapae, Phryxe and Apanteles ~ seem to attack different 

populations (Harcourt, 1966; Parker, 1970}. Again, around 

Durham, suburban populations of A.rapae and P.brassicae are 

attacked b~ Braconids, populations near riverbanks only by 
Q. 

Tachinids. It is apparent that inter-relations between 

*1 parasites, hosts and habitats are exceedingly complex. 

Additional late instar death was known to have been 

caused by disease. The most frequent affliction was 

bacterial attack, the symptoms of which are a distinctive 

blackening of the larva, first as a small spot on the skin 

·---------
*l Audcent {1942) in his review of the hosts of para9tic 

DLptera records only Phryxe vulgaris from A.cardsm~· 
In their similar review of the hosts of parasitic 
Hymenoptera, Morley and Rait-Smith {1933) do not have 
any record for A.cardamines. 



but later all over, and an increasing sluggishness or the 

animals.*1 The bacterium enters on the ingested rood 
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material and attacks through the gut wall (Atwa and Abdel

Rahman, 1974) and may be important in controlling outbreaks 

or the pests A.rapae and Thymelicus sylvestris (Arthur and 

Angus, 1965). Granulosis virus also attacks Pierids and 

may cause substantial mortality, particularly when the 

animal is under stress (David et al, 1972). Viral attack 

was suspected in several epidemics in the laboratory, but 

no field evidence for its attacking A.cardamines was round. 

Like parasitoids, granulos~viruses are only moderately 

specific, and strains £rom one Pierid species will inrect 

another (Payne, pers. comm). 

In 1979 siliquae and stems or A.petiolata at Croxdale 

and, to a lesser extent, Witton Park, were infected by 

*2 hyphae of a white oomycete fungus. The rungus caused 

rapid deterioration and drying or the siliquae and some 

4th and 5th instar larvae disappeared. These may merely 

have lert the foodplant in search or better quality food; 

however, at least one was killed by the fungal hyphae growing 

through from its midgut. Other larvae ate inrected siliquae 

without ill e££ect. A.rapae is resistent to some entomophilous 

rungae (Puttler et al, 1976). 

3 larvae failed to pupate properly. 

Larval survival was not related to density (Appendix 4). 

*l Diagnosed by c. Payne of the Glasshouse Crops Research 
Institute. 

*2 Identified by G. Banbury of the Department of Botany, 
Durham. 
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e. Pupal mortalit~ 

Deaths of pupae in the laboratory were generally 

caused by disease or parasitism from the larval stage. 

However, 5 were lost beca,use of problems of eclosion and 

others died from being kept in improper conditions of high 

humidity. The former losses are probably due to natural 

malfunctions and most studies show a few such losses. 

Pupal mortality in the field was less easy to examine. 

In the autumns of 1977 and 1978, batches of pupae were put 

out on the riverbanks of the Wear. These were animals 

which had been allowed to pupate on the stems of A.petiolata, 

which were then fixed to other vegetation in the field. 

Unfortunately, in both years all such pupae were lost 

(20 in 19-77--78, 17- i-n-19-7-8-79)-. Survival was followed unti-l 

inundation by the rising river water in November/December, 

but thereafter none was found, despite careful mapping and 

marking of the plants - prior to inundation, only one pupa 

is known to have disappeared - in 1978 when the whole 

A.petiolata plant disappeared, suggestive of human 

interference. Following these failures, and in order to 

look for pupal parasitoids, a further 23 pupae were put out 

in August, 1979. All were retrieved in early October - none 

were parasitised and all bar one emerged successfully. 

Little success was thus gained in estimating or 

identifying the causes of pupal mortality. In other 

species of Pierid, pupal losses occur due to parasitoids 

(Hasni, 1977) and to predation, especially by birds. 



£. Interspecific com~tition 

Competitive interactions with other species are 

important in the evolution of niche occupation. Well 

documented studies on 'competitive release' (e.g. Lack, 

1971) have shown that species are often prevented from 

e~)loiting the full and potential range of habitats, food 

items, etc., by the presence of another species which 

excludes it from those resources. In particular, 

competition between closely related species has been felt 
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to be important in such situations - this view was e~Jressed 

by Darwin in the 'origin of Species' and was particularly 

favol.Lred by Elton (1946). If one favours an 'ecological' 

species concept then this process of competition and 

evolution amongst_ very closely related groups might be 

considered an integral part of the speciation process. 

During fieldwork on the mapped sites and elsewhere, 

note was taken of other species feeding upon Cruciferae. 

These included the crucifer specialist Plutella ms£ulipennis 

(the Diamond-back moth) at low-levels in 1977, with Cepaea 

~· and Limax ~· at Croxdale in 1979. These three species 

were found exclusively upon the leaves of A.petiolata and 

were not observed to interact with A.cardamincs at all. 

Various sawfly larvae and many spittlebugs (Philaenus 

spumarius L.) occupied a number of crucifer inflorescences, 

but evidence was not found of direct antagonistic competition 

apart from the two eggs destroyed by spittle (q.v.}; 

rather A.cardami~ females appeared to avoid laying eggs 

on those inflorescences (invariably the terminal ones) 
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occupied by a competitor. This was 'interference' 

competition rather than 1 exploitation' (sensu Miller, 1967). 

Three other species of insect were frequently found 

upon crucifers. A.napi occurred generally upon A.petiolata, 

B.vulgaris, H.matronalis and ~~' A.ranae upon 

A~etio~ta, B.v~lgaris and B.rapa, whilst a chrysomelid 

beetle (Phyllotreta cruciferae Goez~ caused heavy 

defoliation of c. a."llara at Wolsingham in all three years. 

These species ordinarily did not interact with A.carda..mines. 

Hov,rever, when A. cardamines larvae have consumed all the 

siliquae of some plants (C.am~ and B.vul~2fis) or the 

ageing of the foodplant causes siliquae to be unattractive 

(A.petiolata, Barbarea vulgaris, H.matronalis but not 

~.rapa) t~e larv~e m~~-~ttack ~~e plant -~!em or l~~ye~ 

(particularly of ~etiolata). In these circumstances the 

leaf-feeders may be competitors of the Orange Tip. Thus 

at Wolsingham in 1979, three ~ardamines larvae ate out 

the siliquae of c. am.....2.,~, descended the plant, found the 

leaves already consumed by A.napi (others moved down on 

plants grazed by chrysomelids but this was rarely complete) 

and were forced to move to new plants where they completed 

development. Similarly at Wolsingham in 1979, a single 

plant of B.vulgaris supported 38 A.cardamines larvae, 3 

A.napi and 7 A. rapae larvae. Two {:k_cardamines larvae moved 

down to feed on the leaves, whilst two A. napi and three 

A. rapae moved up from the diminished leaves onto the seeds. 

Again in 1978 an A.rapae larva moved up onto the seeds of 

a ~lgaris plant where two A.cardamines larvae were 
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feeding. These were the only observed cases of competimn; 

more freque1tly both A.cardamines and the Artogeia species 

were able to complete development without interacting. 

{It was not possible, however, to study Artoqeia populations 

rigorously). 

In order to investigate the behavioural response of 

larvae to interspecific contacts, 3rd instar larvae of 

A.cardamines were placed in individual containers in which 

a 1st or 2nd instar larva of A.na2! had also been placed 

(15 trials in all). Also in each container were placed one 

leaf and one siliqua of A.petiolata. I'n this way the 

preferred food of either species was present, but placed in 

such a way that encounters were frequent. Young larvae of 

A.napi were chosen so as to give an advantage to the larger 

cannibalistic A.cardamines, which were at a size where they 

might have moved down onto A.petiolata leaves in the field. 

Interest was centred on the possibility of aggressive 

encounters between species but none was seen. Each species 

grazed solely on its normal food and encounters were 

uneventful. From these experiments and field observations 

it is apparent that competition between these two species 

is of the 'exploitation' rather than 'interference' type and 

is not antagonistic. 

Competitive interactions between Pierid species are not 

limited to the larval stage - if competition for larval food 

has been a force in the species' evolutionary pasts, then one 

might expect oviposi ting females to lay their eggs in such a 

way as to minimise such competition. One possibility is that 

females may respond to the eggs of other species with 

avoidance behaviour (e. g. Pier is brassicae (Rothschild and 



Schoonhoven, 1977)) or by distributing their eggs 

differentially ~1ongst potential hosts. To test these 

ideas the distributions of A.cardamines and A.napi eggs 
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were compared at one site (Alston) where the large uniform 

stand of H.matronalis eliminated variations in plant 

species, age, etc., which contribute to variation in egg 

loads. The results are presented in Table 6. 

Table 6 

Co-occurrence of A.cardamines and A.napi 
upon plants of H.mat~lis a~ Alston 

27.6.77 22.6.78 

No. o£ plants 616 672 

No. o£ plants with 
Ac eggs 68 72 

No. of plants with 
An eggs or larvae 53 24 

Expected* plants 
with both species 5.85 2.57 

Observed plants 
with both species 18 14 

"X2c 5.38 6.65 

2.7.79 

510 

45 

27 

2.38 

19 

11.66 

p(O.OS p(O.Ol p<.O.OOl 

*From combined probabilities o£ both species, 

: 68 X 53 
616 

e.g. in 1977, 

If the two species were distributing their eggs 

differently, by whatever means, one would expect the observed 

co-occurrences of both species to be less than that predicted 

from their independent abundances. In all cases there was a 

significant excess of such events over that predicted. 

A.cardamines and A.napi eggs are strongly and positively 

associated with each other. This arises because of the 
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strong edge- effects in both species (section 2.vii). 

One additional observation was that A.cardamines females 

may sometimes lay their eggs on leaves and stems when there 

are already other eggs present. Similarly A.cardamines 

larvae eat out seedheads most rapidly when there are 

several larvae present; thus situations of intr~-specific 

competition are those in which inter-specific effects are 

most likely to occur. 

Owen (1959) has argued from the observation that British 

populations of A.cardamines and A.naEi use different parts of 

the same plants to the view that competition between these 

species has resulted in exclusive niches. This view is made 

untenable, however, by two sets of facts: firstly, that both 

species show th_e behaviour normal to their respective tribes, 

i.e. that leaf or siliqua feeding is ancestral to the present 

situation; secondly that the respective habits of the two 

species are maintained in isolation from the other. However, 

occasional competitive inter actions between species may 

serve to re-inforce niche selection. Similar situations 

occur in other species pairs in the Pierinae, e.g. P.Erotodice 

and Euchloe hyantis in California (Shapiro, 1975); and 

P.brassicae and Zegris eupheme, pers.obs. in North Africa. 

In other Lepidoptera, the situation of Papilio indra (Rkt) 

and P. rudkini (Cusk.) is strikingly similar to the present case; 

again competition only occurs between species in conditions of 

*1 food shortage (Emmel and Emmel, 1969). 

*1 Grosvenor (1912) records A.napi in the drought year of 

1911 attacking ~etiolata seeds. 
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One further area of interaction between species is 

the support by Pierinae populations of mutual diseases and 

parasites. It is known that granulosis viruses are 

sufficiently general to attack several Pierini. Similarly 

the Braconid, Apanteles g!omeratus is a common parasite of 

Pierids, and in Japan parasites reared from A.rapae will 

infect A.napi, although ~!g!g is immune to its attacks 

(Sato, 1976). Again in Germany, A.glomeratu~ populations 

which attack the pest Pierinid Aporia crataegi are obliged 

to undergo alternate generations in P.brassicae (Wilbert, 

1957). Rothschild (1975) gives a list of many shared 

parasites of A.rapae and P.brassicae. It is not apparent, 

however, to what extent the bacterial and parasite populations 

attacking A. cardamines were maintained upo~- o~he_r Pieri~. 

No bacterial loss was found in the few A.rapae and A.naR! 

taken in. However, in transplanted larvae three A.rapae 

(of 33) but no A.napi (of 21) were found to be parasitised 

at Durham in June-July 1979. The parasite was Phryxe vulgaris, 

which was also found in one of two A.rapae from Croxdale, 

but in no other samples. This parasite is also known to 

attack A.urticae, but was not found when rearing large 

numbers of this species from Shincliffe and elsewhere in 

1978 (other Tachinids and a Braconid killed over 50S of 

~rticae). A full investigation of interactions of 

A.cardamines and ~vulgaris would re~lire detailed population 

studies of all the parasite's hosts. 
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v. Relatio~hips of A.cardamines and its foodpl~~ 

The fact that most phytophagous insects are restricted 

to a narrow range of acceptable foodplant species is 

hypothesised to be the result of coevolution between the 

insect and plant species ( Brues, 1924). This 'coevolutionary' 

hypothesis advanced for butterflies by &hrlich and Raven 

( 1965) , has been the subject of much rE!Search and the presence 

of 'allelochemical' substances (sensu Whittaker and Feeny, 

1971) has been identified in many plant groups. Thus 

t~1nins, cardiac glycosides, alkaloids, cyanogens and other 

toxic or distasteful substances have been linked in many 

studies with deterrence or inhibition of feeding in herbivores 

(Lundgren, 1975; Lukefahr and fviar~~~, 1966; Atsatt a_,ll_d 

O'Donald, 1976). The activity of insects as grazers is thus 

held to be the 'raison d' etre', the evolutionary pressure 

leading to the production of secondary plant substances 

{Fraenkel, 1959). The counter-adaptations of insects to 

these deterrents have also been elucidated, e.g. detoxifying 

enzymes (Krieger et al, 1971) or life-history characteristics 

(Dixon, 1976)~1 The adoption of monophagic strategies is 

believed to be the necessary corollary of such specialisations, 

and has led to further adaptations associated with such a mode 

of life, particularly in host finding and selection. 

Frequently it has been found that erstwhile deterrent 

substances are used by specialist herbivores as location-

cues and feeding stimulants. Abundant research has linked 

--------------------------------·----------·----------------------·---------
*·lrn some instances herbivores have also been shown to sequester 

such allelochemicals for their own defence - against predation 
(Rothschild, 1972) or parasitoids (Smith, 1978). Plant 
defences are not limited to chemical deterrence and may 
include physical characters (Feeny, 1975} and visual mimicry, 
etc. (e.g. plants mimicing butterfly eggs -Gilbert, 1975). 
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monophagic strategies by insects with the prt?.Sence of 

allelochemicals (reviewed by Chapman, 1974) a.I1d plant-

feeding is currently regarded as an evolutionary 1 hurdle 1 

which relatively few insect groups have overcome (Southwood, 

1973). There are, however, some indications that 

allelochemicals may not greatly influence the actual number 

of insects species feeding upon a particular plant species 

(Lawton, 1978). 

Ehrlich and l<aven ( 1965) showed that particular families 

of butterflies were restricted in their hostplants. The 

butterflies of the Pierinae are restricted to Cruciferae 

and Capparidaceae (and a few otht~r isolated instances on 

other I•amilies), with Holarctic representatives feeding 

mostly upon the Cruciferae, a pl~1t group that supports a 

large fauna from many insect groups. All these insects tend 

to be crur.;ifer specialists. The primary chemical defence 

of the Cruciferae is knovm to be the presence of glucosinolates 

*1 or mustard oils. The general form of glucosinolates and 

their derivatives are given below. 

R-c:~s-c s H11 o s 

~-oso3-
My rosinase R-NCS 

The H-group may be represented by many different groups. 

than 70 such glucosinolates are known. The presence of 

mustard oil glucosides has been shown to have a deterrent 

effect upon the feeding of non-crucifer feeding insects 

f\'lore 

(Erikson and Feeny, 1974) but in most crucifer specialists 

these chemicals are feeding stimulants which identify the 

*lsome Crucifers have evolved other defences as well as 

mustard oils, e.g. E.rysimum has cardenolides, .!:t?.~fi.§. 

has curcubitains {Nielsen, 1978). 
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plant as suitable food. Thus animals as diverse as a saw-

fly (Sehgal and Vjagir, 1977), a fly (Mukherji and Harcourt, 

1970), various beetles and ·weevils (e.g. Free and lvilliams, 

1978}, an aphid (Moon, 1967), and aphid parasites 

(Hymenoptera - Read et al, 1970), all use the presence of 

mustard oil glucosides as cues for feeding, ovipositing, 

etc. Indeed the close relation between the biology of 

Pieris butterflies and that of their hostplants is one of 

the best worked paradigms of the coevolutionary approach, 

with research on the group starting with that of Verschaffelt 

(1910). (Both adults and larvae of Pieris spp are 

sensitive to glucosinolates). 

Different crucifer species have very different 

glucosinolate profiles, but the effects of differing 
------- *1 

glucosinolates upon crucivores has been little studied, 

although studies by Blau et al (1978) suggest that 

variations in glucosinolate concentration in food has little 

effect upon the growth of Pierini. Other dietary factors 

such as nitrogen may be more important (Slansky and Feeny, 

1977). 

One possible way in which closely related species may 

avoid competition is specialisation upon differing foodplants. 

Hicks and Tahvanainen {1974) described the host-plant 

specificity of cruciferous Chrysomelidae, and showed that 

little overlap occurred between species. Similarly Ohs~ti 

{1979) showed that some sympatric Japanese populations of 

*1This forms the long term research aim of F. Chew's group. 
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Pierin·i species seemed to select different Crucifer~ 

(albeit with some overlap). Stride and Straatman (1962) 

have emphasised the importance of colonisation of novel 

foodplants to possible race formation in Papilionids. Downey 

and Dunn (1964) and Goodpasture (1974) have observed 

competitive exclusion and competitive 'release' between 

related species of Lycaemdon shared plant species. 

Similarly the recent formation of Pieris cheiranthi from 

P.brassicae (Kudrna, 1973) is closely linked to the adoption 

of a new foodplant - Tropaoleum. Again A.virginiensis, 

derived from A.napi, appears to be facultatively monophagous 

upon Dentaria spp. and has evolved life history characteristics 

enabling it to specialise solely on that genus (Hovanitz, 

1963). Z.eupheme and other Euchloini seem to be more 

obligatorily monophagous. 

It is thus apparent that speciation and foodplant 

exploitation may be closely linked. Observations such as 

those on A.virginiensis and P.cheiranthi, and the studies 

of Singer ( 1971) who showed local differences in hostplant 

selection in Euphydryas editha, all suggest that differences 

amongst foodplants may be important selective factors. The 

. *2 maintenance of ol~gophagy in many Pierinae is thus of 

*1This forms the long term research aim of F. Chew's group. 

*2 Wiklund (1974) has distinguished two forms of oligophagy -
one in which an animal species may attack all or many 
related plant species in a habitat ('Polyphagic type') 
and another form in which the animal throughout its range 
attacks many species, but which attacks only one or a few 
in any particular area ( 'l'1onophagic' type). Most Pierini 
are examples of the first type, E.edi~ o£ the second. 
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interest since it seems not only that oligophagy may be 

adaptive in these species, but also that this situation is 

dynamic. 

In oligophagous Pierini different hostplants are known 

to differ in suitability for larval growth (Takata, 1961; 

Dowdeswell and \IJillcox, 1961; Chew, 1974, 1975) and Chew 

( 1977 ab) has discussed several :factors which might explain 

the persistence of the oligophagous habit in North American 

Pierinae, notably habitat heterogeneity and foodplant 

unpredictability (but also historical events). 

The studies on larval survival and development outlined 

below were carried out to investigate the maintenance o£ 

oligophagy in A. cardamines. By demonstrating the :fitness 

of eggs laid upon differing foodplant species it was hoped 

to illustrate the relative advantages of different strategies 

of foodplant exploitation, and to demonstrate the 

circumstances in which foodplant specialisation might 

occur. Section 2 .v details the effects of the foodplants 

upon A.cardamines; Section 2.vii relates these results to 

observed female oviposition and section 2.ix discusses the 

evolution of foodplant exploitation strategies. 

b. Foodolant characteristics and larval survival _ _..______ - -
Figs. 11 to 17 record the survival of A.cardamines larvae 

upon differing crucifer species at particular sites and times. 

Survival appears to vary greatly with foodplant species. Two 

methods are used for these comparisons - overall larval 

survival and an Index of survival {Table 7). The index of 

survival is calculated as the mean number of stadia which 

are survived. Thus an animal which dies in the 3rd instar 



Figs. 11-17, The survival of ~£~d~in~ 

upon different hostp1ants. 

Fig. 11. Durham, 1978. 

12. Durham, 1979. 

13. Croxda1e. 

14. \.Vitton Park, 1978. 

15. \tJi tton P arl<, 1979. 

16. Wolsingham, 1978. 

17. Wolsingham, 1979. 
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Table 8 
Significance of ?\ 2 tests among animals entering and leaving stadia 

Amonq 1 oc .§!li ti ~ .. ~_ggQ._y:g~ 

STADIUM 
E 1 2 3 4 

*1 *2 
fi.pet.,iolata n.s p 0.001 n.s p 0.05 

H.matronalis *2 
n.s n.s n.s p 0.01 

B.vulgaris n.s n.s n.s 

~. r ~Pel. n.s n.s - n.s 

&~ong Foodplants SEe~ p 0.001*3 p 0.001 *4 p o.os*5 p 0.01 *5 p 0.01 
(all localities summed) 

------·------------------------------------------------------·----------------------------------· 
*l Heterogeneity caused by heavy 1st inst ar mortality at Wolsingham in 1979 -

on Senescing A.Eetiolata? 

*6 

*2 
Heterogeneity caused by consistently heavy 3rd inst ar mortality at Durham - bird predation? 

*3 
Heavy egg mortality on ~tron:ali§. - (cannibalism) 

*4 
Very heavy mortality on H.matrs>..!l§.lis and B.vulqaris 

*5 Heterogeneity from H.matronalis 

*6 Heterogeneity from many 4th instar larvae dying on B.vulgaris 



The estabJj-;hment of A.carclamines in tAA 

laboratory. Animals tru<en ~s eggs £rom 
inflorescences of A.petiola~~ placed 
upon crucifer material in the labor a tory. 
Food maintained in a constant state of 

fr~hness 

Ne =Number 'established' = no. reaching 
3rd inst ar 

Crucifer materi~!. N 

A.petiolata immat1!_re siliguae 40 

ageing siliguae 40 

flowers 20 

le§!;~ 20 

I-I. mat f.Q.!!,2l is siliguae 40 

~~ 10 

~ 

34: 

13 

13 

2 

15 

3 
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counts 3, whilst one dying as an egg counts zero. The 

index is particularly useful when overall survival is low. 

The two measures show broad agreement; there are few dif

ferences between populations at different sites and times 

suggesting strongly that the observed survival differences 

are due solely to the effects of the foodplants, and that 

variations, in time and space, of the major factors causing 

mortality, did not occur. 

In order to identify the stadium or stadia at which these 

host-specific differences occurred, comparisons of those 

animals entering and leaving each stadium were made (summarised 

in Table 8). It is seen that significant differences occur 

among foodplants at every stadium. The difference in egg 

mortality is a density effect; other mortalities reflect the 

varying suitabilities of host plants. 

Mortality particularly in the early instars is hostplant 

related. This could be due to some interaction of foodplant 

species with an agent of mortality such as invertebrate 

predation. However, rearing experiments in the laboratory 

indicate that such is not the case (Table 9). This suggests 

strongly that larval death is caused more directly by food

plant characteristics. lt may be that A.card~nines larvae 

respond differentially to the different chemical defences of 

the various crucifers. Chew (1975) has sho~m that for some 

Pierinae certain plant species are toxic. In particular she 

has associ a ted Barbarea vulgaris with toxicity to Anthocharis 

genutia in New England, although Shapiro records this plant 

as a major foodplant of A.sara in California (pers comm). 

In other crucifer feeding groups, B.vulgaris supports an 
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independent ''niche' (Hicks and Tahvanainen, 1974) suggesting 

that it is distinct in some way. There is little evidence, 

however, for glucosinolates being responsible for larval 

death (Chew (1974) has presented glucosinolate profiles :for 

several crucifer species). The presence of other plant 

substances such as cyanogenics is as yet undocumented. 

Similarly the dif:ferent nutritive qualities of the foodplants 

for A.cardamines remain unknown. 

One aspect of a host plants array of defences that has 

received relatively little attention is the presentation o£ 

mechanical problems to grazing. The observed pattern of 

larval survival in ~~in~ would appear to support the 

view that such defences are important. It is observed that 

once penetration has been achieved, larvae appear to survive 

. *1 well regardless of plant spec~es. (In the field it was 

frequently observed that one larva managed to survive on a 

plant of, e.g. H.matronalis, on which many other larvae died -

suggesting that intra-population variability in foodplant 

quality is not a plausible explanation of this observation). 

There is a 'hurdle' which must be overcome in the early 

instars. To test the idea that differences in plant structure 

might be important in determining larval survival, various 

rearing experiments were carried out in the laboratory (also 

in Table 9). It was found that the age and dryness of a 

siliqua affected the initial penetration of larvae feeding 

upon A.petiolata and H.matronalis, and also that establish-

ment varied with plant parts. 

*1This could also indicate the induction of e.g. detoxi:fying 

enzymes- this has been demonstrated by F. Chew (pers comm). 
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Feeny (1975) has demonstrated that the efficiency of 

A.rapae feeding is influenced by the proportion of dry matter 

in its diet, whilst Nielsen (1977), who has recorded a 

similar pattern of survival to A.cardamines in the Chrysomelid 

Phyllotreta memorum (which is killed by several foodplants, 

including H.matronalis) attributes heavy 1st instar mortality 

to the presence of a wax layer on the siliquae. This waxy 

layer is particularly noticeable on the siliquae of H.matronalis. 

The view that physical properties of the foodplants of 

A.cardrunines have important effects upon larval survival 

has been reached independently by Wiklund and Ahrberg for 

Swedish A.cardamines. 

c. Inter action of foodplant soecie.2_wi th other mortality 
factors 

-- -The- variou-s species of Crucifer differ greatly in growth 

form which results in females responding differently to the 

species (section 2.vii). It is to be expected that other 

factors may also interact with plant characters such as form 

and habitat type, and that these may influence larval survival 

upon the differing plants. For i~stance, Wiklund and Ahrberg 

(1978) noted (non-significant) differences in predation, 

parasitisation, dessication ru1d drowning associated with 

different plants. Figure 18 records the differences shown 

in certain mortality factors between foodplant species. It 

is shown that cannibalism and bacterial death may be food-

plant related but that there is little evidence for different 

foodplants being refugia from parasite attack (as noted for 

A.rapae by Pimental (.1961)). The concentration of cannibalism 



Fig. 18. Mortality factors acting 

upon A.cardamines on different 

plant species. 
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upon H.matronalis is a density effect caused by A.cardamines 

eggs being concentrated upon that species (section 2.vii). 

More interesting is the observation that bacterial attack 

may be associated with particular plant species. It is 

already known that viral attack of Pierinae is enhanced upon 

unsuitable food (David, 1978). It appears that '·stress 1 

conditions lower ~he ability of larvae to withstand inf'ection. 

In this context it is significant that bacterial attack is 

prevalent upon larvae reared on B.vulqaris. 

d. The effect of foodplants upon larval d~elopment 

The foodplant may influence other aspects of fitness 

beyond mere survival. It is known that ~napi grown on 

various Cruciferae in standardised laboratory conditions 

show diff'_e.renc.es in both -development ti-me to pupation and 

in the final pupal weight obtained (These are often linked, 

e.g. Wiklund, 1973, but not in A.cardamines). These may be 

themselves related to survival, for instance in a short 

growing season, or where increased development time leads 

to increased exposure to parasitoids. In A.cardamines 

these differences may also have other effects. Pupal size 

is related to both imaginal wingspan {influencing adult 

survival and activity) and to the number of eggs contained 

in females at emergence, as in A.rapae (Rahman, 1968). 

(Figs. 19 and 20). The pupal weights of A.cardamin~ reared 

in the field are given in Table 10. Anovar (one way -

interaction is too high for two-way) show,no significant 

differences among sites. Significant differences are 

observed, however, on summing sites and comparing foodplants. 
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Tab1e....!Q 

Foodplant e£fecl§_uoon pupal weiqht 

Foodplant s2._eci~ x pu}2al wt lmg) + S.E. __!!_ 

A.petiolata 111.03 ( 1. 78 ). 115 

B.rapa 103.25 (2.90) 20 

H .ma trona1is 99.11 ( 4.00') 27 

B.vulgari§. 93.68 (2.48) 41 

~~tensis 93.38 (6.06) 13 

C.i¥J~g 82.56 (4.53) 13 

-----
ANOVAR {1 w~f~ll sites - among s .l_f229pl nn_l§. 

Source ss DF MS F 

Foodplants 20869 5 4173.80 17.27 p(O.OOl 

Residual 53908 223 241.74 

Total 74777 228 

ANOVAR (1 wa~l £or pupae reared on A.Eetiolata -
amongst sampling si~ and ti~ 

Source ss DF 1'-15 F 

Sites 3613 7 516.14 1.58 n.s. 

Residual 35090 107 327.10 

Total 3870-3 114 
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The differences are consistent in the two years of study. 

In studying the effect of foodplants upon development 

time, two approaches are possible - the study of larval 

growth under rigourously controlled conditions in the 

laboratory is useful in elucidating some aspects of food-

plant differences (;e.g. Chew, 1974). However, such studies 

are laborious, especially in intractable species such as 

A.cardamines, and may also ignore the effects in the field 

of, e.g. plant form upon micro-climate. In the present study 

it was preferred to follow the development of larvae in the 

field, thus gaining information on the general effects of 

the plant, but not on which aspect is responsible for 

observed differences. Total development time, from ovi-

position to pupation was recorded. The exact date of ovi-
-- - - -- - .. -

position was not always kno~m, although it could usually be 

inferred from the colour of the egg. In uncertain cases the 

last date possible was assumed• On reaching the 5th instar, 

the larva was brought into the laboratory until it pupated; 

again this is likely to produce a slight undere~timate of 

development time. The results of these observations are 

recorded in Table 11. It is seen that significant 

differences occur in the development times of larvae on 

different foodplants, with H.matronalis and ~.vulgaris 

once again proving the least suitable hosts with the longest. 

development times. However, caution must be applied to 

these data, since Anovar {1 way) among sites for larvae 

upon A.petiolata is significant - indicating that develop-

ment time may vary - with year in this case. 



Table...!! 

~ 

33.34 
(0.35) 

1 

1 

Development times o.f larvae on differing 
£!_ucifers (all si tes~ummed) Days ( +S.t.l 

!:!!!! Bv Br f.E £9: 

36.38 36.14 32.43 31.68 32.60 
(. 84) (. 36) (. 70) (.59) ( • 58) 

~ 

31.9 
(. 23) 

--- --
way ANOVAR development time uEon pl,S!lt sp~ies 

*excluding R.S. 

Source ss df N.S F 

Foodplant 1351 5 270.2 4.07 o.ol)p)o .001 

Residual 23763 357 66.6 

Total 25114 362 

wal! ANOVAR develQJ2!!!£!1t time !ll?.On A.Petiol~ 

at different sites 

Source ss d£ f•l. s F 

Site 530 7 75.7 6.78 

Residual 1853 166 11.16 
p(O.OOl 

Total 2383 173 



Table 12 

Hierarchies of suit abili.!lL.Q.L£E!ci:fers :for 

Survival 
(up to 5th) 

1 R.sylvestris 

2 C.pratensis 

3 c.amara 

4 B.rapa 

5 A.petiolata 

6 B. vulgaris 

7 H.matronalis 

the support of A.cardamin~ 

la~ 

Development 
Pupal weight time 

C.pratensis (R.sylvestris) 

R.sylvestris A. petiol at a 

B. rapa B.rapa 

C. a.'llara H.matronalis 

A.petiolata B.vulgaris 

B.vulgaris C.pratensis 

H.matronalis c.amara 

* 

Bacterial 
atta.ck 

C.pratensis 

B. rapa 

C.amara 

A.petiolata 

H. matronali s 

B. vulgaris 

R.sylvestris 

High ranks to high survival, short development time, 

heavy pupae, low bacterial loss. 

* only one animal of 14 survived to pupation. 
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e. Summar~ of plant effects 

It is seen that three different criteria of hostplant 

suitability give remarkably similar hierarchies of suitability 

{Table 12). Eggs laid upon a foodplant species giving poor 

larval survival are likely to develop into small pupae, and 

to spend longer than the average in doing so. Moreover 

adult fitness of such pupae is likely to be impaired. It 

is possible to synthesise all these factors into a tentative 

index of foodplant suitability. Thus if 

A =% eggs surviving to pupation (including deaths 
due to bacteria but not parasitisation) 

Index = a <~ > 2 (2 X N) 
where N is the mean number of eggs/ 

female (calculated from mean weight 

and graph 20)/maximum value for 

egg load. 

The Index assumes that pupal weight affects the fitness 

of females only, not males, and also that winter death 

affects pupae independently of their larval hostplant. It 

indicates the magnitude of fitness differences of eggs on 

different hostplilnts. Table 13 records the results of 

calculating the index. 

Table 13 

Durham 
78 79 

A.petiillll 23.72 31.50 

B.rapa 40.22 34.34 

!bEtatronalis 9.36 s. 62 

B. vulgaris 13.18 3.01 

C.:J2ratensis 

c.amara 

Witton 
78 79 

33.63 

64.41 

4.49 

11.84 

23.06 

21.80 

5.92 

3.61 

\1/olsingham 
78 79 

23.63 23.25 

13.69 16.39 

49.92 43.79 

47.23 31.34 
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f. Variation in plant abundance 

Another foodplant related factor which may profoundly 

influence strategies of exploitation is the predictability 

of the resource (i.e. the Crucifer spp) in time ru,d space. 

Most Cruciferae are annuals or biennials; those species which 

are perennials are often of early successional status. 

~iiklund and Ahrberg used this fact to argue that the Crucifer 

species must vary greatly in abundance from year to year and 

place to place, and that the polyphagic strategy of A.cardamines 

was in part a response to this. Cruciferae in Sweden do vary 

in abundance, sometimes quite dramatically (c. \>Jiklund, pers 

comm). Equally important may be variations in plant 

abundance over space. Chew (1975) felt this to be of major 

importance in the maintenance of polyphagy in A.napi. 

The records of hostplant abundance at Durham, the maps 

of foodplants used for larval sites, and incidental 

observations on foodplants, allow the variation in crucifer 

abundance at sites in the North East to be investigated. 

The principal hostp1ants used in all populations studied were: 

Locality 

1. Durham Sands 
2. Durham 
3. Shincliffe Hall 
4. Field Station 
5. Cassop Vale 
6. Bear Park 
7. Croxdale 
8. Witton Park 
9. Witton-le-Wear 

10. Wolsingham A 
11. " B 
12. Stanhope 
13. \Vearhead 
14. Brasside 
15. Brancepeth Castle 

Foodpl~ 

Ap Hm Bv 
Ap Hm Bv Br 
Ap Hm Bv Br 
Cp 
Cp 
Cp 
Cp Hm Ap Bv 
Ap Hm Bv Br 
Ap Hm Bv Br 
Ap Bv Ca Cp 
Ap Cp 
Ap 
Ap Cp 
Cp 
Cp 

Ap A.petiolata Hm H.matronalis 
Ca C.amara Cp C.pratensis 

16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 

Localitl! 

Finch ale 
Darlington 
Winston 
Ovington 
Barnard Castle 
Egglestone 
l\1iddleton 
Dent Bank 
Coldberry 
Alston A 

II B 
Tynehead 
Nenthead 
Langwathby 

Bv Barbarea vulgaris 
Ta Thlapsi alpestre 

Br Brassica rapa No Nasturtium officinale 

Foodplants 

Ap 
Ap 
Ap Bv Ca 
Ap 
Ap 
Ap Hm Cp 
Ap 
Ap Cp 
Cp 
Hm 
Ca Cp Ta No 
Ca Cp 
Cp 
Cp No 
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~lli 14 

Abundance of host:Q1ants of A. carda.mines 

at Qurha.m (Total countsl_~_Q_other si!§§. 

(mapped sect~.Q.P only) 

A.p Hm Bv Br Cbp So 

*Durham 1977 4350 195 235 410 430 45 

1978 10320 230 225 185 85 55 

1979 3100 115 75 85 so 80 

Croxda1e 1978 33 2 3 

1979 18 5 8 

*itJi tton 1978 84 25 3 4 
Park 

1979 453 32 4 38 ~ 

\.'Jolsing- 1978 101 10 5 
ham 1979 38 0 2 ... .. 

* + additional plants of Cardamine hirs'!::lll, Sinapis 
arvensis 

Counts for sites include only those areas counted in 

both years. Counts were made to the nearest 10 

(A.petiolata) or 5 (other species) at Durham. 

Ca Cp 

0 

35 

15 23 

41 82 



Fig. 21 maps these sites. It can be seen that sites 

separated by very little distance may have very different 

foodplants. 
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Table 14 records the abundance of hostplants at Durham 

and on the mapped sites from other localities. It may be 

seen that considerable variation occurred in crucifer 

abundance. For instance, one area ploughed in spring, 1977, 

was left fallow in subsequent years and large growths of 

Capsel~ bursa-pa_§j:oris were out-competed. Similarly the 

wet winters and springs of '78 and '79 encouraged crucifer 

growth, but caused extensive flood damage so that there was 

a great decline in crucifer abundance there. 

g. The effect of the animal upon the plants 

- The grazing o£ A. c-a-rdam-ines larvae upon--cr-ucifer seed

heads is often devastating, ~~d forms a ready clue to the 

animals presence. However, the total destruction of seeds may 

be small. Approximately 33% of the seed of an ~~2~~ 

plant is lost in supporting one A.cardamines larva to maturity, 

most of the damage occurring as a result of the feeding of the 

last larval instar. Grazing of earlier instars is less 

damaging, and there is evidence that Cruciferae can compensate 

fully for such loss (Hilliams and Free, 1979). Thus it is 

unlikely that damage caused in or before the 3rd instar is 

permanent. The overall calculated loss of A.petiolata to 

A.cardamines at Durham is given in Table 15. 
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Table 15 

Est. no. of % seed loss Number of A.cardamines 

1977 

1978 

1979 

A..J2e J2lants 

4,350 

10,320 

3,100 

of larvae (4th poJ2ulation. w_lli.) 

1,598 12,.2 

754 2.4 

763 8.2 

'these figures match with those of Wiklund and Ahrberg, where 

up to c. 12% of seedset was lost by some plant species. 

The nectar-feeding and pollinator activity of the 

population of A.cardamines at Durham has been investigated 

(Appendix 1) by means of pollen analysis and direct obser-

vations. Despite the strong association of A.card~1ines 

adults w~th larval foodplants, the !~Eta~ion_to advan?e some 

co-evolutionary hypothesis must be avoided, since many 

Cruciferae are able to self-pollinate. fupetiolata for 

instance always shows full seed-set regardless of insect 

pollination. Nevertheless these studies demonstrate that 

the effect of A.cardamines upon Cruciferae is not entirely 

negative: the constancy observed may for instance greatly 

influence outcrossing in these species of plants. 
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vi. Population dynamics of the Durham Population 

a. Introduction 

Different factors affecting the survival of animals 

within the populations under study are outlined in the 

preceeding and following sections. All these factors at 

least potentially affect the fitness of eggs laid by an 

ovipositing female, and may act as selective agents. However 

before any statement is made linking such pu1ative selective 

agents with observed 'adaptations', it is highly desirable to 

have some method of comparing the relative importance of 

different mortality factors, particularly if the selective 

influences of different factors are opposed. One such method 

is key-factor analysis. This approach, pioneered by Morris 

{.1959) entails the repeated censusing of a population at 
- - ------ - -

successive intervals in order that the relative contribution 

of each mortality factor to total generation mortality can 

be assessed. The approach has proved particularly useful in 

demonstrating the dynamics of population determinants, and 

in resolving the debate over factors 'controlling' population 

numbers. (Varley et al, 1973). The method does not provide 

information on the importance of very long-term selective 

factors such as the extinction of populations, and ideally 

should be continued over many generations in order to provide 

information on the evolution of strategies; it does, however, 

give insights into actual selective pressures at a particular 

time. 

For the method to be applied, it is essential that 

censussing should be as accurate and frequent as possible. 

--------~ ---
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The procedure for censusing adults has been described. For 

egg and larval censussing, the mapped distributions were 

used 1 The incidence of eggs upon foodplants, and the survivaal 

of larvae upon each foodplant species was combined with the 

actual abundance of these species at Durham to give the 

overall number of animals surviving to each stage. The 

mortality at each stage is then expressed as the k or 'killing 

value' , that is the difference between the logarithms of 

population size before and after mortality. In the present 

study it was necessary to estimate two such k-values, since 

no censussing was possible between late instar death, and 

the emergence of adults the following spring. However, 

k5 . + k 6 , the death caused by parasites emerging before winter 

an4 by_pacteri~, c~_be estimated from the populations_i~ tQe 

laboratory, the remaining residual mortality K9 and K10 being 

what is left between the observed mortality k 2 - 8 and the 

known total generation mortality K. This residual mortality 

represents all death of pupae overwintering until emergence 

the next year, and it includes in it any loss to predators, 

parasites or weather factors. Most population studies 

include such a 'residual' factor, and in the present study 

this is limited to a fairly discrete part of the life-history. 

In other studies, for instance that on the Winter Moth 

(Operophtera brurnata) (Varley and Gradwell, 1968), 'winter 

death' covered all mortality from adult emergence to counts 

of prepupal larvae severely limiting the inferences that may 

be made from the studies. 

Merely to include all calculated pupal death as 'winter 
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death' is to lose valuable information. The percentage of 

pupae entering the winter which are parasitised is known 

from the pupae brought into the laboratory. However, some 

of these would ordinarily fall to the other causes of death 

which make up pupal mortality. Following the guidelines of 

Varley et al {lg73} only the first mortality factor to act 

must be considered as the cause of death, so it becomes 

necessary to estimate the loss of parasitised pupae to 'winter 

death'. This calculation and that of the actual loss caused 

as kq 'winter death' and ~O' parasitisation, follows the 

following form. 

N. 
~ 

e.g. 

winter death,parasitisation NT tfuere 

•i~. + 1 
~ 

kg k1Q 
--

Nl -

N. = ~ 

N = T 

NT = 

Popln. no. 

Popln. no. 
and k..MJ 

T (Total 

before 
winter. 

after K~ 

death) 
(known) 

~(Overall parasitisation rate) is 
known • 

• 

klO = N. 
~ 

- kg X~ 

Ni 

k9 + ~Ni - k 
X '\ ~ .. __2 T = ( Ni ) 

Solve by Trial and Error. 

I£ 100 larvae enter winter, and 20 eclose 

and 20 of those entering are estimated as par asi tised 

THEN Kg + (100 - kg X 20) = 80 ( 100 ) 

TRY kg = 70 

(100 - 70 
X 20l + 70 76 ~ 80 = 

~ 100 



. . 

TRY k9 = 75 

lOO - 75 X 20 -1• 75 = 80 
100 

k - 75 9 -

k 10 = 80 - 7 5 = 5 

(In the above examples k-values are not expressed as 

logarithms, for the sake of simplicity). 
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The calculation of one k-value in particular is difficult 

that of k 2 egg shortfall. This is the difference (as a 

logarithm) between the maximum number of eggs that might be 

laid under ideal conditions (where each female achieves 

maximum survival and lays all her eggs) and that number which 

are actually observed to be laid in the population. This 

k-valu-e covers all lo-ss to -the populati-on where -t-h-e female 

lays less than the maximum number of eggs, including emigration, 

early adult death and inhibition of egg-laying by poor weather. 

It has proved difficult to assess accurately the effects of 

female movements. At least some females visit areas outside 

the normal study area at Durham {App. 1) and there may be 

some migration between populations. Any immigration will 

lead to an under-estimate of egg shortfall, but an over-

estimate of female fecundity within the population, whilst 

emigration will lead to an underestimate of f&cundity. ---
Emigration will almost certainly exceed immigration, and egg 

shortfall is probably reasonably accurately determined. 

Female fecundity is probably under-estimated, but leaving 

the riverbanks is akin to death from the females' point of 
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view. Only rarely (e.g. the colonisation of the Zoology Field 

Station or the 'founder event' at Coldberry) will females 

succeed in finding crucifers away from the river-banks which 

is the main habitat for Cruciferae in County Durham. Thus 

estimates of total female fecundity based on female fecundity 

within the population studied should not be greatly inaccurate. 

The accurate calculation of egg shortfall has received 

guprisingly little attention from population workers: usually 

they are content to m~<e dissections to establish the mean 

number of eggs carried by females (e.g. Varley and Gradwell, 

1968; Banerjee, 1979) rather than the actual number laid 

under ideal conditions. Accurate estimation of the number 

of the youngest eggs in female ovaries is rarely possible 

(this group is in the majority in newly emerged females). 

However, in ~rdamines it is necessary to use such dissections, 

since the marked inhibition of egg-laying under laboratory 

conditions precludes any attempt to make direct observations 

on egg production. The mean eggload at emergence of 14 

females, was 208 eggs. (This is probably an underestimate 

of the mean in the population). 

For A.rapae, Gossard and Jones (1977) described egg 

production under ideal conditions of adult survival and 

nutrition, etc. They showed that females of that species 

may lay up to 300 eggs during adult life. Dissections of 

A.rapae females were made by Baker (1968) who gave a mean egg~ 

load per female of c.450 eggs (the much larger females of 

P.brass~~ had from 625 to 800 eggs). Ax egg production 

300 of c.450 x 208 = 139 seems reasonable on these results. 
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However other evidence exists to suggest that a maximum egg 

production figure of c.l50 eggs per female should be used. 

The reasoning for this is: if a female produces and lays up 

to 30 eggs a day (except on the day of emergence) and lives 

approximately 6 days (as seems reasonable from male survival) 

then the number of eggs produced under ideal conditions by a 

female of average survival is 150. An estimate of k 2 based 

on a maximum production per female of 150 eggs should 

therefore seriously underestimate egg shortfall in total, 

and that caused by ~ death, but should provide a good 

estimate of the remaining components of egg shortfall, i.e. 

emigration and oviposition inhibition. It should be noted 

that a k 2 based on 150, 300 or even 100 eggs as the maximum, 

does not alter the finding that egg shortfall is the 

mortality factor with the biggest k-value in all three 

years of study. A mean egg production of 150 is assumed. 

Human effects on survival were not included in 

calculating k-values, since the sites on which survival was 

followed were atypically open and subject to disturbance. 

Thus egg and larval k-values are slightly under-estimated. 

Nor are animals removed for sampling included. Sampling of 

adults took place at Shincliffe Hall in 1977 and 1979. In 

1978 pupae from the previous year were used to give adults. 

Retaining such pupae (from larvae followed as individuals) 

will inflate 'mortality' due to 'winter death'. In all three 

years winter death will be overestimated by c. 2 to 4%. 

b. Results of k-factor ana~~ 

The results o:f k-factor analysis are given in Table 16. 



Tab 16 
K FACTOR ANALYSIS FOR MORTALITY IN THE DURHAM POPULATION OF A. CARDAMINES 

Values of k 

STAGE k Cause of death 1977 1978 1979 

ADULT kl Sex ratio (0.301) (0.301) (0.301) 

k2 Egg shortfall 0.822 1.228 1.202 

EGG k3 Cannibalism etc .• 0.002 0.040 0.037 

1ST & 2ND IN STARS k4 Foodplant-related 0.224 0.305 0.294 

3RD INSTAR ks 0.047 0.149 0.096 

4TH & 5TH INSTARS k6 Predation ? 0.046 0.001 0.004 

PUPA k7 Parasitisation 0.081 0.137 0.196 

k8 Bacteria 0.021 0.070 0 

kg Winter death* 0.250 -0.088 

klO Parasitisation* 0.145 0.039 

K (k2 - 10) l·.r638 1.881 

* Calculated from residual mortality 
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Ideally, to identify any factor as the 'key' factor 

determining the direction and degree of population change, 

one should demonstrate a correlation between individual 

component k-values and overall generation mortality K. This 

is not possible on the limited data available. However, the 

analysis does identify the major contributing factors to 

population mortality, which allow some relative values to 

be attached to putative selective agents (section 2.vii). In 

all three years of study, egg shortfall is seen to be of 

paramount importance. Of secondary importance are mortality 

factors acting on the immature stages: foodplant related 

death, parasitisation (k7 and k 10 ) and winter death, in that 

order of importance. Similar patterns of mortality, with 

egg shortfall as the most important contributing factor, are 

also found in the butterflies Thecla 2runi and T.betulae 

(Thomas, 1974), L.disp~~ (Duffey, 1968) and in other 

Lepidoptera, e.g. Andraca bipunctata (Banerjee, 1979). 

It is also implied in other population studies which miss 

out adult factors, e.g. A.rapae (Dempster, 1967). Similarly 

in the Winter Moth, 1 winter death' , which is the key factor 

for that species, covers all mortality from female emergence 

until pre-pupal death. A major component of 'winter death' 

in this species may in fact be failure of females to lay 

full egg-loads. 

c. §gg shortfall and weather 

Most butterflies are inactive in periods of poor weather 

(e.g. Douwes, 1976). This is usually a response to lack of 

sunshine: most butterflies are heliothermic, showing 
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pigmentational and behavioural adaptations so as to raise 

their body temperatures (via basking postures, etc.) (Clench, 

1972). Not surprisingly, oviposition, dependent upon flight 

activity, appears to be concentrated upon sunny days (Biever 

et al, 1972; Rahman, 1969; Gossard and Jones, 1977) and in 

sunny parts of the habitats (Chew, 1977a) in most species. 

It has been shown above that shortfall of egg production 

is the major source of mortality in the Durham population of 

A.cardamines, with a mean egg production per female 

(estimated) of 22.6, 8.9, 9.4 eggs in the three years of 

*1 study. Casual observation in 1977 showed that bad weather 

might be contributing greatly to this shortfall, since on 

rainy, cold days (e.g. the period June lOth to 19th, 1977, 

when only 10.1 hours of sunshine were ~ecord~~-~t Durham) very 

*2 few eggs were found to have been laid. To demonstrate the 

relations between daily sunshine, flight activity and ovi-

position, observations were made in 1978 and 1979 on the 

daily deposition of eggs. Mapped lengths of riverbanks (not 

those visited for larval survival) were visited during the 

evening of every day, after oviposition had finished, and 

every crucifer inflorescence was examined for the presence of 

newly laid A.cardamines eggs. In order to reduce the variance 

*1 

*2 

--------------------------------------
The number of eggs laid per~, and egg shortfall in the 
population may also be affected by foodplant availability 

and abundance, and the values given here may also reflect 
the increasing difficulty of finding hosts when they are 

rare. 

Bad weather might influence shortfall in other ways than 
prevention of oviposition, e.g. by decreasing emigration 
or increasing mortality. 
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in the observation of oviposition rates, the following 

procedures were used: 

1. Counts were restricted to the middle part of the flight 

period when most females had emerged. 

2. Counts were also restricted to that period·when A.petiolata 

plants were young. Observations ceased when inflorescences 

be9an to approach age class 3 (see later section). 

3. Only inflorescences of A.petiola!§ were examined. Plants 

of other crucifer species v1ere uprooted and removed from 

the population. 

4. As each egg was found, it was removed from the plant, 

together with that part o:f the inflorescence on which it 

stood. This was usually a single pedicel. 

These procedures thus avoided variance caused by variations in 

female numbers, foodplant ageing, species effects and ovi-

position deterrents .• __ _ 

Occasionally eggs of a light orange colour were found -

these could have been eggs which had developed the orange 

colour in the female before oviposition or eggs which had 

been overlooked whilst in the white stage on the previous day. 

The latter was assumed to be the case, and such eggs (2 in 

1978 and 9 in 1979} were added to the total for the day 

P!_evious to-the day of finding. The totals for each day 

were then compared to the daily sunshine record at Durham. 

The results of these observations are given in Figs. 22 

to 24. Fig. 22 shows the daily record for the two sites of 

1979. These stretches of riverbank, although separated by 

some 300 m. sh01a close agreement in daily fluctuations of 

egg deposition, suggesting that effects are general to the 

whole area. Figs. 23 and 24 show the relationship between 
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recorded sunshine and oviposition. In all cases there is a 

marked increase in oviposition in sunny weather, and there 

appears to be a simple relationship between amount of sun

shine, that is time available for female activity, and the 

number of eggs laid. However, caution must be used in 

applying these results, since it is known that in A.rapae, 

females may compensate for flightless days by increasing 

oviposition on the next favourable day. Up to 75% eggs may 

thus be held over to the next day (Jones, 1975). 

If inhibition of egg-laying by bad weather is important, 

then it is to be expected that both k2 , egg shortfall and 

total mortality K at the Durham population should be related 

to the number of hours available for activity during the 

flight season. Fig. 25 shows that this prediction is not 

contradicted by the Durham results, but that it cannot be 

said to be confirmed on the limited data available. Never

theless Fig. 25 suggests that the overall trend in 

A.cardam~ numbers in the Durham area should be upwards 

in the 1970's, as was the case. 
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vii. The Adaptiveness of oviposition behaviour 

a. Introduction 

The oviposition behaviour of Pieridae has been much 

studied, by Ilse (1926, 1937), Terofal (1965), Schoonhoven 

and Behan ~·1971) and Traynier (1979) amongst others. Most 

of these authors have emphasised that there appears to be 

a chain of cues (sensu Kennedy 1965) where, by a sequence of 

responses to different stimuli, the female is led to lay her 

eggs in a suitable position. The chemoreceptive responses 

and apparatus of Pierini have in particular received much 

attention since they represent the hypothetical result of 

coevolution between the chemical defences of Cruciferae and 

the butterfly species (e.g. Verschaffelt, 1910). However, 

rather less attention has been focussed on other aspects of 

host-finding although colour vision (Ilse, 1937; Rothschild 

and Schoonhoven, 1977) and movement patterns of adults 

(Jones, 1977) are known to markedly affect the distribution 

of eggs upon plants. The view of Kennedy ( 1965) remains 

true to this day: 

"while the final links in such reaction chains ••••• 
are comparatively easy to see and to analyse, the 
earlier links, by which the plant is found and 
contacted, are not so. They constitute, I 
believe, the most backward pa.rt of the whole 
subject (:host plant selection) •••••• " 

In the present study it was decided to investigate the 

oviposition behaviour of female A.cardamines, including the 

effect o:f both host location and host selection by the female 

upon the distribution of eggs in the field. The observations 

obtained were then used to explore the 'adaptiveness' of such 

behaviour. 
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When searching for hostplants the female ~arclamines 

flies low above vegetation in a characteristic mode of 

flight, with high wing beat amplitude, typical of most egg

laying Pieri~ females. During such flight she repeatedly 

investigates any object of the approximate size and colour 

of a crucifer inflorescence, including not only flowers but 

other (stationary) butterflies, pieces of paper, etc. Such 

flight is usually slow - interspersed with it occur flights 

of greater speed and distance. 

Contacts between an investigating female and objects 

were very transitory and rarely involved the female settling 

if the object was not a crucifer or a nectar source. On 

contacting some crucifer individuals, females landed upon 

the inflorescence and after a second or so bent their abdomens 

around under the flowerhead; usually an egg was then deposited 

upon a flowerbud, a pedicel or the stem of the plant. No 

settling was observed without the following of either feeding 

or abdomen-bending, but abdomen-bending did not inevitably 

lead to oviposition. In these circumstances the females 

remained on the flowerheads for a long time (up to 30 seconds), 

and subsequently were often seen to perform similar behaviour, 

without ever laying an egg - perhaps indicating that they had 

no more mature eggs available for deposition that day. 

These casual observations indicate that host location is 

initially visual and that thereafter the female possesses 

means for the identification of Cruciferae which are contact

dependent. Similar sequences of host location and identification 

are known from other Lepidoptera, where a non-specific visual 



Fig. 26. 

Fig. 27. 

Fore-Tarsus of &~s~rd~ines 

female. (S.E.M.) 

Detail of Fig. 26. showing 

chemosensory hairs above tarsal 

claws. 
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cue is followed by a specific odour or contact stimulus 

(e.g. Yamamoto et al, 1969; Saxena ~1d Goyal, 1978; Rausher, 

1978). In Pierini adults, the contact stimulus is the 

presence of mustard oil glucosides. The sense organs 

sensitive to these chemicals are the tarsal hairs concentrated 

upon the forelegs of females (Fox, 1966). Chun and 

Schoonhoven (1973) have demonstrated the sensitivity of 

these chemoreceptive organs to a range o:f mustard oil 

*1 glucosides. The mechanism appears to act by the abrasion 

of plant material by tarsal claws, leading to the release 

of volatile glucosides which then stimulate the tarsal hairs. 

Using Scanning Electron J:'.1icroscopy, it was possible to 

demonstrate similar hairs on the tarsi of A.cardamines 

(Figs. 26 and 27); again they concentrated upon the fore 

and mid legs of females. It seems reasonable to assume 

that the tarsal hairs fulfil a similar function in Euchloini 

to that :found in Pierini. The ef:ficiency of host selection 

by A.cardamines is demonstrated by the fact that only a single 

instance was noted during this study of an egg being laid 

upon a non-crucifer. At Langwathby in 1978 an egg was found 

deposited upon a blade of grass - which was entangled with 

the flowerhead of a ~ratensis plant. 

----------------------------------·-------------·----------------------
*1 These receptors are also involved in sensitivity to sugars, 

and stimulation of the diffusely distributed hairs leads 

to proboscis extension. Sensitivity to glucosides is 

restricted to the clumps of hairs. 
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Two mechanisms of host selection are thus sufficient to 

explain host finding in A.cardamines - an initial visual 

response to an inflorescence, followed by a response by 

tarsal sensillae to glucosides. However, other responses 

are not excluded. In P.brassicae, although chemoreception 

is not suspected in host location (as opposed to host selection), 

there exist antennal receptors sensitive to flower odours and 

mustard oil glucosides. Examination of A.c~damines 

antennae reveal complex structures, with four or more dif'-

ferent types of sensilla - it is therefore possible that 

the visual response of the females might be triggered or 

enhanced by volatile plant odours (including flower scents*1 ) 

although there was no evidence of this in the field. In 

other species, hf..mL~ respond to cabbage behind glass, 

and Traynier (1979) is of the opinion that olfaction is of 

little importance in host location. Finally, it should be 

noted that other plant chemicals or physical properties may be 

involved in, e.g. rejection of unsuitable oviposition sites 

(Wiklund and Ahrberg record instances of f'emale A.c_?rd,WU!,l}eS 

rejecting crucifers which bent under their weight). 

b. Ivlethods and Obs~~-.Qn..~ 

The methods involved in investigating oviposition 

behaviour were various. Some observations were made on 

captive females, but the majority of data was collected in 

the field, from observed egg distributions, and by followi"ng 

------------·----------------------------------------· 
*1 As shown for some species by Tinbergen (1951). 



90 
females and noting their success in host location and choice. 

These observations were augmented by transplanting and 

rearing experiments. 

Following individual females l'las of key importance in 

this study. For this it was necessary to follow one animal 

for as long a period as possible, to observe her behaviour, 

including patterns of movement, and to record the charac

teristics of the plants, especially Cruciferae, which she 

encountered. This work was originally planned for 1978, but 

delayed by bad weather until the following year. Two or 

more observers were necessary, each equipped with binoculars 

and tape-recorder. One observer noted behaviour of the 

female, whilst the other noted the density, age, size and 

species of any crucifer inspected (these data were then 

compared to the population of plants as a whole). In all, 

22 females were followed during the summer of 1979 ( 13 during 

the middle part of the flight season when A.petio~ was 

the major foodplant available, and was also in good condition -

age classes 1 and 2. 9 during the latter part of the season, 

when a substantial part of the A.petiolata population was 

aged). The sequen~es of female behaviour were thus recorded, 

and the 'early phase' results are shown in Fig. 28. From 

these results, it is seen that certain activities were 

associated with others (Table 17). For instance, ovi

position was frequently preceded or followed by 'long 

distance' flights of over 20m. However, this was not 

always the case, sometimes oviposition was followed by 

feeding upon the same flower; this agrees with the obser-
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vations of Floersheim (1906) and contrasts with the view 

of \viklund and Ahrberg, that "After depqsi ting the egg she 

(the female A.cardamines) inunediately flies off". 

The aim of this study then was to outline foodplant 

finding and choice, and to show to what extent these 

behaviours might be viewed as 'adaptations', i.e. to what 

extent they contribute to fitness in the field~ and to 

what extent they might have evolved by selection against 

alternative behaviour. A simple example of this approach 

is the following section on shaded foodplants. Observations 

at the Durham site indicated that shaded plants of 

A.E_etiolata and H.matron&_is received few, if any, eggs. 

(Table 18). A similar observation was made for A.napi 

by Chew ( 1974) who noted that shaded plants of Cardamine 

cordifo~, despite being of an optimal species for larval 

growth, received no eggs. 

Table 18 

A.cardamines eggs upon shaded and 

unshaded plant~ at Durham, 1977 (June 4-7) 

Shaded !!!:!.§haded Plant species 
No. Plants ~-~ No. Plants No. Eggs 

*1 H.matronalis 

th2~!9.1.~ 
*2 

36 

83 

3 

3 

/( 
2 

(with Yates correction) 

*1 

*2 

5.45 

11.83 

P <o.o5 

P( 0.001 

123 

601 

45 

141 
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Two explanations of this behaviour are offered. Firstly 

that it may be adaptive, females avoiding laying eggs on 

shaded plants, because survival of immature stages is poor 

there. (This might be the case if shaded plants were 

e.g. a more favoured environment for predators, or were 

predominantly of a toxic species). No evidence was found 

for this suggestion, Thirteen larvae transferred at the 

2nd instar to shaded H.matronalis plants at Durham in 1978, 

all completed development and left the plant. ( \11iklund and 

Ahrberg record that shaded pl~1ts live longer than 

unshaded ones.1 The alternative suggestion is that the 

observed egg distributions may reflect the area of activity 

of the females, since it is to be expected that females 

will restrict their activity to areas of direct sunshine, 

where body temperature will be kept high. This is the case 

in ~.c~rdamines where individuals of either sex only entered 

shade to escape from interactions with other butterflies, and 

left shade immediately afterwards, Thus restriction of 

oviposition to plants in sunny areas, appears not to be an 

adaptation to avoid poor survival on other. plants (but will 

maximize female activity). The alternative strategy of 

searching all areas, would evolve only when females found 

more plants, and laid more eggs, by doing so. Rather than 

being an adaptation per ~' avoidance of shaded areas is 

likely to be a side-effect of other aspects of searching 

behaviour, This rather trivial example, of rejection of an 

alternative hypothesis, illustrates the approach to be 
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*1 followed in the subsequent sections. 

c. Foodplant age 

Investigations were carried out into the effect of food-

plant age upon oviposition. Plants of A._£etiollli were 

placed in 3 age-groups as follows: 

Age-class 1. Less than 25% of seedpods mature. 

Age-class 2. More than 259"~ of seedpods mature. 

Age-class 3. Flowerhead senescing, seedpods hardening. 

The number o:f A.cardamines eggs recorded on plants of each 

age-class was then recorded at dates when all three classes 

were common (Fig. 29). In the field,plants of age-class 3 

receive significantly less eggs than those of the other two 

classes. This might reasonably be taken as adaptive 

behaviour by the female, since one int~i tivel_y feels that 

her fitness is maximized by laying eggs only on plants of 

good food quality; moreover, evidence exists to support this 

view. Establishment of young larvae is better on flowers and 

young siliquae of A.petiolata· than an old siliquae ( q. v. 

Table 9).*2 Again, old larvae are more likely to leave the 

seedheads of old plants, moving down onto the less preferred 

*3 leaves or even abandoning the plant altogether (Table 19). 

~·1 
RaUsher (1979) has recently described the adult behaviour 
and larval survival of three tropical species in relation 
to shade. Shaded plants support better larval survival, 
but are not chosen by two of the three species. Rausher 
argues that this could be either a strategy {in time and 
apace) or caused by differences in the rate of foodplant 
discovery amongst habitats. 

*2old siliquae are sometimes found on A.petiolata plants of 
Age-class 2, generally low down. 

* 3A · . th f 1 b . 1 . d t th tl gaLn, 1n e case o severa eggs e1ng a1 oge er, 1e 
first laid is the most likely to survive cannibalism. 
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Table 19 

Larval movemel}..t due to foodJ2latl1: .agg_ (on 

.§.iles lQ78-9) lno. of larvae). 

{3, 4, 5 instars) 

Larval 
ResDQ!l~ 

A.petiolata plants 
&~r.de.9._2§... .. dry or 

§..~E.g_§, c ing 

Other A.petiolata 
:Ql~ 

Hemain on seeds 24 138 

Transfer to leaves 12 1 

Leave plant 12 2 

1 ( 2Rf instar larva transferred. from a senescing a.,.ru.tiolata 

plant, but chose another and d~ed. 

Movement was also seen from depleted B.vula~!.!§.., C.a.mara and 

C.pr~ter_!§is and from the seedheads o£ C. bursa.=,22_storis and 

~officinale, which offer little food. 

http://si_t.es
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Hence any female which specialises in laying her eggs on 

only young foodplants might be hypothesised to leave more 

surviving offspring than a female who is less specific in 

her choice, i.e. the behaviour is an 'adaptation' to 

avoid unsuitable plants. Similar situations are known to 

occur in the crucifer specialists Myzus Eersicae (Hodgson, 

1978),Euchloe spp. ('Ppler, 1974) and A.rapae (Jones and Ives, 

in press), where young stages are concentrated on plants which 

. . . 1 *1 max1m1ze surv1va • Similarly Watanabe (1979) and Schv.reitzer 

(1979) have completed detailed studies on the effects of 

foodplant age upon the growth and survival of species of 

Lepidoptera; both studies support the view that early growth 

is optimal for larval growth, and that such 'foliage is an 

eph6Illeral resource'. \viklund and Ahrberg (1978) are o:f 

the opinion that in Swedish populations: 

"Females of A.cardamines only oviposit on young 
inflorescences which may be regarded as an 
adaptation to avoid that the host plants will 
have time to mature and cast their seeds before 
the larva has had time to complete its development." 

However, an alternative hypothesis is possible; the size of 

the visual cue, the white :florets of the inflorescence, is 

very much less an old flowers than young ones. I:f the size 

o:f the visual cue presented to the female is important in 

determining ·whether she finds that hostplant, then one would 

expect the same distribution of eggs as from the above 

hypothesis. To distinguish between these alternative 

-----------------------------------·----------------..... ------------------..... 
*1 Jonasson (1977} has described how female frit flies 

(Oscinella frit L) lay eggs on young shoots of oats, 
bec~tse larvae are unable to penetrate into old shoots. 



Responses 9f A.card~i~ females_!Q 

A.petiQl~a of di!f~~gc~s 

( foll_gwing observati.Qn,&_ 2.n.Q. part Ju1lL...l979) 

Age Class 

1 2 3 T 

No. in A.petiolata sample* 4C! 163 171 383 

vz ,o in A.petiolata popln. 12.8 42.6 44.6 

No. with A.cardamines eggs 12 so 23 85 

No. o:f Inspections* 15 63 28 106 

%of Inspections 14.2 59.4 26.4 

No. of ovipos~tions 3 8 2 13 

3 X 2 = 59.4 

at 2 df p (0.001 
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hypotheses, the age-classes of plants encountered by females 

were compared to the population of ~~tiolata as a whole. 

If females encountered old plants in proportion to their 

abundance in the population, then one can reject the second 

hypothesis - that is, females would be seen to be refusing 

to lay their eggs upon old plants. However, if they did 

not encounter old plants (and given that they show 

investigative behaviour to any encountered object) then 

that is evidence supporting the second hypothesis. The 

results of these observations are given in Table 20; it is 

seen that females encounter significantly less plants of 

Age-class 3 than expected. The second hypothesis is thus 

supported; however, one can not yet reject the first 

hypothesis. One method of doing so would be to demonstrate 

that having encountered a crucifer inflorescence, the 

female is equally likely to lay on it, regardless of its 

age. Table 20 shows the limited data that are available on 

this point. The di:fference betw·een acceptance of plants 

of differing ages is non-significant, but this is not 

sufficient to accept the null hypothesis of no di:fference 

between plants of different ages, on such a small sample. 

Wiklund and Ahrberg record that females were: 

11on seve:x: al occasions observed to :x:efuse to deposit 
eggs on aged and cha:x:acteristically elongated 
inflorescences ••• after being initially att:x:acted 
by the bright colours o:f the petals." 

More systematic data on this point are needed. It is clear 

in A.rapae (Jones, 1977) and E.hyantis (Opler, 1974) that 

female rejection of older plants does occur. Moreover, in 
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Nearctic Euchloe spp. (Opler, 1974) and in Z.euphem~ (per. 

ob) plants which present the largest visual cue are avoided, 

and eggs are laid solely upon unopened flo·werbuds which have 

a very small visual cue. In these species of Euchloinid 

hypothesis 2 is untenable, but in A.cardamine~ the evidence 

suggests that visual searching by the female, and the small 

size of the visual cue presented by old flowers, is 

responsible for most, if not all, of the observed age 

*1 effects. 

It appears that females of A.cardamines, rather than 

avoiding unsuitable plants, succeed in finding only 

favourable ones. Thus a female's fitness is greater than 

in the hypothetical alternative case (finding and using 

all plants), but this state is not shown to have arisen by 

selection against the&ternative strategy. Rather it appears 

that this adaptation, which is seen to increase fitness (when 

compared to the alternative), arises from an incidental 

effect unrelated to direct selection.*2 

d. [2Qdplant size 

In studies of a number of butterfly species, hostplants 

of different size receive different numbers of eggs. Thus 'n 

*1 A similar composite solution has been favoured by Jones and 
Ives (in press) who record that A.rapae females have a 
greater inclination to land on large, as opposed to small, 
cabbage plants (visual response?), but lay more eggs upon 
young as opposed to old plants. These two responses lead 
to most eggs being laid upon middle-sized, middle-aged 
cabbages. 

*2 There yet remains the possibility that receptiveness of the 
female to the visual cue is itself an adaptation against 
old foodplants. This appears unlikely, ~1d is an s£ hoc 
defence which should not be adopted in preference to the 
more successful hypothesis. (Popper, 1957}. 
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Papilio xuthus (Tsubaki, 1979), ~~(Thomas, 1974), 

.L.Dispar (Duffey, 1968), A.rapae (Jones and Tves, in press), 

*1 plant size appears to influence whether eggs are laid. 

In Euchloinids, several Nearctic species are recorded as 

choosing plants more than 5 inches in height (Opler, 1974), 

whilst Siche (1912) noted that ~~i~ laid eggs on 

C.bursa-pastoris specimens greater than 1 foot in height. 

In the present study, the effect of foodplant size was 

investigated in a number of different ways. The mapped 

egg distributions allow the distribution over foodplants 

of different size to be calculated. However, these data 

are collected throughout the field season, and if plants of 

different sizes age at different rates, or if plant density 

influences size, then bias will occur. One additional problem 

is that large foodplants, being rare, will contribute to 

variance disproportionately (as in T.pruni (Thomas, 1974)). 

For these reasons it was decided to sample a large stretch 

of riverbank at Durham, and to examine every A.petiolata 

inflorescence, during a short period of time, before any 

A.petiolata plants had senesced. Efforts were made to sample 

only in the centre of areas of A.petiolata, and areas which 

were shaded were excluded. Efforts were made, with limited 

success, to include numbers of plants of the largest sizes. 

Size of an A.petiolat~ plant was taken to be the number 

of inflorescences in bud or flower; this corresponds to the 

number of oviposition sites available to the female 

A.cardarnines. No attempt was made to record height or 

------------------------------------------------------------· 
*1 This does not seem to occur in ~napi macdunnoughi - data 

of F. Chew. 
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width differences among plants of differing inflorescence 

number; all three characters appeared closely related. 

However some variation in height did occur, and this 

undoubtedly contributed to variance. 

Fig. 30 records the results of these large scale 

searches, whilst Fig. 31 records the distribution of eggs 

upon ~etiolata of different sizes upon the mapped sites. 

Fig. 32 records two counts made for H.matronalis and C.amara. 

In all cases more eggs are seen to occur on larger foodplants. 

Several hypotheses are plausible explanations of this. 

Hypothesis 1: That there is an interaction with another 

factor - efforts were made to counter this in sampling. 

(The interactions between age, size and density are discussed 

below). 

Hypothesis 2: That the difference may reflect adaptive 

behaviour, that is the selection by the female of the most 

suitable plant for larval survival. Large plants might for 

instance resist dessication better, and provide more and 

better food than smaller plants. Such an adaptive hypothesis 

is favoured by Thomas (unpublished) for Maculinea arion, 

where predation is very much less upon larger plants. 

Hypothesis 3: That the ovipositing female may perceive large 

plants more easily than small ones. This appears to be the 

case in A.rapae (Japes an.d Ives, in press). Curio {1977) has 

noted the general phenomenon of predators, whether using 

olfaction or vision, encountering and thus taking more large 

prey. 

Hypothesis 4: That the differences may reflect nothing more 

than more eggs being laid because more sites are available 
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for them. Assuming hypothesis 1 to be incorrect, one may 

examine hypothesis 2 by comparing the survival of eggs 

laid upon plants of different sizes. There is no relation

ship between foodplant size and A.cardamines survival (Table 

21), and this hypothesis may be rejected. To examine the 

last two hypotheses, the results o:f Figs. 30 and 31 are 

re-dra~m as Figs. 33 and 34, which represent the percentage 

of oviposition sites whid1 are utilised in each size class 

(corrected for double ovipositions). If size effects 

reflttt simply the number of oviposition sites available, 

then one would expect no relationship to be shown in these 

figures, and the graphs to describe a line parallel to the 

X axis. This appears to be the case, thus suggesting that 

size effects are largely a result of oviposition site number. 

Hov,•ever, one notable feature of these figures is the under-

representation of the very smallest foodplants, which 

receive fewer eggs than the others (this occurs in 5 of the 

6 figures). Plants with one or two flowerheads are not 

receiving as many eggs as larger plants. 

Hypothesis 3 suggests an explanation. If the visual cue 

to the female is partly dependent upon size, then one v.rould 

predict distributions of the sa..'lle shape as in Figs. 31 and 

32. Appendix 5 presents this reasoning, and produces a 

simple model which appears to agree well with observed 

female behaviour. (The data for H.matronalis (Fig. 32) do, 

however, show a relationship between oviposition site number, 

and the% of such sites used. This may not be in opposition 

to applying hypotheses 3 and 4 to the A.petiolata data, 
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Tab 22 
Female encounters with A~ petiolata in different size classes 
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No Encounters (E) 

62 

28 

57 

38 

63 

16 

7 

19 

x2 2 x 8 TABLE 

= 46.43 

No_in Population (P) 

179 

90 

70 

53 

57 

27 

15 

25 

AT 7 d.f. p < 0.001 

E as % TE P as % TP 

21.3 34.6 

9.6 17.4 

19.6 13.5 

13.1 10.3 

21.6 11.0 

4.7 5.2 

2.4 2.9 

6.5 4.8 

E/P 

0.346 

0.311 

0.814 

0.717 

1.105 

0.592 

0.466 

o. 760 
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Fig. 35. The percentage o£ inflorescences 

on A.petiolata plar.ts of different 

sizes, used as oviposition sites by 

~~2!:!!i~ at low and high plant 

densities (0-2 v 3+· crucifers 

within 1m.) 

The data presented are from the site mapped 

for larval survival at Witton Park in 1979, 

and the large scale search at Durham in 1979. 
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since !:hmatronalis has very large and closely bunched flower

heads. Increasing the size of the bunch may increase the 

area over which the plant is visible. Saxena and Khuttar 

( 1977) have shown that the visual angle subtended at the 

ommatidia is important in Lepidopteran orientation, rather 

than the size ot distance of the perceived object). 

One deduction that follows from hypothesis 3 is that 

the plants actually encountered by a female (as opposed to 

those in the population as a whole) should be distributed 

in size in the sa.rne way as the egg distributions - that is, 

the hypothesis predicts that females are not able to 

perceive small plants as efficiently as they do large 

ones. The results of the following observations (first 

period) are used to answer this prediction, in Table 22. 

It is seen that females encounter small plants significantly 

less than expected from the observed distribution of plants 

in the population as a whole. 

A second deduction of this hypothesis is that, if 

plants growing closely together are perceived as a single 

unit by females, then small plants growing intermingled 

with other plants should receive a greater proportion of 

eggs than similar plants growing singly. The asymptote-

like curve of Figs 33 and 34 should thus be maintained when 

isolated plants are examined, but a straight line parallel 

to the X axis should be found when groups of closely-packed 

A.petiolata plants are examined. This re-~1alysis was (~~3S) 

undertaken for two data-collections which were sufficiently 

large. Again the prediction is confirmed. This also shows 

the source o:f some of the variance in Figs. 33 and 34. 
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The composite final hypothesis is thus that larger 

foodplants receive more eggs because they have more available 

oviposition sites; however, female searching behaviour also 

influences egg distributions, particularly when the visual 

cue is small. 

e. Density...2!!,d edge effects 

Casual field observations during 1977 revealed that 

individual crucifers sometimes received extra-ordinary 

numbers of tk_~sm,ing_§, eggs. Thus, in 1977 at Egglestone, 

one H.matro~alis plant bore 68 eggs upon 10 flowerheads. 

Similar observations elsewhere indicated that there was 

much variance in egg loads upon plants and suggested that 

outlying plants in particular received heavy loads. 
-

Examination of mapped distributions confirmed this suggestion. 

At all sites and in all years, plants on the edge of a clump 

are more likely to be attacked by ~~~damines than those in 

the centre. This is most strikingly visible in the mapped 

distributions for the plot of H.matronali§ at Alston. This 

fortuitous find of 1977 is important in that the stand of 

crucifers is unif'orm in species, size·and flowering time; 

thus it is not subject to the sources of variance found in 

other sites. Fig. 36 illustrates the distribution of eggs 

and plants at Alston in 1977, whilst Fig. 37 presents the 

data from this site for all thr8e years as density plots. 

Eggs are strongly concentrated upon outlying edge plants, 

although some are present on central plants as well. 

The 1 edge effect' has been noted repeatedly for insects 

particularly [\...!..raRae (Kobayashi, 1957; Ashby, 1974; 
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Cromartie, 1975; Jones, 1977) but also other butterflies, 

e.g. Qsp~ chrysippus (Edmunds, 1976), Cupido minim~ 

(Gedge, 1897) and other Crucifer specialists, e.g. beetles, 

weevils and midges (Free and Williams, 1978, 1979). In 

~ia protodice and P.occidentalis, edge effects cause 

interspecific competition although £oodplant resources are 

not limiting to either species (Shapiro, 1975). A similar 

effect was observed here with A.napi, and in North Africa 

for Euc~ belemia and E.ausonia. Zegri~ eupheme again 

shows a very strong edge/density effect, in a population 

studied at Ifrane, Morocco. {Fig. 38). 

Two hypotheses have been suggested to account for edge 

effects in Pierinae. 

Hypothesis 1 - That the effect is adaptive, and arises from 

female choice for those areas where larval survival is best. 

As advanced by Shapiro (1975) this argument relies upon the 

fact that parasites of crucifer-specialists (e.g. the 

Braconids Diaertiella rapae (Read et al, 1970) and Ananteles 

9lomeratus (Sato, 1979)) find their prey by searching for 

plant odours. Thus parasites are more likely to search 

areas of high plant density, and hence larvae placed as 

eggs upon isolated plants will survive better. 

Hypothesis 2 - That the effect is of uncertain adaptive value 

and arises from female searching patterns. This was advanced 

for .!:};.:..!,,2P~,g by Jones (1977). It may arise in two manners: 

2a - by females showing directionality of flight with a 

tendency to turn at clump edges (as in A.raE.ae). 

2b - by females responding to the nearest crucifer at points 
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along her flight path. 

Other hypotheses which might explain edge effects are: 

3 - that females are more responsive to plants after flying 

long distances. This might ei th1~r be by laying more 

eggs or a lowering of any selectivity on the females 

part. 

4 - that females are responding to differences in crucifer 

quality, caused by density effects on the crucifers 

themselves. This might be either: 

4a - an adaptive response to those pl~1ts giving good larval 

survival (if, e.g. less crowded plants grew bigger, and 

bigger plants gave better survival) 

4b - low density plants being more apparent to the searching 

females, by virtue of, e.g. bigger size. 

In considering these hypotheses it is necessary to 

distinguish in some way between edge and density effects_._ 

It is impossible to say which of these is the observed pattern 

of egg distribution, since edge plants must always be those 

at lowest density relative to the total patch. However, it 

is possible to determine the predicted effects of the 

different hypotheses. Thus hypothesis 1 predicts a 

densill effect, where female A.cardamines should ideally 

lay eggs on crucifers with few other crucifers within that 

distance which is the perceptive range of the proposed 

parasite. 

Hypotheses 2a and 3 predict edge effects, whilst 2b 

predicts a densit~ effect dependent upon the perceptual 

range of the butterfly. Hypotheses 4a and 4b both predict 

density effects caused by interference or other interactions 

among plants. 



No. 

Tab._2~. ~!:l~ival of_J!.!.cardarrli~_upon 

A. petiol at a plants at 

different densities 

crucifers ~-larvae Survival I~ ~~~ 
E.£.£::Chi!29_ 

(rn (+ SE) p . t. "'\t. * 
Sth._In.§_taf_ -~_?.Sl. l.Su 1011 

0 38.4 3.07 (. 26) 38.5 

1 38.1 3.46 ( • 32) 50.0 

2 27.B 2.56 (.29) 45.5 

3 27.2 2.65 (. 27) 42.8 

4 22.6 2.48 ( . 28) 40.0 

5 6.3 ~.03 ( .. 36) 33.3 

6 32.4 2.79 ·(. 46 )' 57.1 

7 42.9 3.35 (.65) 0 

8 40.0 2,96 ( • 52)· 33.3 

9+ 31.7 2.90 (.29) 0 

*Data from t,Vitton and Durham only 
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In attempting to resolve which of these hypotheses is 

or are respon~ible for egg deposition patterns, it is 

important to note that a clumped distribution of eggs, 

which is the observed pattern, is disadvantageous to the 

population a11.d the egg-laying females. Not only does this 

increase any competition for food both intra - and inter-

specifically, it leads to cannibal ism, ar..d to significant 

loss of offspring. *l l-Ienee any satisfactory explanation 

of the observed ~)at terns must ;:;.ccount £or the stability and 

~ainten~nce of the effect, despite selective pressure against 

it. It should also id(~ally apply to oH1er species than 

~g.rdamine.s. The gen.e:c r:tli ty of ed9e/densi ty effE:~cts 

pier~.!!.!& is appl~or;ri ate. 
--------- -- ---- ------ -------

Hypotheses 1 and 4a hold that the effect is the result 

of c.daptive behc-;.viour whe1:e £e:;u:tles c!l.oose optimal ovi-

position sites. There is no evidence to support this from 

the present study. Pa.rc.sitisa.tion and larvc-.1 survival up 

to pupation (survival index q.v.) a:ce not related to plant 

density ( 1 m is taken as an appropriate disto.nce for both 

para.si te discrimination and crucifer competition) (Table 23). 

It could be argued that the data on parasitisation reflect 

actual success at avoiding parasitisation rather than being 

a proper test of potenti~.l parasite behaviour. For this 

---------------
*lA clumped distribution will also lead to increased 

susceptibility to certain parasites and predators. As 

a strategy against any random source of mortality such 

as erosion, it is likewise a poor choice. 
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reason larvae o£ A.cardamines were transferred in summer of 

1979 to plants of differing densities (larval density was 

carefully manipulated to be no more than 1 in an area of 

1 m. around the plant chosen). On plants with no neighbours 

within a metre, 10 of 20 larvae were found to be par asi tised, 

whilst on plants with more than 20 neighbours within a metre, 

8 f 18 1 "t" d *l o arvae were paras1 1se • Since the behaviour 

underlying the edge effect cannot be maintained as a 

strategy leading to exploitation under hypotheses 1 or 4a 

in the absence of selection for it, and since such selection 

is not demonstrated in any of three years of study, both 

hypotheses may be rejected. Ashby (1974) gives data 

showing that mortality is higher on peripheral plants 

Hypotheses 4a and 4b hold that plants at low density 

are different in quality to those at high density. Such 

situations are well documented among many plant species, 

e. g. Sinapis alba and Lepidium ~tivum ( Bazzaz and Harper, 

1976). In wild parsnip the effect of density upon plant 

quality and through this upon animal grazing has been 

studied (Thompson and Price, 1977) and it was shown in 

this situation that the parsnip webworm (Depre~ria 

'QliStinacella) optimises the quality of plants attacked, 

by selecting plants of lo\'J density. In &cardamines 

similar situations could be envisaged, where for instance 

*l larvae transferred as 3rd instar, collected as 5th. On 

~~etiolata plants 2 larvae were lost to other causes. 
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low density plants were big9er and therefore had more 

oviposition sites. The mapped distributions allow the 

effect of density upon flowerhead size in A.petiolata to 

be investigated. (Fig. 39). It can be seen that density 

and size of ~etiol~ are significantly related (but not 

at Durham or Witton) in some instances, although 

correlation values are very low, and much variance occurs. 

It may be that some competition (for soil moisture?) 

occurs sporadically in crucifer populations, and that 

this might have effects upon size. It is neither 

sufficiently strong nor frequent to be anything more 

than a sporadic and partial contributor to the edge/ 

*1 density effect. There remains the possibility that plants 

at different densities might senesce at different rates, 

thus affecting the time over which oviposition sites are 

available. Marked cohorts of A.petiolatA plants at 

differing densities were followed in 1979 (20 in each 

group). Plants with no conspecifics within a metre reached 

age class 3 an average in 44.3 days from first flowering, 

which is not significantly different from those plants with 1 

or more than 20 neighbours (x = 41.2, 45.3 respectively). 

The remaining hypotheses - 2a, 2b and 3 - require 

information upon female behaviour in the field. This is 

particularly difficult to collect and liable to be subject 

*1 In £.:..2:!!1~ populations, e.g. at Wolsingham, size of 

inflorescence is positively associ<:1.ted with density, 
since plants are concentrated in the areas of best growth. 
Nevertheless an edge-effect of the distribution of 

lk_cardam~ eggs is found. 
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to considerable variation, due to individual differences 

in female behaviour. Some information is available, 

however, from the following of females (q.v) where the 

behaviour of females when approaching clumps of crucifers 

was noted, as was the number of neighbouring (within a 

metre) crucifers of each crucifer inspected. If hypothesis 

2a aloQg is responsible for egg deposition patterns, then 

one would expect the female under observation to visit plants 

irrespective of the density of neighbours, to fly in straight 

lines, and to return at the edges of patches. The females 

observed (first period only) did fly in straight lines but 

turns were not associated with clump edges (Table 24). 

Table 24 

Turning behaviour of searching 
££males (!2t part) 

No. of 'edges' found by ~~ 

No. of turns at 'edges' 

No. of turns in 'centres' 

39 

10 

24 

On hypothesis 2b, females should respond to the 

nearest crucifer at points along her flight path. If in 

a 10 metr~ flight she searches for a foodplant every meter, 

then plants have a chance of receiving an egg directly 

inverse to the number of neighbouring crucifers, as below: 

Crucifers 

Female flight path 

Scale 

10 m 



Table 25 

~male ~~ers with A.petiolata plants 

~-differing densities, compa~Q_!Q_!hg 

total population 

No. of other No. No. in I as % 
A.Fet~ll In.~ected population N 
plants < lm ! (P) I 

0 87 45 29.9 

1 79 64 27.1 

2 27 64 9.3 

3 30 70 10.3 

4 26 62 8.9 

5 - 8 39 97 13.4 

9 16 1 75 0.3 

\6+ 2 40 0.7 

NI = 291 N p = 517 

'X
2 

2 X 8 = 147.1 

at 7 d.f. p (0.001 (p = 2 x 10-9 ) 

p as% 
N p 

8.7 

12.4 

12.4 

13.5 

12.0 

18.8 

14.5 

7.7 
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Such behaviour would appear to be mal-adaptive in that many 

suitable foodplants are passed over. It does, however, 

resemble the observed behaviour of females, and might be 

envisaged to evolve as an adaptation against laying a 

second egg in the vicinity of the first (App. 6), or as 

a strategy against situations of low predictability of 

foodplants. From hypothesis 2b it may be predicted that 

females should encounter plants at low density less 

frequently than expected from the population of plants 

as a whole. (This is also expected from the rejected 4b). 

As is shown by the observations on female encounters (Table 

25) this prediction is corroborated. 

Hypothesis 2b would also be supported if oviposition 

was immediately followed by a dispersive move. Fig. 31 

(q.v.) suggests tha.t this may occur, as does the converse, 

oviposition following dispersion, which supports hypothesis 

3. Other evidence exists for female behaviour being 

modifiable by searching success {see Affenc\•x ~ ) and 

it is to be expected that in situations where a female 

carries many unlaid mature eggs, that she will be less 

specific in her choice of oviposition site than otherwise. 

This has been clearly shown in A.raoae females by Jones {1977). 

It has not proved possible to demonstrate that any one 

factor is clearly responsible for producing the observed 

effects. However, it has been possible to reject certain 

hypotheses {1, 2a, 4a, 4b) as acting alone and to show that 

two at least are acting (2b, 3). These latter two are 

doubly interesting in that one predicts a density effect, 
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the other an edge effect, strongly suggesting that no single 

solution will ever be available. 

The compendium final hypothesis is then that female 

movement patterns and searching behaviour are responsible 

for producing observed egg distributions. This produces a 

clumped distribution, with rP.sulting competition and death 

(and may lead to adaptations to counter these - see 

Arr· {, .) • However, the stability of such behaviour against 

such selection might be explainable as a generalised 

adaptation to overall low density of suitable oviposition 

sites. ~viklund has watched a single female A.cardamines 

fly for over two hours without once encountering a crucifer. 

The movement patterns and oviposition behaviour of A.rapae 

females are known to vary geographically in populations of 

very recent origin (Jones, 1977} strongly suggesting that 

such behaviours are both genetically determined and variable. 

The persistence of observed movement patterns in Durham 

A.carda.mines remains an unresolved problem. However, one 

success of the final hypothesis is that, unlike the others, 

it gives a plausible account for 'edge effects' being general 

to the Pierinae, since it suggests a general adaptation to 

low foodplant (crucifer) density. 

"Different patches of plants may receive very 
different numbers of eggs, not because they 
differ in quality, but as a chance consequence 
of the female's behaviour" 

R. Jones, 1977. 

f. The distribution of A. cardam~ eqgs upon foodplln_ll 
of different_§2eci~~ 

The effect of different foodplant characteristics npon 
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the oviposition behaviour of A.card~~ines females has been 

detailed above. The influence of these upon the choice 

of different foodplar1t species as oviposition sites will 

now be considered. 

Foodplant ageing is of great importance in determining 

which species are chosen at different points during the 

oviposition period of A.c<g_<!?Jllines. Fig. 40 records the 

changes in foodplant choice (as % eg<JS laid between visits) 

upon the 4 main study sites in 1978 and 1979. It is clear 

that A.petiolata, c.pr~tensis and to a lesser extent C.ama~ 

senesce rapidly and are unavailable as oviposition sites 

late in the emergence, resulting in the selection of other 

plant species. The majority of eggs laid on the sub-optimal 

plant species are laid late in the season.*l The data :from 

all these sites support the similar observation of \·viklund 

and Ahrberg that in Sweden 'no single crucifer could serve 

as the only host plant for A.cardamines'. 

Fig. 41 shows the observed deposition of eggs upon 

different foodplant species as egg:plant ratios. It is seen 

that thes~~ vary greatly with foodplant species, and that 

certain species appear to be chosen more frequently by ovi-

positing females. H. matronalis in particular bears heavy 

egg loads. This could indicate that the size of the visual 

cue, the inflorescence (which is far greater in this species 

than any other) is influencing choice .!2£1~ foodplant 

--------·-------------------------------------------------------------
* 1sisymbri~ officinale in particular is a late flowering 

species. 



--~ 

Captures 

1 NOON 
2 3 p.m. 
3 NOON 
4 3 p.m. 
5 
6 
7 11 am. 
s 2 p.m. 
9 10a.m. 

10 NOON 
11 

of ~ H 1979 

4/6 
4/6 
5/6 
516 
7/6 

11/6 
12/6 
12/6 
13/6 
13/6 
14/6 

Fig 6 Example 

of male movement: 

successive captures 

C! H 1979 

R = 630 m. 

0 100 200 m. 

scale 



Ratio 

plants 
2·0 

1·5 

1·0 

0·5 

4·0 

2·0 

1·0 

0·5 

Durham 1978 

Ap Bv Hm Br 

Durham 1979 

Ap Bv Hm 

Ap Bv Hm 

Ap Bv Hm 

Witton Pk. 1978 

Fig/.1 Ratios of 

A.cardamines eggs 

deposited= food plant 

numbers 

Witton Pk. 1979 

Food pia nt species 



I-

I 

111 

species, as it has been shown to do within the species. 

However, since these data are summed fron1 the whole flight 

period they also reflect other differences between food-

plants (the flowering period of H.matrol)alis is very long). 

In order to properly test the hypothesis that foodplant 

inflorescence size influences foodplant species choice, 

two distributions of eggs were detailed, upon single days 

and at sites where all foodplant species present were in 

full bloom together. Sampling was carefully limited to a 

small area to avoid density effects, and the egg-load and 

inflorescence characteristics of the foodplants were noted. 

These results are shown in Table 26. It is seen that 

considerable variation in egg-loads were found at these 

sites, and that, as predicted, this variation parallelled 

*1 that in the size of the visual cue. 

The effect of foodplant clumping upon the eggloads on 

different foodplant species was noted by Wiklund and Ahrberg, 

who showed that isolated plants of rare species receive more 

eggs than clumped, common ones. This may have effects in 

the present study - particularly it may lead to oviposition 

on the scattered plants of B.vulgar.l:.!. - but it is not held 

to have any major effect, since the habit of almost every 

crucifer species examined was clumped. 

g. The adapt~~s of foodglant species choice 

It is apparent that a large percentage of the ~~d~~nes 

eggs, in any of the populations studied, were laid upon sub-

--------------------------------------------------------
*l All the plant species examined are known to support larval 

growth, with the exception of Cochlearia officinalis, 
Scurvy grass, whose effects on larval growth are unknown. 
C.hirsuta supports A.cardamines growth in the laboratory, 
although Bowden (pers comm) regards it as unsuitable for 
A.napi. 



Table 26 

Foodplant Flower Characteristics and Egaloads - ~volsingham (9.6.79), Alston (26.6.79) 

Foodplant Snecies 

Cardamine amara 

Cardamine pratensis 

Cardamine hirsuta 

Barbarea vulgaris 

Cochlearia 
officinal is 

Nasturtium 
officinal is 

Arabis hirsuta 

Thlasp i alpestre 

Size of 
flowers 

<em2L~ 

3 ] 
4 X 2 X 4 

t Xi X 4 

1 1 
4 X 4 X 4 

1 , 
4X2"X4 

i Xi X 4 

1 1 
2 X 4 X 4 

.i. , 

4 X 4 X 4 

i Xi X 4 

l\'!odal No. of 
Flowers/ 

Flowerhead, 
B 

4* 

8* 

4* 

32 

11* 

8 

4 

8 

Mean No. 
Flow~rheads/ 

Plant _c_ .. _ 

2.4 

1.3* 

1.1* 

9.8 

2.3* 

1.2 

13 

1.2 

* from Wolsingham sample. 

Product 
AxBxC. ----

14.4 

23.4 

1.1 

78.4 

6.3 

4.8 

13.0 

1.2 

Wolsingham 

No. of 
Plants 

216 

148 

100 

8 

43 

No. of 
~ 

39 

25 

0 

57 

0 

&lli!! 

No, of 
Plants 

100 

100 

100 

100 

20 

1 

100 

No. of 
~ 

21 

23 

1 

3 

7 

1 

0 
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optimal foodplant species. In view of the heavy pre-adult 

mortality associated with these species (especially 

H.matronalis and B.vulgaris) such behaviour by ovipositing 

females appears maladaptive, particularly when one considers 

the large number of optimal foodplants which go unused at 

every site. 

Several alternative hypotheses offer themselves as 

explanations of such behaviour, and these will now be 

considered in turn. 

Hypothesis 1 - That females are unable to differentiate 

amongst crucifer species. As a pre-requisite for the 

evolution of selectivity amongst foodplants, it is necessary 

that ovipositing females are able to discriminate between 

such species. As pointed out by Stanton (1979) in work on 

chemotactile stimuli and oviposition in Colias spp, this 

discriminating limit to adaptation is not often considered 

in studies of foodplant choice, and yet may be of great 

evolutionary importance. The extent to which Eigrin~ 

females in vivo can distinguish amongst crucifers is not 

clear. Some species, such as Erysimum, which contain chemical 

deterrents other than mustard oils, are avoided, but it is 

not apparent to what extent the different glucosinolates are 

distinguishable. However, there is evidence that other 

crucifer specialists are able to distinguish among 

glucosinolates (Nair et al, 1973; Hicks, 1974; Sehgal and 

Vjagir, 1977; Nielsen, 1978), and it seems reasonable to 

assume that discrimination by A.cardamines females amongst 

crucifers could evolve if selection favoured it.* 

------------------------------------------------------------------
*Chew (1977) suggests that Nearctic A.na:Qi females are 
beginning to reco<Jnise and avoid Thl~£i .§!!:.~~· 
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Hypothesis 2 - That insufficient time has elapsed for 

the evolution of discrimination. H.matronalis, one of the 

least favourable foodplants, is an introduced species, now 

extensive in the wild, which has been present in the British 

Isles and Sweden for a relatively short time. It is a 

plausible hypothesis that insufficient time has elapsed for 

the evolution of foodplant discrimination in those areas. 

However, this hypothesis may be rejected on two counts. The 

Orange Tip has been recorded as using both H.matronalis and 

:!b_vulgaris over many generations in Britain. Newman {1869) 

records both species of crucifer as among the 4 major food

plants of the butterfly {and C.prat~is as an occasional 

host) and frequent notes in the entomological literature 

since that time have recorded the continuing use of these 

two hosts. Thus well over a hundred generations have passed 

in Britain on these foodplants, and despite the apparent 

strong differences in larval survival, no avoidance behaviour 

has evolved. The second piece of evidence, which allows one 

to conclusively reject this hypothesis, is that in Central 

Europe, where H.matrol1,?-lis is native, the plant is still used 

by A.cardamines as a host (C.Hill, pers. comm.) In these 

areas the two species must have been in proximity for 

thousands of generations. Jones (1977) has shmm how food

plant searching behaviour in A.rapae has changed in 

populations derived from a common stock in the 19th century. 

Hypothesis 3 - That the apparent lack of selectivity 

is a strategy in time and space. Several authors are of the 

opinion that oligophagy, as practised by Pierinae, is a 
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response to the unpredictability and instability of larval 

foodplants and the mortality factors associated with them. 

Thus A.rapae (Takata, 1961); A.napi (Chew, 1977) and 

A. cardamines ( \viklund and Ahrberg, 1978) have all been felt 

to adopt a 'polyphagous• type of oligophagy in order to 

overcome fluctuations in the availability of foodplants 

in either space or time. Chew emphasised variations of 

foodplant species over space as important in A.napi. This 

would not appear a satisfactory explanation in the populations 

of A.cardamines studied here, however •. In almost every 

population encountered, at least one favourable foodplant 

(A.petiolata or C.pratensis) was pr8sent in large numbers 

(q.v. Fig. 21). Wiklund and Ahrberg have emphasised that 

unpredictability of foodplan t associated mortality might 

lead to selection against specialisation. However, in the 

case of B. vulgaris it is apparent that mortality associated 

with this foodplant is predictable - mortality is consistently 

high in Anthocharis spp. fed on this foodplant - not just in 

County Durham, but in Sweden (Wiklund pers. comm) and the 

U. 5. A. (Chew, 1977). In the long term evolution against use 

of such a consistently poor foodplant should have occurred. 

As shown very convincingly by Wiklund and Ahrberg, 

uligophagy in A.carda~ines is favoured by a complex of 

different foodplant related factors, which are hypothesised 

to have resulted in a .§.!£.2.!£9.Y of foodplant exploitation; 

that is the oviposi ting females adopt a wide range of host

plants as oviposition sites, in order to minimise tlH~ risks 

associated with choice of particular foodplants. In 
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particular the variation in time of foodplant· availability 

and :foodplant-related mortality factors are suggested as 

the 'unpredictable' selective pressure which has led to 

the evolution of the strategy of oligophagy, including the 

f .e d 1 .e 1 . b. 1 . *1 use o ~oo p ants o~ ow su1ta 1 1ty. However problems, 

both theoretical and practical, arise wi.th the suggestion of 

such a hypothesis here. In order to test, or at least provide 

evidence supporting the hypothesis, a major research effort 

over many years, into the variability of mortality factors 

and foodplant availability, is necessary; this has been the 

aim of c. Wiklund's 5 year project on A.cardamines. f\·loreover, 

although evidence may be adduced on the longterm advantage to 

a genetic lineage of avoiding specialisation, this may not 

represent the actual interplay of selective forces within a 

population. For, if specialisation on say a particularly 

suitable £oodpl~1t species is of short-term advantage, then 

it is to be expected that specialisation will come to 

dominate the population, even if this is a long term dis-

advantage. Despite the fluctuations in foodplant availability 

over time and space (q.v.), these would appear to be the 

sort of conditions found in Co. Durham, where f.kpetiolata 

is in large fairly stable populations, widespread in space. 

A major disadvantage of hypothesising in favour of such strategies 

is that they are not evolutionarily stable (see Appendi~ 15) 

and may be used to explain away even results exactly 

opposite to those predicted (e.g. Rausher, 1979). 

* 1~1/iklund and Ahrberg also note that oligophagy may be 

directly advantageous within a season due to the ageing 

and replacement of foodplant species - q.v. 



The data collected in the present study might be 

variously argued as for or against the maintenance of 

oligophagy in A.cardamines. Foodplant populations are 
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seen to vary, sometimes catastrophically; foodplant species 

are spread in time allow·ing a longer oviposition period of 

females. However, many of the foodplant related mortality 

factors appear relatively predictable. The 'strategy' 

hypothesis, as formulated thus far, is not favoured. ltJhat 

is needed is an hypothesis which shows how oligophagy may be 

directly and consistently adaptive (and thus evolutionarily 

stable). 

Hypothesis 4 - Egg shortfall as a selective factor. 

The major mortality factor in the population of A.cardamines 

at Durham is egg shortfall, with only c.lO% of eggs 

typically being laid in the population. In comparison to 

this, the mortality associated with foodplant species is 

small, as are all other mortality factors. Thus it is 

easily seen that selection for overcoming egg shortfall will 

be greater in intensity than other putative selection. In 

circumstances where such selective factors are opposed, it 

is to be expected that selection via egg shortfall, that is 

for increased fecundity, will be strong~r. For instance, 

it is easy to envisage that selection for foodplant 

specificity will be opposed and may be over-ridden by 

selection for fecundity in those circumstances where 

increasing specificity of foodplant choice leads to decreasing 

egg production and consequent ~eased fitness. In section 

2.ix, a simple model of this situation is developed and 

L__ ________ - --
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typical values of foodplant related mortality applied. It 

is apparent that the predictions of the model are robust 

against variations in such mortality. To put this in terms 

of the individual female, which is subject to the vagaries 

of the weather and the difficulties of hostplant finding, 

it will be better to lay eggs in sub-optimal sites rather 

than to have those eggs remain unlaid. As a prediction 

from this hypothesis, it is to be expected that females 

will show increasing willingness to lay (even on sites o£ 

signalled low fitness, such as may be the case when other 

eggs are present - see App. 6) with increasing numbers o£ 

eggs to lay - £or instance after flying a long distance, 

following bad weather, or in the £irst hours of daily 

oviposition. As egg load decreased one would predict that 

females would become less responsive. All these suggestions 

seem to be supported by casual observation on A.cardamines; 

rather better support comes from the studies of Jones (1977) 

who showed that A.rapae females were less responsive to 

cabbages as the egg-load carried was depleted. 

Oviposition site selectivity, therefore, whether of 

foodplant species, or of plants of di£ferent density, size 

and 'qt\ality' within a species, is not expected to occur 

~1en in opposition to selection for increased success of 

egg deposition. This agrees with the finding of Wiklund 

and Ahrberg that "when following oviposi ting females it was 

obvious that they t-11ere prone to oviposit on any crucifer 

encountered". 
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v.iii. Local variation in A.ca£Qamines 

a. Introduction 

County Durham is, at present, near the edge of the 

range o£ A.cardamines. During the 1880's there was a 

contraction from a formerly more extensive range, which led 

to populations in South Scotl~1d becoming extinct, and to 

the species becoming less common in Durham, Cumbria and 

Northumberland (Long, 1979). The species probably rallied 

c .1930-40 ~1d has slowly increased since that time. However, 

during the late 1960's and the 1970's, the species suddenly 

became far more frequently seen, and during the very 

favourable years of 1975 and 1976 expanded still further 

( T. Dunn, pers. comm.), including into upland areas at 

the heads of The Dales. Similar expansion was recorded 

in Norway (Haage, 1977) and increased numbers were reported 

for Southern England (Brown, 1970). 

The causes of contraction and expansion remain obscure 

Long favours winter weather effects. From the results of 

section 2. vi, it can be suggested that favourable summer 

weather may have led to the species 1 resurgence, as is 

hypothesised for other butterfly species. Whatever the 

cause(s), contraction of populations, local extinctions, 

colonisation events and rapid population growth may have 

led to important genetic effects. Founder ef:fects and 

sampling effects on small populations may lead to random 

fluctuation and fixation of genes. Other aspects of 

population biology may also cause sampling effects on gene 

frequency, particularly neighbourhood size (Wright, 1940; 

There is some evidence that different populations of A.card~1ines 
studied here may begin to emerge earlier than others, and tha~ 
this response is under genetic control. However, evidence is 
scanty, and considerable overlap occurs. 



Kimura and Crow, 1963). 

In the populations of A.cardamines studied here, 

neighbourhood size is probably very small, since males 
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are observed to move very short distances only (section 

2.iii). Female movement patterns will oppose this somewhat, 

but it is unlikely that extensive migration of females 

between populations occurs, particularly between populations 

in diffc~rent river valleys. One dispersal/founder event 

was hm·.,rever seen when, in 1978, 37 eggs of A. carda.rnines 

were found on flowers of Cardamine pratensis at Coldberry 

(see Fig. 21). These eggs were all at the same stage of 

development and in close proximity to one another, a11.d 

there can be little doubt that they were laid by a single 

female, dis per sing from the small t--Iiddleton population. 

All bar 1 egg is known to have hatched, but only two larvae 

are known to have pupated, the remaining larvae disappearing 

during development (11 in the 1st, 12 in the 2nd, 5 in. the 

3rd, 4 in the 4th and 2 in the 5th instars. Disappearing 

larvae o:f late instars had eaten down their hostplc.mt 

completely a.'1d presumably left in search of new :food. 

Careful search revealed no larvae on surrounding ~~at~~~is). 

No adults or eggs were observed at Coldberry in 1979. 

The Coldberry area is probably outside the tenable range 

of A. cardarnines, although some moorland populations at 

comparable altitudes are known to have existed. {Fearne

'"ough, 1953) n~corded A. carclarnines eggs on C.E,;atens.:i:-.§.. in 

Derbyshire moorland in 1952, but this population was 

eradicated by late blizzards in 1955). However, had more 

larvae survived at Coldberry, then a population may indeed 
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have thrived, as a result of a founding event by a single 

female. 

In other species of butterflies (e.g. Watt et al, 

1977) effective population size is normally regarded as 

influenced only by absolute population size and neighbour-

hood effects. However, other influences may be more important 

than dispersal. Female monogamy, as shown by Begon (1978) in 

his studies on Drosophil~ spp., may lead to an inbreeding 

ef:fect (Labine, 1960), particularly if most females are 

mated close to their emergence site, as seems likely in 

~rdam~. Rather more importantly, strong variance in 

family size of different animals will lead to a very ma:r.ked 

reduction in 'sampling effective population size'. In 

A. cardamines, very great variance in female success is 

suggested. Very few eggs are laid per female, due to 

inhibition of egglaying by bad weather (Section 2.vi). 

Additionally, changing foodplant a.vailabili ty and quality 

means that eggs laid at the end of the 6nergence period are 

placed upon ageing plants, or on 'pec.tes giving poor larval 

survival. Thus f~tales emerging late will encounter only 

plants giving poor larval survival. The ratio of the fitness 

of early and late females is probably in excess of 4:1 at 

Durham. 

Thus in populations of c.400-600 indivictuals, as at 

Durha.m, effective population size (Ne) will be small 

(c.l00-150) since 

Ne = N k 
2 

<r -l +. k/k 
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where k and k/k are the mean and variance of offspring 

_,.2 -number per parent, and assuming a ratio o.f 1:5 in k : o k/k· 

This seems a reasonable and conservative estimate - several 

individual .females are known to have laid more eggs in a 

* single day than the population mean .for the whole season. 

Begon (1977) obtained a variance to mean (offspring/parent) 

ratio of 14.78 for a Drosophila subobsct~ra population. 

The size o.f the Durham population is probably typical 

of many other Co. Durham A.cardamines populations. A very 

.few (Witton Park/Witton-le-Wear, Wolsingham) may be bigger, 

whilst m~1y of the recently derived populations are probably 

smaller. The net effects of family size variation, inbreeding 

effects, neighbourhood effects, founder events and population 

declines and expansions lead one to expect that effective 

population sizes in most County Durham A.carda~ines populations 

will be c.lSO, with some populations being even smaller. Such 

values are well within the range where one might expect 

random fluctuations and fixations o.f gene :frequency. The 

present study was carried out in order to see if this 

prediction was confirmed. 

b. Genetic variation 

Electrophoretic analysis was carried out upon animals 

removed .from populations (figured in Fig.21 ). Assay 

procedures are given in App. 9 • The .following loci were 

examined- GOT-1, ~GPDH, XDH, G6PDH. Additionally 

F6DP was examined in 1979. Of these loci only GOT-1 and 

--------------------- ·----
* Two .females in 1978 laid 32 and 23 eggs respectively. A 

.female in 1979 laid 18 eggs. 
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Allelic frequencies at GOT-1 and 

F6DP for A. C§.rdc:l!ni~ populations 

AllelE!S are designated relative to the t1obili ty of 

the commonest allele in A.nani, which is 

arbitrarily desig~ated as allele 100. 

Allelic frequency is e::-..-pressed as the prop0rtion 

of the sam:rle taken. 



GOT - 1 F6DP 

1977 1978 1979 1979 

!! ~ n 

Durham p.25 .07 p. 33 
p.29 p. 75 
p.35 .84 p • 78 
p.92 • 09 

P·120 

Shinc1iff'e 66 ~ .1Z. 
.06 .os .29 
.02 .71 
.79 .83 
.12 .10 
.02 .02 

Cas sop 40 -
.08 

.85 

.08 

Witton Park .1!! 56 46 46 
.04 .04 .13 

.85 
.92 .86 .96 .02 
.04 .10 .04 

\\lolsingham 42 ll M 64 
.os .08 .06 .13 

.01 .03 .87 
.90 .79 .83 

.os .08 .06 

.04 .02 

Wearhead 16 ~ 28 

.07 

.93 
1.00 1.00 

Alston 22 28 ~ 42 
.os 
.95 

1.00 1.00 1.00 
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F6DP showed any allelic variation (one animal from Durham, 

1978, had a variant G6PDH allele). Esterase loci showed 

pronounced variability in both band positions and intensity. 

However, these proved intractable, since loci appeared to 

be overlapping upon gels, and under complex genetic control. 

The allelic frequencies at GOT-1 for the years 1977-79 

and at F6DP for 1979 are given in Table 27. It is seen 

that populations in the upper reaches of river valleys, 

at Wearhead and Alston, have allelic frequencies at GOT-1 

different to populations from lower down the valleys. The 

two populations are fixed (or nearly so) for the allele -100, 

which is the common allele of other populations. This 

strongly suggests that such populations have been subject 

to genetic drift. However, since there remains the 

possibility that selection in the upl~~d areas favours 

the 100 allele, the search for other polymorphic loci was 

maintained. Fl6DP was found to show variation, but in 

contrast to GOT-1 does not show fixation of the common 

allele in upland areas. Rather there appears to be a gradual 

decrease in the frequency of rare alleles with increasing 

altitude. These results are, again, consistent with both 

genetic drift and selection, and must be treated carefully 

in view of the small samples taken. (There is a real risk 

of damaging populations by removing more individuals). 

At present there is some evidence that 'genetic drift', 

that is random fluctuations in gene frequency, may be 

occurring in these populations due to small effective 

population sizes and founder events. A larger sample of 

individuals, from a wider range of populations, is needed 

to support this contention. 
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ix. Discussion 

The fragmentation of populations into small isolated 

demes has been repeatedly shown to have major influences 

on evolutionary change. Ehrlich ( 1965) emphasised the 

extremely fragmentary nature of the demes of the butterfly 

Euphydryas editha in one area, and suggested that evolution 

could be very rapid in such rlemes. Singer (1971) showed 

local adaptation of these populations to hostplants. 

Local genetic events and adaptation may proceed 

rapidly in such isolates, and co-evolutionary changes, for 

instance, may arise much more swiftly than in large panmictic 

populations (Slatkin and Wilson, 1979). It is therefore to 

be expected that such local adaptation be an important 

c~~tributing agen~ in the evolution of a species group. 

In Pieri~, local races are commonly found, as exemplified 

by the A. napi complex. \•Ji thin the tribe Euchloini, examples 

of local races are the forms of ~loe olympia (Wagner, 

1977) and E.tagis (Sarlet, 1975). In the ~~i~ complex 

local adaptation has reached the point where one isolate is 

currently designated a good species - E.pechi Stdgr. of 

the Djebel AurP.s region of Algeria. Local selectivP. regimes 

within populations are thus implicated in speciation in that 

group. 

Local and geographic differences in foodplant tolerance 

in the .C1..napi complex have been described by Bowden ( 1970) 

who showed that despite being attractive to females of 

Nearctic A.napi and A.virginiensis, Alliaria 2etiolata is 

toxic to the larvae of such taxa. The foodplant tolerances 
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of American and British A.napi populations are different. 

Similar changes are known in the P.cheiranthi isolate from 

P.bE.e.§.si~, and for the populations of E.editha studied by 

Singer (1971), where different populations are known to 

sy_:.ecialise on sin9le, different plant species. Similar 

changes a1~ e also recorded for many o.ther insects: 1-Isi ao 

( 1978) gives an example of geographic adaptation to other-

wise sub-optimal hosts. 

In A. cardatiiines some evidence of local adaptation has 

been found (Section 2.viii) where time of emergence may 

vary between populations, possibly to synchronise flight 

with foocJplant availability. However, other aspects of 

foodplan t-related behaviour appeared poorly sui ted to 

optimal u~e of resources, despite the localised and small 

dernes (Sections 2.iii, vi). Despite wide variation in 

larval survival and fitness on different foodplants 

(Section 2.v), A.cardamines, both in Co. Durham and Sweden, 

is completely oligophagous and appears to utilise any 

available crucifer (a list of foodplants is given in 

Appendix 7). The non-specificity of A.cardaminet~, and 

* of other Pierinae , in the face of apparent strong selection 

requires some explanation. The gametic wastage caused by 

* Ar!ogei~ nani, ~elete, Pontia daplidice, P.sisvmbrii, 

SynchlQ£ callidice, §!:!_ch!,Q,g ~nia/ausonides, hllgis, 

E. olympi,s,_ AuthQ£~is g_en~, &.!.~.~lata, !b..§.~ are 

other widely oligophagous species. Only Zegris eupheme 
and the habitat specialists Artoglia ergane, A.bryoniae, 

A.krueperi and A.virginiensis appear to be monophagous. 

(" l~ou~~ 2.e ... fhe""e ~ ~c.or~•.J. o.s 11'\on.oy\...~•".S .J ~+ 
u..su .~cr .cr~~~~erac s-rec;q •-r-" ~~ ":PJC~r,~,. 

::t. sed's ~-.. c"tot~o& ( l'-C'S· ol. .)) . 

c.l r\4011 b'te&~ 
j,.. , .. _..cr., I S w:l.. .-$ 
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poor larval survival on toxic plants should lead to rapid 

counter-evolution, as noted for other butterfly species 

(e.g. Straatman, 1962). 

As noted by Stanton (1979) in constructing explanations 

concerning hostplant-ranges of insects, it is important to 

recognise the physiological limits to discrimination. If 

A.cardamin~ females are unable to distinguish different 

Cruciferae, it is unsurprising that eggs are laid upon all 

available species. Hm·;ever, other crucifer-feeding insects 

are able to distinguish different crucifer species (e.g. 

Sehgal and Vj agir, 1977) and it seems reasonable to assume 

that Pierinae females can do so (Section 2. vii). 

Adaptive explanations of host specificty or generality 

have previously emphasised the dynamics of ecosystems in time 

and space. Thus Singer (1971) believes abundance and pre

dictability of foodplants allows the local specialisation of 

~ditha populations. Smiley (1978) has recently outlined a 

possible scheme for the evolution of monophagy from the 

oligophagous condition in Heliconids, based on progressive 

specialisation on abundant plant resources. By contrast, 

Takata (1961), \.Viklund (1974a,b, 1975), Chew {1975, 1977a,b) 

and Wiklund and Ahrberg {1978) have emphasised the 

importance of foodpl~1t unpredictability in time and space 

to the maintenance of oligophagy. However, a number of 

problems arise with the adoption of the hypothesis that 

oligophagy is a strategy to combat an essentially coarse

grained (sensu Levins, 1968) environment, where different 

populations, and different generations of a population may 
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experience different selection regimes associated with 

foodplants. Firstly, several aspects of foodplant 

availability are predictable. As noted in earlier sections 

all ~rdamines populations in the Durham area are 

associated with at least one 'suitable' crucifer species 

(which appear, th~refore, relatively predictable in both 

time and space). Similarly certain foodp'lants give 

consistently and predictably poor survival, not merely 

in Co. Durham, but worldwide, notably Barbarea vulgaris. 

Again, as noted in section 2.vU, the use of this foodplant 

cannot be explained as due to insufficient time having 

elapsed for the evolution of avoidance (as Chew (1977,b) 

has suggested for the use of Thlaspi arvense by Artogeia 

napi in the U.S.A.) From these considerations of pre-

dictability of foodplant effects, one would expect some 

counter-evolution on the part of the butterfly populations, 

and polymorphism for oviposition strategies, with some 

females laying on all crucifers, some only on the most 

suitable. This is not found. 

Secondly, as a consequence of counter-evolution it is 

to be expected that local differences should exist between 

populations, particularly in such small isolates as the . 

Co. Durham A. cardamines populations, in the manner of the 

~editha populations studied by Singer. Oligophagy would 

' not be 'evolutionarily stable in all populations against 

invasion by the monophagous habit - for instance in 

populations with just one 'good' and one 'bad' foodplant. 

Wiklund and Ahrberg (1978) described a situation of 



127 

unpredictability of foodplant resources, which should favour 

both local differentiation and polymorphism for exploitation 

strategies. A pure 'polyphagic' strategy may require group

selection scenarios in these conditions. 

Thirdly, as noted by Jones and Ives (in press), the 

lack of selectivity between different foodplant species, 

by egglaying Pierinae, is suprising in view of the fact 

that such females show considerable choice within a food

plant species (avoiding, e.g. old plants). Jones and Ives 

point out that the lack of 'inter-specific' as opposed to 

'intra-specific' selectivity may be due to consistent 

selection within species (e.g. old plants always give poor 

larval survival) but the inconsistency of selection between 

species. Selection against use ~f particu~_ar pla!!._t_ species 

depends upon which other species are present in the 

community. 'Intra-specific' selection they feel to be 

more predictable than 'inter-specific' selection. 

Related to this consideration is the change in female 

selectivity which is believed to underlie the 'edge effect' 

(Section 2.vii) and the occasional 'escalation' of contests 

between an ovipositing female and eggs (App. 6). If 

predictability of larval survival is the sole factor 

influencing oviposition choice, these effects would not 

be expected. 

From all these considerations it was felt necessary to 

seel< other factors which might be influencing the strategies 

followed by females. In Section 2.vi, it was shown that 

the major mortality factor in the Durham population was egg 
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shortfall. In Section 2. vii egg shortfall was invoked as 

a possible selective factor to explain non-specificity of 

female oviposition choice. The basic premise of this 

suggestion is that a female 'attempts' to maximize her 

reproductive output, i.e. that natural selection acts on 

female oviposition by selection for the maximum number of 

offspring in succeeding generations. Thus a balance is 

held to be struck between strategies which lead to good 

larval survival (e.g. specialisation on 'good' plants) and 

those which lead to many eggs being laid (e.g. lack of 

specialisation). A situation ~<in to this was modelled 

by Levins and I>IacArthur ( 1969), who produced the figure 

shown here as Fig. 42. The model describes the optinal 

strategy, iD terms of surviving offspring, for females in 

different conditions of e-P1t 

(The probability of failure to find foodplants on which to 

lay eggs) and P3 (The percentage of alternative host-
p2 + p3 

plants which are unsuitable as food). Their model predicts 

therefore that if sa~ of eggs are unlaid, the population of 

females should only be polyp~agous if 30% or more of the 

extended diet items are suitable. The approximate conditions 

for A.cardamines at Durham are also indicated in Fig. 42. It 

is seen that the model predicts tlle maintenance of 'polyphagy'. 

However, the model of Levins and !l·lacArthur makes 

several assumptions which may be unreasonable in this study. 

Firstly, it assumes that females are unable to distinguish 

foodplants as good or bad, except for the very best foodplant. 



Fig. 42 The model of Levins and MacArthur 

showing the predicted optimal strategy under 

different conditions of probability of not 

finding hostplant {e·Ptt) and the proportion 

of alternative hosts that are suitable 
Taken here as equating with the relative suitability of 

( P3 
Pz'"P3 I, 

alternative food. The shaded area represents approximate conditions 

for A.cardamines at Durham~ where c.90% of eggs are unlaid. 

For derivation of model. see Levins and MacArthur- (1969). 

1·0 

MONOPHAGY 

·1 

POLYPHAGY 

·01~----------~-----------
·01 ·1 1·0 



Evidence suggests rather that some crucifer-specialisibg 

herbivores can distinguish different crucifers including 
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B. vulgaris (Hicks, 1974). Secondly,- the model specifically 

assumes that the herbivore must be either monophagous or 

polyphagous, that is that the animal must use either one 

or all available food i terns. Thirdly, it assumes that 

monophagy is ancestral, polyplagy the d1:!rived state. In 

Pierinae, at least, the converse is implied. Fourthly, 

it assumes that foodplants are either suitable or un-

suitable as food, with no intermediate cases. Additionally 

it has the disaci.vantage of not specifically taking account 

of differences in abundance, but has the advantage of not 

considering fluctuations in suitability (as ~11iklund and 

Ahrberg (1978) suggest for the foodplants of A.cardillnines). 

A different model has therefore been constructed for 

the specific case of a herbivore, such as A.cardamines, 

which has several possible foodplants of different 

suitability, and which may adopt several different 

strategies of exploitation. The model presupposes that 

there is an array of N foodplants with N strategies of 

exploiting them (where each successive strategy adds the 

next rnost favourable foodplant to the array used by the 

herbivore. ·Initially the model assumes equal abundance 

of different foodplan t s) • 

t j = searching time/plant for each strategy. 

Thus t
1 

is the searching time to find a single suitable 

plant under strategy 1, that is using only the most favourable 

foodplant 

T = total time available (expressed in tN units). 

file:///tfith
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X = maximum number of eggs to be laid. 

E . = 
'J 

Number of eggs 

= I T IX 
~ 

laid by each strategy ( j) 

represents the relationship between 

total available time and the time necessary to lay 

all eggs using strategy j. The term may range from 

0 to 1 (when total available time exceeds that 

necessary for egglaying, the term is held at its 

maximum of 1, any excess being ignored). 

F. =fitness of strategy j 
J 

= ~ 
i f_i 

N 

where fi is the 'fitness' of eggs reared on the ith foodplant, 

relative to the most favourable foodplant, ta..~ing values from 

0 to 1. 

Thus f 1 = 1. 

As a simple example 

Assume two foodp1ants, equally abundant, one giving 

100% survival, the other S~L 

N = 2 

t1 2t2 
f1 = 1.0' f2 = o.s 

= 

let X = 100 and T = 150t 2 

£ -~50 
100 

1 !100 X 2 

= 75 = 100 
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7.2 {100 ) (100 ) 
Fl = X 1.0 Fz = {- X 1) + (- X 0.5) 1 { 2 ) { 2 ) 

= 75 = 75 

Thus each strategy leaves equal numbers of offspring 

in succeeding 9ener at ions. 

Elaborating the model slightly to include four 

hostplants of varying suitability. 

N = 4 X = 100 

tz = o.75; £ 3 = o s· . ' 

T varying 

gives Fj for the four possible strategies (using one, 

two, three or four hostplants) as in Fig. 43. It is seen 

that only when sufficient time is available to lay all or most 

eggs do specialist strategies lead to most surviving off-

spring. When time available is short, relative to that 

needed for maximum egg laying, strategy 4 (usage of all 4 

plants) gives the maximal number of offspring. 

To make this model applicable to the Durham population 

of A. carda~nines, the crucifer array avail able is de signa ted 

thus. Plant 1 is Brassica rapa, which gives ·the best larval 

survival {and fecundity in the next generation), Plant 2 is 

!li_!iaria petiolata, which from Table 13 is seen to have a 

'suitability index' with a mean value of 0.66 of that of 

B.rapa. Barb~ vulg~ and Hesperis ~at££nalis are 

designated plants 3 and 4 with mean suitability (based on 

values o£ suitability index, relative to B.rapa) of 0.28 

and 0.18 respectively. Thus 
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Fig. 43 Relative fitness (F) of different 

strategies of foodplant exploitation with 

d i fferring available searching Times ( T 1. 

T=L.OO 
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T =50 
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Fig. L.L. : as Fig.L. 3 
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N = 4 

T = varying 

X = 150, the value assumed for mean fecundity under 

optimal field conditions (q.v. Section 2.v). The results 

of this model (again assuming equal foodplant availability) 

are given in Fig. 44. Again, foodplant specialisation is 

shown to be advantageous only when much time is available. 

To take account of differences in foodplant abundance 

and 1 availability 1 , the model must be further modified. 

No correction is needed for differences in crucifer sizes, 

but the different foodplants are not equally apparent to 

female ~~amines (Section 2.vii) and it is invalid to 

assume that cru-cifer abund-ance directly measures avail-ablli ty. 

To overcome this, the number of plants of each of the four 

crucifers at Durham (.from Table 14) was multiplied by the 

mean eggload per plant of that species (Fig. 41), relative 

to that o.f ~etiolata, to give the 'available' individuals 

of each species. 



Table 28 

The number of 'available crucifers' (ni) 

at Durham in three years of study. 

B. rapa 

A.petiolata 

B. vulgaris 

H.rnatronalis 

TOTAL: (Z) 

1977 

1722 

4350 

588 

2106 

8766 

; fecundity = T = 

Then i£ t4 for 1977 is 1 

= 

= 1.32 

= .§2.2.2 
6072 

= 1.44 

Similarly for 1978, 

and 1979, 

22.6 

1978 

777 

10320 

563 

2484 

14144 

8.9 

= ~ 
1722 

= 5.09 

t 4 = 1 ' t'3 = 1 • 32 ' t 2 = 1 • 39 ' tl = 13. 50 

Calculating E j as before, Fj = e.f. 
1 1 

Where e· 1 = amount of £j laid on p1anti 

= 
z 

121..2 
357 

3100 

188 

1173 

4818 

9.4 
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Figs. 1.5 to 47. Fitness of different foodplant 

exploitation strategies where model parameters, 

_of foodplant suitability and abundance ,and of 

.time available for egg-laying, are set by 

actual data from Durham. 

T = 764 
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The resulting models based upon the actual data on 

foodpla.nt availability, suitability and successful host

locating ( = fecundity) for the three years of study at Durham, 

are given in Figs. 45 to 47. For all three years the models 

predict that females laying eggs on all available foodplant 

species would leave the most offspring. 

The above models of oviposition behaviour should be 

treated with caution, and ideally should be tested on 

populations other than those used to derive the models. 

A major shortcoming of the approach is that it assumes 

fixity of female responses, which does not seem justified 

in view of observed egg-deposition patterns. It seems likely 

that the decision whether or not to oviposit on an encountered 

crucifer is influenced by the physiological state of the 

individual butterfly. It is to be expected that females 

will be more prone to refuse encountered crucifers when few 

eggs remain to be laid- as shown for A.rapae by Jones (1977). 

However, the models do indicate solutions to some 

problems concerning foodplan t exploitation strategies. 

Firstly, even though some foodplants (e.g. Barbarea yglgaris) 

may be consistently, and predictably, bad food for larvae, 

more offspring will result from laying eggs on such species, 

if the alternative strategy is to have the eggs unlaid. 

Secondly, by demonstrating that 'polyplagy' may be of direct 

individual advm1tage within a population, it has become 

unnecessary to invoke arguments based upon .future and past 

unpredictability of the foodplants. (This is not to say 

that unpredictability may not have some influence). 

'Polyphagy' in these models is evolutionarily stable against 
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invasion by 'monophagic' strategists except in the most 

optimal conditions for foodplant finding. 

The above models, therefore, predict that phytophagous 

herbivores such as A.cafdami~ and other Pierinae should 

only specialise on foodplants when conditions are extremely 

favourable to hostplant finding. Ecological factors are 

thus opposing the evolution of 'monophagic' strategies. 

As Zwolfer (1974) has pointed out, a major influence on 

the speciation and subsequent co-existence of phytophagous 

insects appears to be the division of food resources amo~t 

species: Petersen ( 1966) has shown that sibling groups of 

Pieridae and Nymphalidae tend to have different hostplants, 

whilst Armstrong (1945) described the differentiation of 

host-races of Lepidoptera species without geographic 

separation. Similar division of host-plants among sibling 

species of insects are known for other groups, e.g. 

Drosophilidae (Pipkin et al, 1966). Thus speciation itself 

is likely to be opposed by the 'enforced polyphagy' 

described above. 

A related model to those above was produced by f\1acArthur 

and Pianka ( 1966), who showed that in the case of a predator 

foraging for patchily distributed prey, the optimal 

strategy (to minimise search time, when pursuit time is 

small) is to take ~1y food items encountered, and to 

specialise on patch types. That is to be not a food-type 

specialist, but a habitat-type specialist. Such strategies 

appear common in foraging birds and mammals. The model 
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also predicts that competition between related species 

of foraging animals should lead to little differentiation 

of food niches but rather differential habitat selection. 

Shorrocks (1975) has corroborated this prediction in 

British communities of Drosophila spp. 

In very few cases have butterfly species within a 

community been held to divide food resources amongst them

selves on the basis of foodplant species. Goodpasture 

( 1974) describes an exceptional situation where species of 

Plebejus appear to have mutually exclusive diets. J.l.1ore 

commonly temporal separation (Shapiro, 1975 c) or spatial 

segregation by habitant selection occurs. Thus in the 

Satyrid gensus Lethe (Shapiro and Carde, 1970) and in 

Heliconidae (Benson, 1978; Young, 1978) and in three 

European (Petersen, 1954) and three Japanese {O:hsaki, 1979) 

Pierini, different species have similar host plant ranges, 

but are segregated by habitat selection. 

The limiting factor to species-packing in Fi'erinae will 

therefore not be prey types (plant species) but habitat 

types. The monophagous Artogeia_ virginiensis, a member o£ 

the A.napi complex, is a habitat specialist rather thL\.n a 

hostplant specialist, and will use any 2.vailable crucifer, 

although only Den.:t.~ri~ spp are normally available. Similarly 

the montane A. brYQ.fliae is particularly associated with 

Biscutella spp. but will use other crucifers when these 

are available (Varga, 1965). Thus ecological selective 

factors will oppose species packing within habitats, and 

hence speciation. 
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In the long term it is to be expected that repeated 

ovipositions on sub-optimal plants will cause the 

evolution of larval tolerance towards such plants. The 

evolution o£ such tolerance may even be easier to encompass 

physiologically than changes in adult behaviour. However, 

as noted by ~.Viklund and Ahrberg ( 1978) the effect of 

lk.cardaJnines on its individual hostplaJ.'1t species 

undoubtedly exceeds the effect of any one species upon 

~~~rd~1ines. It is therefore to be expected, especially 

in view of the sometimes devastating predation of seeds 

by !k.£...ardamines (and other species (e.g. t·llhite, 1971)) that 

hostplants should evolve both qualitative and quantitative 

defences to butterfly predation. 

In Cruciferae, it is known that variations in 

concentration of the primary group of defence chemicals 

are genetic (JoseffsoP-, 1970; l\1ullin and Saharrabundlle, 1977). 

The evolutionary response of the plant species might be 

increased production of deterrent glucosinolates, or 

decreased production of gluoosinolates which act as 

stimuli to ovipositing females. Mitchell (1977) has 

described differential predation of Pieris brassicae upon 

morphs of Brassica oler~_s differing in glucosinolate 

content. It is therefore to be expected that herbivores 

will profoundly affect the genetic constitution of crucifer 

populations. 

Herbivores may also be expected to exert considerable 

influence on f:ruciferae community structure within habitats. 

0' Dowd and \AJilliamson ( 1979) have shown the theoretical 
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conditions £or mutual associations to arise between members 

of a community predated by a herbivore. McNaughton (1978) 

has shown an example of such conditions, where palatable 

grasses of the Serengeti plain suffer less grazing when 

growing in association with unpalatable species. Thus 

herbivore grazing may promote species diversity within a 

habitat. 
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X. The effect of human activity Ynon A.cardamines 

There are no animal species which are completely un-

a:ffected by human activities. The J:elatively recent 

industrial and agricultural development of much of the 

Holarctic has had far-reaching effects upon the distribution, 

survival, genetic composition, etc., of animal populations. 

In very few animals are these effects known in any detail. 

In butterflies, the decline of many populations over the · 

last two centuries is usually attributed to the destruction 

of habitats (BreweY, 1965; Pyle, 1977), although pesticides 

may have also been important recently. .Collecting by 

entomologists has also exacerbated the scarcity of some 

insects (e.g. Lyca~ gispar and l\1aculinea arion}. In 

some chalk grassland Lycaenidae, the resurgence of grass 

growth following the extermination of rabbits by myxamotosis, 

is believed to be the cause of decline in some populations 

(Frazer, 1960, 1961). 

In virtually no study has the exact cause of population 

decline been elucidated. However, it is important, if 

future management programmes are to have any chance of 

success, to gather as much infonnation as possible about 

butterfly species, and the effects of man upon them. 

The populations of &£.srdami~ which I have studied 

suffer considerable mortality due to human activity. Some 

adults are taken by entomologists (including the author) 

~1d one is known to have been killed by a motor vehicle. 

Probably such increase: in adult mortality is unimportant, 

although it should be noted that the adult stage is the 
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least numerous in the life-cycle, and killing or collecting 

a few adults can have a potentially dispropor·tionate effect 

on populations. 

Eggs and larvae, on the other hand, suffer considerable 

losses in riverbank populations, particularly when close to 

a town. Thus at Durham, Barnard Castle, Darlington and 

Witton Park, very heavy recreational use of the riverbanks 

lead to egg and larval death. This was primarily due to 

anglers trampling undergrowth and to the picking of 

A. cardamines bearing flowers. The losses of A,.cardamines 

on sites to human activity are recorded in Table 29. 

{This undoubtedly over-estimates mortality somewhat, since 

sites chosen .for study are automatically those of easy 

access to anglers and children). 

Trampling undoubtedly is the most important Qf the two 

causes of death. Trampling also greatly decreases floral 

diversity, e.g. at Darlington {Holmes, 1978). There 

appears little that can be done about this, although some 

control of human activity may be necessary. At Durham, 

and along the Tees banks from Darlington to Barnard Castle, 

very extensive trampling has caused erosion of the river-

banks, as noted by Holmes. This exacerbates normal bank 

erosion, and cause serious problems. Fig. 48 shows a bank 

slip caused by river action, and Fig. 49, the total 

destruction of vegetation {foreground) caused by trampling 

in the area at Durham. {Some disturbance may, however, 

maintain open areas for crucifer growth). 

The picking of flowers is hard to discourage. 



Table 29 

Durham 1977 

78 

79 

Croxdale 1978 

79 

~vi tton 1978 
Park 

79 

\oJol singh am 1978 

79 

The losses of A.cardamines on study sites to human activity 

Animals lost to: 

Flower nicking Trampling 

4 eggs 

11 eggs, 7 larvae 1 egg, 10 larvae 

6 eggs 3 ~ggs, 2 larvae 

0 10 larvae 

0 0 

2 eggs 1 larvae 

24 eggs, 21 larvae 13 eggs, 31 larvae 

9 eggs 3 eggs 

0 *42 eggs, 6 larvae 

* causc:-d by cattle being driven over study site. 

% ma~ked population 
lost to _humans 

-
JC 

2.0 

15.3 

4.0 

9.3 

0 

2.5 

19.0 

9.4 

12.2 

8.2 



Fig. 48. Natural bank slip and subsidence 

at Maiden Castle Bridge. 

Fig. 49. 

Durham, 1979. 

Severe erosion and trampling 

caused by humans. Durham, 1979. 
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Unfortunately, some of the largest and most colourful blooms 

of riverbanks are Cruciferae - tllhich leads to their being 

selected by both ovipositing A.cardamines and flower-picking 

humans. H.matronalis which receives the heaviest egg-loads, 

is also heavily selected for picking. B.rapa and B.vulgaris 

are rather less frequently plucked, and the strong-smelling 

~etiolata almost never so. 

The direct destruction of A.card~tines by man is small 

but significant in these populations. Indirect human 

effects are rather more difficult to assess. Brown (1970) 

attributed the increase in A.cardamines in the Bristol area 

following 1968 as due to increasing restraint in the use 

of weedkillers on roadside verges (a major habitat of 

Southern English A.cardamines). The role of pestici~es 

in the mortality of A.cardamines is unsure, but likely to 

be concentrated upon dispersed populations associated with 

'weedy' crucifers. 

Habitat destruction is easy to see, but its importance 

is hard to assess. In species such as A. cardamines, however, 

which exist in small populations (around Durham), habitat 

destruction may lead to increasing isolation of demes, with 

consequent increasing risks of local extinction (as in 

t-1. arion). The relationship between one aspect of urban 

development and the distribution of ~cardamines is shown 

in Fig. so, vfhere 5 km lengths of the rivers V.Jear (from 

Chester-le-Street to \volsingham) and Tees (Darlington to 

Barnard Castle) were examined. The number of 1 km lengths 

within each section known to be occupied by A.card~nines 



Fig. 50 The relationship 
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were compared to the number of sewage works shown on 

Ordinance Survey maps. 
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It is seen that habitat selection by sewage engineers 

and A. cardrunines is similar, in that the abundance of the 

butterfly and sewage works are related. This arises from 

both using non-wooded, non-steep riverbanks for their 

activities. Sewage works hardly pose a threat to A.cardamines, 

but the relationship does indicate the form habitat 

exploitation and destruction is likely to take- gradual, 

ever-increasing encroachment. 

On the credit side, human activities may favour the 

creation of other habitats sui table for A. c_ardamines. Owen 

(1978) recorded A.cardamines larvae feeding on garden 

Arabis albida Stev. and stated that A.cardamines was 

therefore safe from decline due to herbicides, pesticides 

and habitat destruction. This facile view is not supported 

by this study - other garden crucifers such as Lunaria 

~~ and Hesperis ~tronalis do not give good larval 

survival. It seems extre..'Tlely unlikely that A. cardamines 

will ever become a truly urban species, as some other 

butterflies have done (Singer and Gilbert, 1978). 

More important to !hcardamines will be the provision 

of v1eedy hostplants as a result of agricultural practices. 

Capsella bursa-~stori~ flourished in one area at Durham 

which was fallow in 1977, but this land was not ploughed in 

subsequent years and grass took over. Elsewhere, particularly 

in the south of England, with vagrant ~rdami~~ populations, 

weedy crucifers such as Sinapis arvensis will be important. 
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It is likely that A.cardamines is maintained above the levels 

it might ordinarily reach by agriculture, as are A.rapae and 

P ... brassicae. 

The likely importance of different human-related factors 

to A.cardamines populations in northern and southern England 

are summarised: 

1. Herbicides ) 
) More important in south, especially roadside 

2. Pesticides ) areas. 

3. Entomologists. Concentrated in southern England. 

4. Anglers (trampling). Important only in Northern 
riverside populations. 

5. Gardens. Concentrated in south. 

6. Agriculture (weeds). 

7. Habitat destruction. 

Concentrated in south. 

Probably only important in small 
populations in the North. 

Man has also markedly affected the ecology of &£~a.'1lines 

by the introduction of non-native crucifers - in the present 

instance Herperis ~ronalis causes significantly high larval 

mortality. Other introduced crucifers include Brassica 

£.2npestris (wild cabbage) and Isatis tinctoria. It is 

pleasant to speculate that ancient British cosmetic practices 

may have indirectly favoured the colour~ Orange-Tip via its 

foodplant, Woad. 



CHAPTER 3 

Mating behaviour and Reproductive 

Isolation in Pierinae 

"Ursula was watching the butterflies of 1-vhich 
there were dozens near the water ••.••.••••• 
suddenly snapping out of nothingness into a 
jewel life •••••• two white ones wrestling in 
the low air; there was a halo around them; 
ah, when they came tumbling near they were 
Orange-Tips and it •Nas the orar.ge that made 
the halo. Ursula rose and drifted away, 
unconscious like the butterflies" 

D. H. Lawrence, "Women in Love". 



3. Mating behaviO!:l.£.. and Renroductive 

Isolation in_Eierinae 
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With the adoption of the biological species concept 

in the middle of this century, zoologists such as Dob~hansky 

{1937) and i\·layr (1942) emphasised the importance to 

speciation of reproductive isolation am~ taxa. The 

maintenance of genetic integrity, by the presence of barriers 

to inter-taxon breeding, became the only criterion for 

judging specific status. Despite many difficulties in 

application, the concept is nov1 alm.ost universally accepted, 

and has stimulated much work into tbe nature of isolating 

mechanisms, i.e. those characters which allor.r co-existence 

and integrity of sympatric gene pools (populations). 

Dobzhansky divided isolating mechanisms into two major 

classes - pre- and post-zygotic - depending upon whether 

isolation between taxa depends on mechanisms prior to, or 

after mating. Post-zygotic isolation may be important in 

some groups of organisms, but has received relatively little 

*1 attention, 

In anir1als, pa.rticularly where parental investment in 

gametes is high, pre-zygotic mechanism!:> are preva~ent. 

rviechanical isolating mechanisms, which prevent inter-

specific copulation, are knovm (e.g. Paulson, 1974) but 

rare. Similarly, what Dobzhansky and l'iayr termed 

------------------------------
*1

The studies of Bowden (1972 a,b) and Oliver (1972 a,b, 

1977} amongst Lepidoptera are exceptions. 
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''ecological' mechanis~s may occur, although the demonstration 

of sympatric species differing in habitat selection, 

phenology, etc., can rarely be attributed to the result 

of reproductive isolation £...~~· Abundant research has, 

however, demonstrated in many groups ethological isolating 

mechanisms, based on species-specific courtship and mating 

patterns. This fact may be attributable to the relative 

ease of evolution of isolating mechanisms which avoid 

<;JaJnetic waste by changes in courtship behaviour, in comparison 

with the relatively major genomic changes which may underlie 

remodelling genitalia, habitat shifts, etc. 

Ethological worl< on courtship behaviour in butterflies 

began with the studies of Tinbergen et al (1942) who studied 

the rereasefi) of cou~ctship in Eumenis ~ele L. The Pierinae 

have received considerable attention, m1d studies of various 

Pierini species have been published. Thus the studies of 

Peter sen and Tenow ( 1955) on ~geia napi, Obara ( 1964 

et seq) on ~.rapae and Chovet (1977) on Pieris ~ssicae 

have all demonstrated fundamentally similar mating behaviour 

in these three species. Although Petersen and Tenow, and 

l.oJ:kovic ( 1968) investis~c::.ted mating behaviour with particular 

reference to reproductive isolation, studies on sympatric 

populations of closely related Pierinae species were lacking 

until the publication of work by Suzuki et al (1977) on four 

Japanese Pierini. The present study, started prior to the 

publication of that work, investigated the mating behaviour 

and reproductive isolating mechanisms of the 3 Pierinae that 
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are normally commonest at Durham - A.napi, A.rapae and 

Anthocharis carda~ines.* As conflicts were found between 

differing accounts of Pier inae ma-ting behaviour, both 

between sources in the literature, and between these and 

results of the present study, it was felt necessary to 

make detailed study of disputed points. From the final 

description of mating behaviour and ethological isolation 

in sympat1~ ic populations, the likely evolutionary con-

sequences and stability of such behaviour, particularly 

in rela.tion to future speciation, will be discussed. 

Butterfly courtship studies have generally emphasised 

the importance of chains of stimuli and responses in 

leading both sexes to successful copulation. The 

importance of visual cues in the initial attract·ion of 

males to females is stressed by Guillaumin ( 1977) in his 

review of the roles of differing stimuli. Thus in 

Eumenis semele L. (Tinbergen et al, 1942), Hypolimnas 

!!.!i§.sipus L (Stride, 1958}, Argynnis paphia. L (f'.iagnus, 

1958 a), Heodes virgaureae L (Douwes, 1975 a) and other 

species, the importance of visual cues in this initial 

phase of the encounters of the two sexes has been 

demonstrated by means of models and other visual s~imuli. 

As noted by Guillaumin, this non-specific attraction is 

generally followed by recognition phases and courtship 

proper, before copulation is effected. In Holarctic 

* . P.brass~cae fluctuates greatly in abundance here, and 

was rare in 1977 and 1978. 
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Pierinae, with the exception of Synchloe spp and 

Elphinstonia charlonia, ,,. this general pattern is followed. 

Thus a visual response of the male, specific only to 

insects of approximate Pierinae size and colour, is 

followed by recognition of the female, courtship, 

acceptance (or rejection) of the male by the f~1ale, 

and finally copulation. A close similarity is found 

between all species in following this scheme. 

* Neither Synchloe nor E&hinstonia have androconia on 

male wings. In Synchloe callid~~ there appears to be 

a fe:r.1ale-produced sex pheromone, as in moths. 
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ii. Male behaviour 

Male Pierinae are patrollers (sensu Scott, 1974), that 

is they search for females by flying constantly within a 

habitat, investigating objects that are likely to be 

conspecific females. This behaviour is contrasted to 

that of 'perching' species, where sedentary males :fly out 

at passing insects. Curio ( 1977) has shown tha.t in a model 

of a predator searching :for moving prey, the predator 

gains little advantage from increasing speed o:f movement. 

Instead, when the critical factor determining encounter 

rate is prey density, predators will maximize the number of 

contacts with prey by limiting their activity to areas of 

greatest prey density. In the present case, it is to be 

exp~~ct"ed that males should concentrate their activity where 

f'ema.les are most abundnnt - this is borne out :for A.napi, 

A.rapae (Scott, 1975) and particularly the population o:f 

A.cardamines at Durham.* This may also lead to other 

aggregative behaviour such as 'hill-topping', noted :for 

Egntia occidentalis (Sheppard, 1966). 

Whilst patrolling, male Pierinae fly to and investigate 

*The relative advantages of perching and patrolling may 

depend upon the degree of aggregation or predictability 

of females, which may itself be dependent upon 1 arval 

£oodplant growth forms and abundance (Scott, 1975 b). 

In animals other than butterflies, male searching st1~ategies 

al<in to p8rching a1~d patrolling may both exist within a 
single population, and may be pursued by different males -

for instance the bee Centris ~llid~ (Alcock et al, 1977). 



150 

many objects, including flowers, pieces of paper, other 

butterflies ~nd other insects, such as bees. Some of 

these investigations may be aimed at potential nectar 

sources, but the majority investigate insects which may 

be potential mates. Guillaumin (1977) has distinguished 

this phase of behaviour as 1 le vol d 1 approche 1 and has 

emphasised the lack of specificty in the male searching 

image. In Pieris brassicae, under caged conditions, 11 The 

sexually a•::tive male does not always immediately distinguish 

a female from a male" (David and Guardiner, 1961 b). Around 

Durham, frequent encounters were S(~(~n between all 4 common 

Pierinae members, with occasional interactions with other 

insects such as Agl~ ~!£s£, ~.iol~ j£Ftina, various 

syrphids and bees. In i\iorocco, Zegris euphe~, a very 

large fast-flying Euchloinid, was seen to investigate 

insE~cts of approximately the same colour a.s a b_e.J.l2.b._c?..~~_g 

female - viz. Go~pte~ rhamni L., £Qlias croceus Gffy., 

A.raDae, P.brassicae and other Z.eupheme males. Their lack 

of specificity in the initial approach is typically found 

in other butterflies, such as Hypolimnas !!!!ss:i:J.~pus (where, 

as noted by Stride (1958) males will attempt to mate with 

other males) , Heodes virgaureae ( Douwes, 1975), Papilio 

~thus L. (Hicaka. and Kama.shi ta, 1978) and f.i:'-.~tercephalus 

pal~~~ Pls. (Somerville, 1978). * 

--------------·-------------------------------------------·-----------------
*Non-specificity in male courtship is typical of many other 

groups o£ insects: In Odonata (Moore, 1952), in_Rhagoletis 

spp (Bush, 1972), Drosophilidae (Speith, 1972), various 

Hymenoptera (Alcock et al, 1978) and Periplaneta spp 

(Simon and Barth, 1977) similar responses are seen. 
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Contacts between an investigating male and any 

insect other than a conspecific female are normally 

transitory. However, on some occasions, 'spiralling' 

occurs, with two males flying around and about one another, 

gradually increasing in height. As noted by Chovet (1977) 

for ~brassicae, this behaviour is most likely to occur 

when several individuals are present. Chovet hypothesised 

that this occurs because of the super-stimulation presented 

by several males in motion. As shown for E. semel.~ 

(1'inbergen, 1951), A.paphia (Magnus, 1958, a,b) and 

H.virgj!ureae (Douwes, 1975 b) moving stimuli are more 

attractive than stationary ones in eliciting such 'pursuit' 

behaviour.* 

Afte~ --eentacting and investigating another insect, th-e 

Pierinae male flies off unless the insect proves to be a 

Pierinae female. In this case, the male's response depends 

upon the female's behaviour - pursuit should she attempt to 

fly away. !\lore frequently, the female is already at rest 

or soon settles - in these cases males flutter about the 

head of the :female. Normally the females response is a 

'mate-refusal' posture, with wings sharply deflected down 

and abdomen up-raised. This posture has been erroneously 

*Baker (1972) for the butterflies Aqlais urti~ and 
Inachis io L., and Uavies (1978) for Pararge aegeria, have 

described spiralling behaviour as territorial defence and, 

in the latter study, as a signal based on the asymmetry of 

the contest. As pointed out by Scott (1975) such 'territoriality' 

may in fact be typical 'perching' behaviour and investigative 

forays. "Interference between butterflies during mating 

behaviour arises from the generalised nature of the stimuli 

involved in visual communication". 
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interpreted by Abbott { 1965) e\S a mate-acceptance posture, 

but throughout Pierini its role is rather one of mate 

refusal, since the deflected wings prevent males from 

settling, whilst the raised abdomen prevents copulation. 

It was first noted as such by Marshall (1891) and is 

also found in some Euchloini. (The release of the mate

refusal posture is discussed more fully in the next section). 

Males continue fluttering around the female for some time. 

If she persists in maintaining the mate-refusal posture, 

then the male departs. However, if the female closes her 

wings then the male will eventually settle and initiate 

copulation. 

In order to study male investi9ati ve behaviour, 

_exper_iments -were carried out using- 1 fishing-p-ole-• arrange

ments as in the studies of Tinbergen et al (1942). These 

involved the presentation to wild males of dead butterflies, 

or other models, suspended on a thin thread from a long 

pole. The reactions of wild males to these models was then 

noted. By ma..11ipulating the 'beh-aviour' of the models, it 

was possible to examine male responses to different stimuli. 

The experimental design was to use pinned specimens of 

males and females of A.carsiamines, A.rapae and A.na.Ei, and 

to suspend these from a pole c.2 m in length which was held 

in the hand in habitats where males of these species were 

flying. Several different 'behaviours' were possible with 

the models; it was decided to employ three: 

i. The model is maintained in the air whilst a 

wild male investigated 



ii. On contact by the wild male, the model was 

dropped to the ground. For specimens set 

with wings open, the model is kept in its 

normal orientation, i.e. upper-surfaces 

uppermost. 

iii. The model is dropped to the ground, but pulled 

over by means of the string to expose the 

under-surface of the wings. 
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Ivlodel behaviour ii mimics the mate-refusal posture of females, 

whilst behaviour iii mimics some features of the female closing 

wings. \JTnilst in flight, the models resembled quite closely 

normal butterflies, since the aerodynamic properties of the 

pinned specimens led them to 1 fly 1 bead foremost. l!Jild males 

appeared to investigate them freely and to bc?J1ave in every 

way normally in response to the stimuli from these models. 

Several interesting observations were made in the initial 

phases of ~his work. r•lodels, that is specimens, which were 

completely set and dry had a very short life-span as useful 

tools. Antennae, legs and whole heads were lost rapidly, 

whilst win<_;~s became very tattered and were frequently knocked 

off specimens by males. It was apparent that the ebullient 

wild males were destroying the models by·their investigations. 

This problem wc:.s overcome by using specimens kept frozen until 

use, which l-\'ere more relaxed, and less brittle. A second 

observation was that it was important to use a standardised 

"response" by the model. If the model was moved away from 

the investigating male, preventing him from coming within 

c. 10 cm.of the model, the interaction could be prolonged 

almost indefinitely. Encounters between e.g. wild male 

A.ra!J.;.e and a r.1ale model A.naoi could be made to last a 

minute or more in this w·ay, althouoh once the male had 

been allowed to make contact, it would ium1ediately fly away. 
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Prior to contact, the investigation could be prolonged, 

but not afterwards, unless the model was a female. The 

standardised response \.Vas to 'flutter' the model around 

only until a male reacted to it, when the rnodel was held 

stationary. Other observations were made by initiating 

contacts using the model. Male butterflies invariably 

flew away from such investigations, even if the model was 

female. Female butterflies adopted the mate-refusal posture. 

In all three years of study Orange Tip behaviour was 

studied in spring at Durham, whilst the other species were 

primarily studied during summer and autumn, at Witton Park 

and Durham City Allotments. The length of time spent by 

wild males investigating the various l'lodels was noted by 

means of a stop-watch, and any attempts at copulation were 

recoraea. 

Table 1 summariS!~S the results of this study. It may 

be seen that males of all three Pierinae species investigate 

any model presented. However, males of ~rdamines 

distinguish females of their own species, and usually 

will only follow these down to the ground. Males 

of both ~ogeia species are seen to spend much time 

flut te.r: ing around females of either species (and to a 

lesser extent A.cardami!l£.§. females). Model behaviour iii, 

presenting underwing colouration, elicited most copulation 

attempts by these species, although some A._£gdamines 

males attempted to copulate with model females with wings 

spread. Males of either Artogeia species are seen to 

attempt to copulate with females of the other species. 



Table 1 

The duration {d) of the resnonses to 

models (x in sees) (+ 2.S.E) and the 

number of copulation attempts (nc) 

A.cardam~ males 

Model Wing Model n xd Position Behaviour 

i 56 1.4 

A.c~rdarnines (! Open ii 8 2.1 

iii 

i 30 6.7 

. A. cardamines 2 Open ii 26 17.3 

iii 12 15.5 

i 23 1.1 

A. rapae ($ Open ii 4 2.0 

iii 

i 21 1.2 

A.rapae 9 Open ii 6 2.0 

iii 

i 25 1.1 

A.napi d Open ii 10 2.4 

iii 

A.napi Q Open i 25 1.3 

ii 18 2.2 

iii 8 2.9 

2 S.E nc 

.34 

.74 

2.45 

4.25 9 

5.32 9 

.12 

0 

.27 

0 

.13 

.51 

.27 

.19 

.25 



Table 1 cont 1 d. 

A. rapae males 

Model 
Wing Model xd 2 S.E 

Position Behaviour n nc 

i 30 1.7 .48 

A.cardamines (j Open ii 10 3.0 .26 

iii 

i 30 1.7 .42 

A.cardamines Q Open ii 8 4.0 .76 

iii 8 5.3 3.63 

i 131 1.-8 .14 

A. rapae d' Open ii 21 2.6 .39 

iii 13 2.8 1.47 1 

i 101 1.7 .13 

A.rapae 9 Open ii 84 4.7 .49 21 

iii 90 11.0 1.66 53 

A. rapae ~ Closed i 30 1.2 .13 

i 104 1.7 .12 

A. napi () Open ii 40 2.3 .31 

iii 42 2.3 .13 

i 121 1.9 .77 

A.napi9 Open ii 84 4.5 .40 6 

iii 81 7.4 1.28 43 



Table 1 cont 1 d. 

A. napi males 

!Vlodel Wing 1\'Iodel 
Position Behaviour n Xd 2 S.E nc 

i 30 1.1 09 . 
A. cardamines d Open ii 10 2.0 0 

iii 

i 30 1.3 .26 

A. cardamines 9 Open ii 17 4.8 1.85 

iii 10 2.4 .33 

i 62 1.6 • 31 

A. rapae CJ' Open ii 20 2.3 .51 

iii 21 2.7 .73 

i 60 1.8 .26 

A.rapae 9 Open ii 64 5.2 .98 8 

iii 73 8.8 2.22 33 

i 88 1.6 .28 

A.napi cJ Open ii 32 3.7 .81 

iii 22 2.3 .37 

i 64 1.8 .43 

A.napi 9 Open ii 72 4.4 1.02 5 

iii 68 11.6 1.95 36 

A.napi9 Closed i 24 1.4 .47 



These results are of interest for comparison with 

previous studies of Pierinae mating behaviour. Obara 
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and Hidal<a (1968) and Oba.ra (1970) have demonstrated that 

male A.rap~ are able to distinguish between the sexes as 

has been shown by Chovet (1977) for P.brassicae. In both 

species the basis of this sexual discrimination has been 

stated as differences in reflectance of Ultra-violet (U.V) 

light. Evidence in support of this is given by the fact 

that Pierinae butterflies will only mate in daylight or in 

artificial light with u.v. components added (Petersen and 

Tenow, 1955; David and Gardiner, 1961 b; Dusanssay and 

Delplanque, 1964). The importance of U.V. light in insect 

vision has been known since the work of Lutz (1933) who 

figured the U. V. absorbing win'gs of male p .•. bras-si-~. 

Further studies of Mazokhin -Porshniakov ( 1956) established 

the wide variation in reflectance and absorbance in 

butte1~flies wings, and showed sexual differences in such 

pattern. As sho\m by Hidaka and Okada (1970), se~tal 

differences of u.v. absorb~~ce in A.rapae, are produced 

by elipsoid particles packed into the gratings of scales. 

Abundance of these particles directly parallels u.v. 

absorbing cc:\p aci ty. 

The structure of the Pierid eye also supports the 

view that the butterflies use U.V. vision extensively. 

Kolb (1977) studied the eye of P.brassicae, and showed that 

the corneal surface of each om~atidium was covered with 

minute nipples. As shown by Bernhard et al ( 1965) , these 



nipples act as impedance converters which match the 

impedance of air to that o:f lens material. Nipples of 

,3,-f{e-r-ent amplitude act optimally at di.{fereni':_ wavelengths 

of light. Low amplitude nipples (of c. 1700 R ), as 
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in P.brassicaE!, transmit light of the u.v. ra."'lge optimally. 

Abundant evidence therefore suggests that TJ. V. 

reflectance and absorbance patterns in Pierini are the 

basis for sexual discrimination and attraction. The 

behaviour of males has been hypothesised to advertise 

sexual identity in A.rapae, where a stationary male, on 

being investigated by another male, 'flutters' his wings, 

tlms illustrating his highly U. V. absorbent wing surfaces 

(Obara and Hidaka, 1964). The observed discrimination of 

male A.napL and_A •. raQae at Durham, wh_ere the sex, but not 

the species, of females is determined accurately by 

investigating males, might be explainable if female A.rapae 

and A.na:E!, were alike in being U. V. reflective. However 

Bowden (1977} surveyed u.v. reflectance of A.napi, and 

showed that many of the taxa within that species group, 

including the populations in southern Engla.nd, have females 

which are not significantly more reflective than males, 

although other taxa, particularly the upland A. bryoniae 

do have U.V. reflecting females. 

Photographs were t~(en of males and females of all 

Pierinae species using u.v. illumination and filters as 

described by Bowden (1977} (Fig. 1). Females of ~Ill from 

County Durham are seen to reflect more U. V. light than males. 

In particular 'uplaJ1d' females with characteristic yellowis-h 



Fig. 1. Ultra violet reflectance in 

Pierini butterflies. 

lb,.napi cf 
Durham 1978 

1st brood 

A.napi $.> 

Langdon Common 1977 

A. rapae ~ 

Durham 1979 

2nd brood 

~· napi <f. 

Durham 1978 

2nd brood 

A.bryoniae ~ 

ex Stocks 

S.R. Bowden 

P.brassicae c:/" 
Durham 1979 

2nd brood 





Fig. 2. Ultra violet reflectance in 

Euchloini and EQntia. 

Antho£haris cardamine~ 

Durham, 1978 ~ 

Zegris eupheme 

.5'- Ifr ane, 1\'lorocco. 1978 

Pontia daplidice 

- 6' As·n:r-,--Morocco. 1978 

Euchloe ~onia ~ 

Ifrane, 1978 

~uchloe belemia ~ 

Asni, 1978 





Fig. 3. Corneal surface of the ommatidia 

of A.cardamines (S.E.lVI.) 

(rounded dark patches are of 

unknown origin, and appear 

pathological) • 

Fig. 4. Detail of Fig. 3., to show rows of 

low amplitude nipples covering the 

corneal surface. 



2~ 
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upper-surfaces (see Chapter 4) reflect much u.v. light, 

which Bowden has shown for other ~api (the two 

characters are only partly correlated). 

A. cardamines females are readily distinguishable 

by all males. However, they do not reflect much u.v. light; 

rather, in U.V. illumination, female A.carda..."llines appear to 

glow a pale saffron colour. This may be the basis for 

sexual discrimination in that species. In other Euchloini, 

Scott (1973) has demonstrated sexual differences in U.V. 

reflectance in Euchloe ausonides. Fig. 2 shows that 

E. belemia and Zegris ~upheme are sexually dimorphic in 

reflectance patterns, as is the Pierini member, Pont!~ 

daplidice. 

As a final check on the idea that U. V. reflectan-ce plays 

a major part in sexual identification, the surface of the 

cm=nea of the three species, A.rapae, ~~.Ei and 

A.. cardamines was exatnined for nipples of the sort described 

by Kolb (1977). In all three species, low amplitude 

nipples, which offer maximum transmission of light in the 

u.v. range, were found (e.g. A.carda.r:lines, Figs. 3 and 4). 

Model females of A.napi and ~~pae with wings closed 

were not attractive whilst in the air, but underside 

colouration was the stimulus for copulation attempts when 

on the ground. Obara ( 1970) found using grounded models 

·only, that females with closed wings were more attractive 

to male A.ranae than females with open wings. Obara 

attributed the apparent superior stimulation caused by 
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the undersurface of wings to under-sides having the optimal 

quantity of near-U. V. reflection. Obara's scheme for 

~apae mating held th<:~.t virgin females, sitting on cabbage 

leaves, were the resource sought by males. His scheme 

therefore holds that only a single cue, underside colour, 

is necessary for copulation attempts by males. In fact 

most A.1~apae females mate several times (see below) and 

most male:female encounters occur between flying insects. 

It is apparent that Oba.ra' s scheme must be modified. 

Hather than a single cue leading to copulation, several 

cues are perceived by the male in sequence. Firstly, an 

initial 'whiteness' which elicits approach. Secondly 

'U. V. reflectance' which at close range signals sex and 

elicits pursuit and courtship.. Thirdly the yellow under

side colouration which, only after the other cues have 

acted, becomes stimulatory. This view of male responses 

was given unexpected support during attempts to photograph 

copulation attempts with dummies. On this occasion, it 

was found that a female model would lure a male down from 

the air, but that the male would 'lose interest' in the female 

on the ground, and would instead direct much attention to 

part of the camera equipment. Fig. 6 shows a male A.rapae 

attempting to copulate with the equipment, whilst ignoring 

a nearby female. Fig. S shows a 1 normal' copulation 

attempt upon a female A.rapa~. The equipment was a light

yellow in colour, and it is hypothesised that this yellow 

colour acted as a super-stimulus to the courting male. The 



Fig. s. \vild male A. rapae attempting to 

mate with dead female. The bent 

abdomen of the male, approaching 

the female from the side, is clearly 

visible. Also very noticeable is 

the pin and line used in manipulating 

the model. 

Fig. 6. 1\'lale A.rapa,g attempting to copulate 

with yellow camera spool and 

ignoring female model. 
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equipment was totally ignored by patrolling males, but 

was always preferred to a model female once the male had 

been attracted down. Thus Obara's view of courtship being 

based on a single response of the male is replaced by 

the view that a catenary process occurs, the successful 

courtship of mates being dependent upon a chain of stimuli 

and responses. A similar conclusion has been reached for 

1-leodes Virgaureae (Douwes, 1975) where copulation attempts 

are similarly released by underside colouration, and fo~ 

Zizeeri~ mala L (Wago, 1978). In P.brassicae, Chovet (1970) 

has shown that the emission of a spermatophore by the male 

is a simple reflex reaction to tactile stimuli during 

copulation, which completes the reaction 1 • 
c.1a~n. 
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iii. Female re.2:2,2!!§_es and court§h.!E, 

The above S(:?Ction has shown the responses of males 

to different stimuli and demonstrated that male dis-

crimination does not underlie reproductive isolation in 

these Pierinae. However, interspecific matings between 

A.napi and A.rapae are rare.* The responses of females 

to male stimuli have, however, been rather less studied 

in butterflies than ha.ve male responses. Entomologists 

have traditionally felt that male pheromones, usually 

disseminated as androconial scales, are the stimuli leading 

females to successful courtship, as reviewed by Myers 

(1972). In relatively few studies has this been demonstrated. 

However, Taylor's work on reproductive isolation in Coli9;§. 

(T~y::tor 1970,_1973) and the elegant studies of Rutowsk?- on 

2uJ:ema lisa (1977 a,b), have demonstrated conclusively 

that m~le ru>droconial scent is responsible for female 

acquiescence to mating in these Pierids. 

In Pierini the androconia are large and distinctive and 

produce smells readily detectable to even the human nose. 

A.napi in particular smells strongly of lemons. Bergstrom 

and Lundgren ( 1973) and Hay ashi et al ( 1978) have chemically 

characterised the scents of A.rapae, A.naoi, A.melete and 

E.:_br a§sicae, which contain varying amounts of ci tral, 

geranial, neral and other substances in the different 

species. As noted by Bergstrom and Lundgren, androconial 

scent does not appear to have direct aphrodisiac function 

in Pierini, since hand pairing (i.e. tactile stimuli alone) 

--------------------------------------------
*Hybrids of A.rapae and A.napi may be produced, albeit with 

difficult, in the laboratory by hand-pairing. The Hope 
Department Museum, Oxford, has a presumed hybrid which is 
wild-caught. 



will lead to females copulating. Rather they argue that 

the scent acts to suppress the mate-refusal posture of 

:females (q.v.) 

The mate-refusal posture is one of several methods 

by which females respond to male investigations. If the 

:female is already settled, she invariably adopts this 

posture. However, if she is contacted whilst in fli9ht, 

she may alternatively settle and adopt the posture, drop 

in amongst herbage and escape attention, or :fly upwards. 

In response to females flying upwards, males usually give 

chase and very lengthy spiralling may take place before a 

female drops to the ground or a male loses contact with 

her (usually the farner event occurs). The behaviour of 

the ·male in-- relation to fl"ying females was described by 

Suzuki et al ( 1977) as ''leading the female down' to the 

ground, and was noted as a courtship ritual. This was in 

total dis-agreement with my impressions, and in order to 

investigate the behaviour of males to flying females of 

A. rapae, slow motion cine film was taken during the autumn 

of 1979 to ex~1ine the precise nature of the interaction. 

The flight pattern was shown to be identical to that figured 

by Suzuki et al. That is, the male approached from below 

the fernal e and flew into her from beneath, in a zig-zag 

flight path. Suzuki et al interpreted this as the male 

attempting to disseminate androconia by contact and leading 

the female to the ground. Close inspection of the fi-lm 

obtained suggested a different interpretation. It is seen 
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that males often fly straight into the female, and lose 

considerable amounts of height as a r8sult of the 

collision. Thus the zig-zag flight arises from males 

losing and regaining height. The female also loses height 

and is quite clearly battered by the male. It is suggested 

that although androconial scent t:t~ ansfer may be taking 

place, the male is attempting to force the female into 

alighting. The effect of male aggression will be discussed 

again below. 

Obara ( 1964) and Obara and Nakagca.shi ( 1974) have 

reported in detail the mate-refusal posture of A.raoae 

which has also been noted for other Pierini including 

A.napi, !b_£anidia L. and A.melete (Suzuki et al, 1977), 

__ P_.brassicae (0ayid and Gardiner,_ 1961 b), Pontia ~\:i:-dice 

{pers ob) and the Euchloinid A.cardamines. Obara showed 

that in A. rapae only unmated females did not show the 

response and used this observation to suggest that A.rapae 

females ~,vere monogamous. However, as noted by Suzuki et al 

(1977), virgin females o:f Artogeia spp also sometimes adopt 

the posture. They therefore felt that 

"The following interpretation seems reasonable 
that the mate refusal posture of female 
Pieris (Artogeia) butterflies have been 
evolved firstly in favor of achieving 
copulation at their appropriate condition, 
or as a prenuptial posture by which they 
acquire adequate time to discriminate proper 
partners from others, but not for avoiding 
remating." 

Different hypotheses have therefore been proposed for the 

evolution of the mate-refusal posture. Avoidance of multiple 

http://mal.es
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mating could be advantageous to females with limited time 

in which to lay their eggs. However, the lack of 

discrimination shown by males might equally lead to 

females adopting the behaviour, in order to avoid gametic 

loss due to inter-specific mating. In order to investigate 

the question of mating frequency in Pieri~, spermatop:hore 

counts were made upon female butterflies sampled for 

electrophoretic study, following the approach of Burns 

(1968). The number of spermatophores present in the bursa 

copulatrix of each female was noted. The bursa copulatrix 

and spermatophore of lb..r apae are shown in Figs. 7 and 8. 

It is known that the mate-refusal posture of fu_rapa~ 

is 'released' or at least enhanced by the presence of a 

_spermatophore-within t-he bu-rsa copulatri-x--.- The elegant 

neurophysiological work of Obara et al (1975) demonstrated 

that stretch receptors around the bursa copulatrix are 

stimulated by the presence of a spermatophore. Injecting 

saline solution into the bursa copulatrix released mate

refusal behaviour. A virgin's bursa copulatrix does not 

stimulate the stretch receptors, nor do empty ones in which 

sperm is depleted. In other Lepidoptera an adequate sperm 

supply in the spermatheca is known to act as an inhibitor 

of receptivity to courtship, rather than the contents of 

the bursa copulatrix (Taylor, 1967). However, dissections 

on Co. Durham material confi:r:med the unimpo::::: tance of the 

spermathecal store as a stimulus, since frequently animals 

with bulging spermathecae were found to have mated several 



Fig. 7. Surface of bursa copulatrix 

of female A.rSQae. The lamina 

dentata is clearly visible (S.E.M.) 

Fig. B. Spermatophore removed from the 
-- -

bursa copulatrix of a female 

A.ra2~· This spermatophore 

is at approximately one half of the 

maximum distension ( S .E .lVI.) 
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times. 

The animals dissected for spermatophore counts were 

adcli tionally placed into age classes on the basis of the 

degree of wear on the wings (i.e. the number of scales 

lost, and the amotmt of damage to the wing edge). For 

A.napi, this has been demonstrated to be related to age 

by mark-recapture studies on one very large population in 

1977 (Appendix 8). In A.cardamines and A. rapae no such 

relationship h .:~.s been shown, and age classes of the three 

species should in no way be considered comparable. 

Figs. 9 clnd 10 show the mating frequencies o£ all 

specimens of ~~ard~in~ and A.raoae dissected. It is 

seen that A. cardarnines tends towards female monogamy, as 

__ Sll_gg~steo by \.Vil<.lund and Ahrberg (_1978), but that A.rapae 

females mate frequently and typically have more than one 

spermatophore in the bursa copulatrix. This species 

appears similar to !:.J;?.~icae, where in a culture o£ 20 

females, 46 matings occurred in 10 days (David a.!1d Gardiner, 

1961 b). As noted by David and Gardiner (1962 b), after 12 

days from mating, female P.brassicae begin to lay infertile 

eggs. .Similarly in the red boll worm, Diparopsis 

castanea Hmps. (Noctuidae) fertility o:f females declines 

with time since mating (Marks, 1976). The evidence therefore 

suggests that multiple mating in these species may be 

ad.aptive, by ensuring that all eggs laid by females are 

fertile. As .noted by Pa.rker (1970) and demonstrated in 

DrosophilC! melanogaU§!~ by Gromko OJ.""ld Pyle (1978), it is 



adaptive for the female to remate befQ.E.g the total 

exhaustion of sperm stored from the first mating. 

1 65 

Obara's suggestion that fe~ale A.racae avoid remating 

is not confirmed. However, the mate-refusal posture may 

act to prevent remating except when the bursa copulatrix 

stretch receptors are unstimulated, i.e. when sperm 

supplies are dropping {but not exhausted). The relatively 

regular increase in mating frequency with age supports 

this view. 

The response of the female to dwindling sperm supplies 

may thus be to remate. However, the stimul<:~.tion of 

pressure receptors will not be digital, but rather analog -

that is the receptors will not be either all stimulated or 

all not stimulated. --Situations of deplet-ion will oeeur when 

receptors are partially stimulated. (Sugawara ( 1979) has 

recently shown that impulse frequency from bursal stretch 

receptors is related to bursal volume). \ollhat wi 11 be the 

females response in these cases? It was hypothesised that 

the mate-refusal posture of females in such states might 

be overcome by persistent male harassment. Since populations 

of A. napi differ widely in the density of anim.3.l s, it was 

decided to compare females from differing populations and to 

see if increasing population density increased mating 

fr,~quency. Such a rel.ationship is already known for the 

moths Plodia interpunctella Hbn (Browes, 1975) and 

Diparopsis castanea (JVJarks, 1976) and for Drosopophila 

melanoaa~ter (Gromko and Pyle, 1978). Harassr:tent by 

males is known to change female behaviour in Pontia 



Erotodice (Shapiro, 1970). The de1sity of populations 

of A.napi was assessed dir@.ctly by recording the length 
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of time required to collect a sa.1nple of 25 adults (male and 

female). Populations were then grouped into three classes 

of density. 

i. High - 25 animals caught in <.. 30 minutes. 

ii. Intermediate - 25 ar..imals caught in > 30 (120 minutes. 

iii. Low- 25 animals caught in )120 minutes. 

These classes were adopted because they of£ered clear cut 

divisions in the field, where A.natJi is either abundant 

(i.e. within a large colony), common or occurs only as 

stragglers. The highest density recorded was at the Langdon 

Common Site (see Chapter 4) on 8th July, 1977, when 254 

animals were caught by two observers in 45 minutes. 

The results obtained from dissection of A.napi are 

given in Fig. 11. It is seen that mating frequency 

increases with age, as indexed by wing wear, as.for 

A.cardamines and A.rapa,g. The results also indicate that 

more matings/female occur in populations at high density. 

This is mar:'\e clear in Table 2, which shows the number of 

matings in old females (age classes 4, 5 and 6) from 

populations at different densities. 

The role of male aggression in securing matings has 

been noted in other butterfly species, e.g. Euphydryas editha 

(Labine, 1966) , Heodes virgaureae ( Dou,,.res, 1975 a), 

Lycaeides argyrognomon {Lundgren and Bergstrom, 1975}, 

Eurema lisa ( Hu towski, 1977a) and other species (Pliske, 

1973). Physical battery is emphasised in some of these 
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Table _g 

The number of females in age cateqorill 

4, 5 and 6 with three or more, as opposed 

to two or less spermatophores. Females 

srunpled from populations at different. 

hll._years s~~~ 

Density of Populations Number of 
§.I?_ermatophores Low Intermediate High 

0-2 14 27 15 

3+ 0 5 21 

-x 2 
= 22.68 

p < 0.001 

(Expected Low 3+ = 4.44) 
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species and in Danauus plexymus (Rothschild, 1978) males 

may cause severe damage to unrec8ptive insects. In 

A.napi, persistence in trying to overcome the mate-refusal 

posture (as in L.argyrognomon) is prolonged but rarely 

causes severe damage. It involves continual battering 

of the female. Slow motion cine-photography confirms 

that full reflexion of the abdomen only occurs in response 

to actual contact. Females of A.napi and A.rapae will 

adopt the mate-refusal posture in response to any fa.st 

moving white object which comes near them, but will only 

show the full expression of the behaviour in response to 

contact (as shown by harassing females with white flowers). 

Figs. 12 and 13 present the final scheme for mating 

behaviour in all three of the sp_e~ies studied, 2.s flow 

diagrams for the behaviour of both sexes. 
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Figs. 12 and 13. 

Flow Diag~ams to illu:strate 

male (Fig. 12) and female 

(Fig. 13') behaviour during 

courtship. 
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iv. Discussiof! 

Students of the evolution of reproductive isolation 

have normally favoured one o:f two views. Dobzhansky (1938) 

and others have felt that the evolution of reproductive 

isolation, particularly ethological isolation, a~ong 

sibling species was favoured by 'physiologica.l disunity 1 

of hybrids formed on secondary contact of derived 

populations. In these circumstances, selection will 

place a heavy premium on avoiding gametic wastage on 

infertile crosses, and reproductive isolation will evolve. 

This situation has been modelled by Crosby ( 1970). 

Opposed to this 'adaptive' expl~mation of the origin 

of reproductive isolation is the view that impediments 

t-o gene-exch-ange· between· sibling taxa -al-ise essentially 

by accident, and exist J2!.ior to SE'~condv.ry contact. The 

evidence for both theories was reviewed by Koref-Santribarez 

and \>Jaddington ( 1958), who felt that most ~-~vidence favoured 

the latter theory. In some studies however (e.g. 1 .. 11asserman 

et al, 1977) reproductive isolation is associated with 

sympatry, with geographic isolc..tes showing little 

incipient isolation. 

The mating behaviour of male and female Pierinae is 

hypothesised to have arisen under individual selection. 

In this section, the consistency of the observed patterns 

of mating behaviour with the predictions of sexual 

selection theory will be shown. It will then be shown 

how se:>..•ual selection may act to promote thE: formation o:f 
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a reproductive isolating barrier (R.I.B.) prior to 

contact of populations, and evidence for this assertion 

will be presented. Finally, the role of sexual selection 

as both a 1 creative' and a stabilising :force in evolution 

will be discussed. 

Several components of fitness may be influenced by 

mating encounters and some of these are summarised below 

as tlle advantages and disadvantages of mating to each sex 

of Pierinae once contact has been made. 

f\1ale 

Female 

f.dv ant ages 

Increased number 
of offspring. 

Increased 
fert-i-lity. 

Disadvantages 

i. Risk of damage. 

ii. Time expenditure. 

iii. Investment in 
gametes. 

i. Risk of damage. 

ii. Time expenditure. 

To males, time lost in mating will usually be un-

important, as will invest;nent in sperm. In most species of 

Lepidoptera studied, for instance E!.~ interpunctelJ.A 

(Brower, 1975) and Diparops~ castanea {f'.1arks, 1976), male 

* fertility does not decrease with repeated matings. In 

these circumstances males should attempt to mate with any 

females encountered, as appears to be the case in Pierinae 

(and many other insects). Similarly, it is to be expected 

that males will not "risk" damage in encounters with other 

males, but should do so with females. 

The fitness of a female is determined primarily by the 

number of eggs she succeeds in laying (Chapter 2). The 

increased fertility to be gained from repeated matings will 

*Rutowski (1979) has recently produced preliminary evidence 
for a decrease in male fertility following mating in Pontia. 
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thus be relatively unimportant (except when stores of 

sperm are depleted) compared to the loss of egglaying 

time copulation involves.* Thus it is expected that 

females should attempt to escape courtship where possible, 

ru1d to give in to males only when the decrease in fitness 

due to time-loss is outweighed by increased fertility or 

the potentially catastrophic decrease in fitness caused 

by dama.ge. Also, since a feraale' s gametic investment is 

greater than a males, it is to be expected that she will 

maximize her fitness by avoiding infertile matings; thus 

the female sex should be the most active in reproductive 

isolation. Such is the case in Pierinae (preceding 

section) and most insects (e.g. Von Schilcher and Dow, 

1977). 

Such discrimination by females may lead to selection 

upon males, since females should only mate with males who 

have unambiguously demonstrated their suitability as 

mates (females should be 'coy' (Halliday, 1978)). One 

prediction from this is that fe~ales should mate 

preferentially with males giving optimal stimulation. 

For instance female Pier inae should mate with fresh males, 

since these have the greatest number of androconia (which 

old males have lost). 4 copulating pairs of A.cardamines 

were found during this study, together with 31 pairs of 

A.napi and 26 pairs of A.rapae. All males were in age-

classes 1 (rarely) or 2. 

--------·-------------------·--------------------------------------
*Copula duration is temperature dependent (e.g. Petersen 

and Tenow, 1955) and may last several hours. 
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Suzuki et al (1977), working only with virgin fe1nales, 

described the behaviour of 4 Japanese Pierini species, and 

recorded 'species-specific' rituals in two species. In 

8£.1ogeia melete, 'hovering' was noted where the males 

spent considerable time apparently disseminating androconia 

whilst hovering above the female without contact. In 

A.canidi.a '.caressing' was recorded, where the male flew 

in circles around the settled female, repeatedly making 

contact. Suzuki et al noted that these behavioural 

elements were not es:>ential to mating in either species, 

and that frequently females accepted males without these 

stimuli. Neither element was noted in &_napi j~ponica 

or A.rapae crucivora. How·ever in A .. n.n@Ri at Durham 

behaviou:>:" similar tq both_ 'hovering 1 and 1 caressing' is 

frequent, and is usually released when males encounter 

unreceptive females. Duration of female unreceptivity 

was much longer in A.canidia and A.melete than in A.rapae 

and A.napi in the study of Suzuki et al, and it seems 

reasonable to suggest that both 'species-specific' 

elements are in fact male responses to prolonged female 

scrutiny. These elements may indeed be almost fixed in 

the repertoire of the species concerned, but they are not 

species-specific rituals involved directly in reproductive 

isola.tion. 

The mate-refusal posture of females, is hypothesised 

to have evolved within populations to prevent time loss 

in superfluous matings. It is probably also maintained in 

populations by such selection, although selection for 
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avoiding infertile matings with other species may reinforce 

* the behaviour, and favour its stability. Selection for 

increasing the duration of female scrutiny may also be 

expected (and to be directional) in populations sympatric 

with other Pierinae. This may represent the situation 

studied by Suzuki et al. 

Female scrutiny has also been invoked to explain the 

orange-apical patches of male A. cardamine.§_. Darwin ( 1871) 

felt that the only satisfactory explanation of this colouration 

was that it had evolved vi a sexual selection for the 

stimulation of the female, in the same way as much colour 

and adornment in male birds. Wallace (1878) contradicted 

this view and held that the orange colouration was 

aposematic. 

11 1 am not aware that anyone has ever maintained 
that the brilliant colours of butterflies have 
1 commonly been acquired for the sake of 
protection 1 , yet J·,1r. Darwin has himself 
referred to cases in which the brilliant 
colour is so placed as to serve for protection ••• 
The bright patch on the Orange-Tip butterflies, 
which !vir. Darwin denies are protective, may 
serve the same purpose." 

However ~liallace' s explanation fails to demonstrate why 

only males should be aposematic. Both Darwin and Wallace 

were mistaken in believing, since female A.cardamines are 

white, that white colouration is the ancestral condition 

in the species. i'lany Euchloini females do have orange 

apices, however, e.g. A.belia, ~gris emphene and fQ!otis spp. 

*Inter-specific matings in Pierinae only take place when 

females are too fresh, with unexpanded wings, to adopt 
the raate-refusal posture (e.g. Shapiro, 1975 b). This is 
also the case in other Pieridae (Taylor, 1973). 
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It se<~I;J.S urobable that female A. cardamines in fact show '· ·'=~~ 

the derived state, the orange potches being ar:cr-?.str al. 

The 1 .:\dvanta.ge 1 to havin'] white colouration may be 

p.::\rticip.:1tion in the oft-suggested mimetic complex 

surrounding Pier is S?P· ( .A._pp .. 14). Female adoption of 

mimetic patterns with males retaining ancestral, unprotected 

patterns, is typical of tropical mimetic butterflies, and ~ 

most usually interpreted as •:1ue to sexual selection 

maintaining an otherwise disadvantageous character in the 

male (Turner, 1978). 

ftiale persistence al-,d unselectivi ty, female coyness and 

selectivity, and possibly some aspects of colouration, are 

all results typically found in other studies and regarded 

as the outcome of 1 sexu2.l selection'. This conc~pt, 

introduced by Darwin 1871 in an attempt to e:>-.-plain the 

grf~z:..t di v·~r s:i. ty of animal colour at ion, v.,ras treated 

extensively by Huxley (1938) who distinguished two forms: 

1 female choice' ( Intc::r -sexual or '4tpiga~~1ic' selection) a.J.:.d 

1 male-contest 1 (Intra-sexual selection). Both authors, 

a.l though realising tl-:.c fundamental connection between 

.na.tur al and se~--::1..:2..1 selection, emphasised that sexual 

selection did not normally lead to adaptations promoting 

better individual survival in the environment. There is a 

pr?rvc-:l.ding fc::!eling in their writings th~1.t sexual sel•,oction is 

o:f small importance to evolution in the long term. 

Indeed sext:al sc~lection may oppose a.daptation to the 

non-sexual environment, for instance in birds of paradise. 
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The handicap principle of Z.ahavi (1975) emphasised this 

point, where male adornments were held to advertise 

superior ability to carry such handicaps. In cr:i. ticising 

this theory, Halliday ( 1978) has emphasised that in the 

li9ht of present evolutionary thinking, the distinction 

b8tween natural and Sl~xual selection becomes "trivial", 

since evolution is now seen to be conc~rned with 9ene 

replicc..tion rather than indiviclu.3.1 fitness. 

The recent resurgence of interest in sexual selection, 

including detailed studies of the importance of such 

selection in the evolution of mating systems (e.g. Parker, 

1970 a,b,c; Thornhill, 1978), has not :replaced the 

underlying assumption of Darwin and Huxley - that natural 

selection may lead to 'evolutionary advancement, (e.g. 

new species) whilst sexual selection is of importance only 

within species. This appears to be the essence of Mayr' s 

argument for maintaining the distinctness of the terms 

(Mayr, 1972). Such studies that have:! related sexual 

selection to speciation have concentrated upon selection 

for isolation during secondary contact of populations. 

Thus Trivers ( 1972) argued that sexual selection could 

lead to the exaggeration of species-specific characters, 

a.nd thus reproductive isolation, in sibling taxa under

going contact. Support for this view comes from many 

studies showing increased efficiency in reproductive 

isolation in sympatric c:ts oppos'2d to allopa.tric populations 

(e.c.::J. Colias butterflies (Taylor, 1970), Continental 
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Drosophilidae (Wasseman et al, 1977; Templeton, 1979)). 

Such a view clearly favours the 1 adaptive' mode o£ 

speciation discussed above. However, l1ingo (1977) 

suggested that sexual selection might be a potent force in 

promoting a R.I.B. :Q_rior to contact of taxa. Based on the 

earl ic~r sug9estions of Kessler ( 1962) and Spieth ( 1974), 

Ringo adv~1ced the hypothesis that the extreme diversity 

of Hawaiian Drosophilidae was explainable by sexual selection 

acting on the very elaborate courtship rituals of these 

species to promote R.I. B.'s. Since many Hawaiian 

Drosophilidae exist in very small populations, Hingo felt 

that founder events and fluctuations in population size 

could hc:we led to 'bottlenecking' and 'population flushes'. 

Ringo then suggested that as a consequence of such drastic 

population events, some courtship elements might be lost 

and other novel elements relatively easily introduced. The 

details of Ringo's hypothesis have met with criticism 

(Templeton, 1979) and tests are not yet forthcoming. His 

emphasis on loss of el~~ents may be misguided (at least 

in the Drosophildae - see below) but his basic notion of 

the evolution of R.I.B. 1 s prior to secondary contact has 

stimulated further work. 

Ohta (1978) used Ringo's scheme to establish a 

phylogeny o£ the Drosophila grimshawi species group. 

He hypothesised that in small populations, female 

discrimination should be relaxed, leading to the loss of 

courtship elements. He therefore argued that females of 
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derived populations should respond to males with 

ancestral traits, but that the converse would not be 

true. He then constructed the phylogeny on the basis 

of observed courtship patterns in laboratory crosses 

of allopatric species. However, his work has met with 

criticism; Watanabe and Kawan.i.shi (1979) re-analysed the 

data on the basis of the elaboration of male characters, 

rather than the loss of female discrimination, and 

produced an alt~rnative phylogeny (almost the converse 

of that of Ohta) v.,rhich agrees well with phylogenies based 

on other chara.cters. From the argutuents o:f both Ohta, and 

~vatanabe and Kawans'ahi, it is possible to produce a scheme 

which predicts the presence and efficiency of R.l.B's on 

first contact of ancestral and derived populations (e.g. 

in the labor a tory), and .where the 'derived 1 population has 

either lost or gained new courtship elements. This is 

shown in Fig. 14. 

'This scheme predicts that loss of courtship elements 

will not inevitably or even normally lead to a H.I.B. 

'Female simplification 1 will never produce a barrier to 

mating, whilst the loss of elements in both sexes may lead 

to barriers, but involves two 'loss' events. For 

constructing phylogeny on such a scheme, it will be more 

parsimonious to assume 'male elaboration' which normally 

will produce barriers to mating in one step. t-·loreover 

since male elaboration can be the result of directional 

selection (see below) it is not necessary to postulate 



Fig. 14 Presence o£ ethological barriers to crossing on 
secondary contact of sibling taxa. 

Courtship elements may be elaborated in males {by fen~a.le choice) or lost in 

females, or in both sexes {founder events, etc.) 

Contact between cJ elaboration 9 loss crcJ loss 

Ancestral Derived Barrier No Barrier 
*1 No Barrier 

d 

Derived 
d' 

Q 

Ancestral Barrier*2 No Barrier Barrier 

9 

*l NO BARlUER unless cf requires stimulus from female before 

proceeding to next element (i.e. if courtship is a chain of 

stimuli and responses). 

*2 BARRIER if cf has changed an element. 

element will have uncertain results. 

Introducing a new 
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drastic reductions in population size, and the tenuous 

argument based on this may be relaxed. In the specific 

case of the Hawaiian Drosophilidae, loss of courtship 

elements appears unlikely in view of the extremely 

elaborate courtship rituals, which seem to be inherited 

en bloc (Templetcn, 1979). 

For sexual selection to operate as a contributing 

mecha..nism to speciation in any group, it is important 

that variation should exist in courtship-related 

characters, including behaviour. JVloreover, as shown 

by 'Ir:ivers (1972) directional change in such characters 

can result from female choice (over several generations) 

only when females are choosing 'relative' rather than 

'absolute' characters. An absolute character is one 

which is either present or absent; an ex~~ple is the 

orange apical patches of a male A. cardarnines. (Variants 

are occasionally found of males without the orange 

colouration). A relative character is one which may be 

present in varying amounts, or in varying proportions. 

Only abrupt (and hence unlikely) changes in female choice 

can cause changes in a..J. absolute male character. 

An example of a relative male character is the 

androconial scent of Pierinae which is composed of many 

constituents. Hayashi et al (1978) showed that the 

difference betv,reen androconial scents of different species 

is not of which components are present, but of the relative 

proportions of each. In particular the androconial scents 
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of A.rapae and of the sibling species A.napi and A.melru 

differ by relatively minor adjustments in the proportions 

of constitments. 

As shown in the previous section, it is likely that 

differences in androconial scents alone are responsible 

for reproductive isolation, at least between A. rapae and 

A. napi. The important study of Lorkovic ( 1968) has 

established that such dif:Cerences may exist in very 

recently derived populations of A.nani which are still 

isol.3.ted from one another. Lorkovi6 showed that females 

of A. na:Ri napi refused to mate with males of A. ( n.) balcttna 

except when scent from A.n.napi males was also present. 

Hence populations which may only have become separated 

during the present interglacial have evolved an 

incipient isolating mechanism prior to secondary contact. 

Relatively minor adjustments in pheremone make-up may 
, 

have led to speciation in other insects (e.g. Carde et al, 

1978). 

Some evidence therefore exists for sexual selection 

havinc::J led directly to the formation of R.I. B.'s and hence 

to speciation.* The belated discovery, that the two 

processes may sometimes be relc:..ted, is surprising and may 

*Carson and Bryant ( 1979) have recently shovm that one sexual 

character, bristle number, differs in different derived 

populations of Drosophila svlvestris and forms an incipient 

R.I.B. 
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be a res"lll t of the long neglect of sexual selection and 

the relatively recent advance and application o£ the 

biological species concept, which for most groups of 

organisms remains an ideal. Only when speciation is 

conceived of solely in terms of reproductive isolation 

does sexual selection become apparent as a potential force 

in speciation. Neither reproductive isolation nor sexual 

selection is necessarily related to the environment, but 

both are intimately related to the evolution of mating 

systems. The widespread acceptance of the 'adaptive' 

modes for speciation (e.g. Bush, 1975) also tends to 

direct attention away from 'non-adaptive' forces such as 

sexual selection, which is moreover usually conceived of 

as having a stabilising influence-. 

The stabilising effect of sexual selection was discussed 

by Templeton, who recognised that this was a difficulty in 

arguments postula_ting changes in female preferences. 

Although rigoroe.sly uniform populations are not necessarily 

favoured by sexual selection (frequency-dependent scenarios 

are possible, for instance), such selection would tend to 

oppose novelty in males, unless it took the form of a 

super-stimulus. Novelty in females, as in femc..le pre

ferences \vould, however, be l-)enni tted, when all females 

are typically mated. 

Templeton's solution to this objection to Ringo's 

hypoth~~sis, w<.\S to fuse that notion v1i th the founde1~-flush 

scenario, so th<::.t £ema.les in small, isolated populatio:-~s 



180 

would undergo selection for decreased discriminatory 

ability. A similar approach, more orthodoxically expressed, 

is to hold that species typically exist in demes, of 

varying size, which may undergo periods of isolation .cmd 

reduction in size. In these circumstances 'conventions' 

o£ female choice could arise rapidly and become .fixed in 

populations, with different conventions arising in differing 

geographical isolates. This is a mecht:.l.nism whereby 

geographical spec·i .ation could take place rapidly, and 

in a non-ad2.ptive mode. 

In a majority of cases, sexual selection should lead 

to evolutionary stability. Since such selection is 

directional, it should typically maintain similar behaviours 

in related sp~cies. The close overall simil~rity in mating 

behaviour of most Picrinae supports this suggestion. More

over, once the point of sympatry is reached, inter-specific 

effects should lead to the maintenance of similar isol:ating 

mechanisms, such as mate-avoiding behaviours. The widespread 

occurence of the mate-refusal posture 2.-gain supports this 

suggestion in Pierinae. 



CHAPTER 4 

Gene chaJ1ge during the evolution 

of Pierinae 

"There is a perfect graduation in variability, 
from butterflies o£ which hardly two can be 
found alike, to slight varieties, to well
marked races, to races which can hardly be 
distinguished from s~.Jecies, to true and good 
species." 

Darwin, 1863. 
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i. Introduction 

Probably few other animals are as widespread as 

Artogeia napi, the Green-veined white, or have as many 

named subspecies. Within its range, which covers the whole 

of the Holarctic, more than 34 local races have been named. 

Of these taxa, one pair in particular has received much 

attention from entomologists and systematisists, and has 

become known as the napi/br~oniae problem. Muller and 

Kautz (1939} published a monograph on the species pair, 

summarising a great deal of informc.ttion from ea.rlier 

workers. Muller and Kautz showed that in some areas the 

upland Q£yoniae form, characterised by heavy dark markings 

and yellow colouration of the female, and by univoltinisrn, 

was sufficiently distinct from the lowland, multivo·lti.ne, 

lightly marked napi form to be regarded as a separate species. 

Far from resolving the issue of A.r.all!fbryogiae, the 

work of Muller and Kautz has stimulated much further research, 

and many authors have published studies relating to the status 

of the two forms (Petersen, 1952, 1955, 1958; Lorkovic, 1962, 

1968; Moucha, 1962; Varga, 1967; Bowden, 1956, 1970, 1972; 

Warren, 1958, 1961). It is now apparent that in some areas 

(such as the Western Alps, and possibly the Carpathians and 

mountain ranges within the U.S.S.R.) populations of the two 

forms may be sympatric and distinct, whilst in other areas, 

integradation may occur, wi·th all intermediate forms being 

found (e.g. Austria). Understanding of the situation is 

further complicated by the presence of northern subspecies 
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of A.napi (e.g. A.n.adalwinda, A.n.bicolorata; and north 

British populations) which, occupying arctic or sub

arctic regions, resemble A.bryoniae but are more closely 

related to A.napi {Bowden, 1970). The precise nature of 

the relationship between A.bryoniae and ~Pi is still 

unclear, and it is probably best to treat the two forms 

as sibling taxa approaching the status of species - ;.e. 

as semi-species {Lorkovic, 1962). 

Investigations centering on local differentiation of 

the A.napi species group has led to the biology of the 

species being extremely well studied. Thus karyological 

(Lorkovic, 1968), morphological ( \.Varren, 1961; Petersen, 

1947), phenological (Shapiro, 1975, Lees, 1970) and 

ecologl.cal studies (Dowdeswell and \.Villcox, 1965; Chew, 

1975, 1977 a,b; Lees and Archer, 1974; Ohsaki, 1979) have 

described in detail particular aspects of biology. Studies 

have also been made of mating behaviour {Petersen and 

Tenow, 1954; Suzuki et a1, 1978) and of reproductive 

isolation within the group (Lorkovil, 1968), with 

especially detailed investigations into hybrid viability 

(Bowden, 1970, 1972), to the extent that the biological 

species concept is more applicable vd thin the A.napi group 

than perhaps any other taxon yet studied.* 

One problem which besets any student of speciation is 

that of distinguishing differentiation which has occurred 

-----------------
*rts application is, however, opposed by some (e.g. 

~1/arren, 1958). 
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prior to the evolution of reproductive isolation from 

that which has accumulated after speciation (e.g. Carson 

and Bryant, 1979). One method o.f circumventing this 

problem is to carry out studies of taxa at all levels of 

diver9ence, especially those approaching full specific 

status, but without complete reproductive isolation - as 

A.napi and f\.bryoniae. Within Pierinae as a whole, the 

degree of divergence reached by populations is well known, 

and the Sub-Family therefore forms an ideal subject for 

the study o.f differentiation during speciation. It was 

decided, in this study, to investigate the a.'nount of 

structural gene change during the evolution of Pier:lnae, 

using electrophoretic methods. 

By the hard efforts of other researchers, cul turc:~s or 

population samples of numerous different Pierinae were 

obtained. It was also decided to investigate local 

differentiation of A.n~pi populations. In the North of 

England, A.nap_i exists in two .forms - an upland, typically 

univoltine .form (with many characters reminiscent of 

A.bryoniae or A.n.adalwinda} and a lowland bivoltine .form. 

By investigating local variation at electrophoretically 

detect~Jle loci, it was hoped to determine i.f selective 

influences, as manifested between lowland and upland A.nani 

in Co. Durham, mi<Jht also be responsible for any observed 

differences between A.napi and A.bryoniae. Thus the degree 

o.f differentiation between ta_v::a at all levels of divergence, 

from local populations to different tribes, was assessed, 
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together with the likely cor.tribution of structural gene 

change to speciation in Pier inae. 

The use of electrophoretic methods in evolutionary 

studies has been a str:!.king feature of the past two 

decades. Many o£ the controversies surrounding the 

techniques and results of the methods are not relevant here. 

For instance, for systematic use, it is not directly 

important for allelic variation at loci to be either 

subject or substantially neutral to selection. In general, 

studies of genetic differentiation based on electrophoretic 

detection of enzyme loci have produced similar results to 

studies based on cytology or morphological characters (e.g. 

Lakovaara et al, 1972; Johnson, 1975; Avise, 1975; 

f\1ickevich and Johnson, 1976; Bezy et al, 1977), although 

exceptions occur (e.g. Avise and Smith, 1974; Gorman and 

Kim, 1976). Electrophoretic studies have proved extremely 

useful in elucidating relationships in 'difficult' groups 

(e. 0. Tilley et al, 1978) and have led to the discovery of 

new taxa (e.g. Ayala, 1973). 

The degree to which taxa are distinguishable depends 

upon the variability of enzyme loci surveyed (Johnson and 

J'.Iicl<.evich, 1977). In groups which typically show hi9h levels 

of polymorphism, such as Drosophilidae, genetic differen

tiation between species is high. In the D. ~villis_toni group, 

approximately 50% of loci differ between species. Ayala et 

al (1970) interpreted this result as evidence for major 

reorganisation of gene pools at speciation, in agreement 

with the earlier suggestions of f\-1ayr ( 1942). In other 
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groups where less variability is found, taxa are typically 

less distinguishable, for instance the species of the 

Anophe!.g§_ gambiae complex (1\'lahon et al, 1976). Since 

estimates of genetic divergence will therefore vary from 

group to group, and also depend upon which loci are 

surveyed (Prakash, 1977), it is not permissible to compare 

directly the results of studies upon different groups. 

It is, however, important to include as many taxa and loci 

as possible in any particular study. 
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ii. Local populati~~nder study 

The Green-veined White is subject to pronounced local 

variation and differentiation within Britain. Heavy dark 

pigm8nta_tion, especially on the female upperside (typical 

of arctic-alpine forms of the species) is found in 

populations of upl~1d areas of Wales and England, and is 

the typical form of Scotland and much of Ireland. Clinal 

variation in pigmentation characters, with northern/western/ 

upland populations being opposed to southern/eastern/ 

lowland ones, is concurrent with variation in female 

colouration (often ochreous in upland populations) and 

male androconial scale type (Thomson, 1970). Also allied 

with these changes, are differences between populations in 

migratory behaviour, foodpla:nt utilisation, phenology and 

other aspects of the ecology of the species. 

In Northern England, the lowland and upland forms 

exist in close proximity to one another (this is probably 

the situation in many other localities (e.g. Rosie, 1976). 

On the mass of the Pennines there exist many large 

populations of A.napi showing 11upland 1 characters, viz. 

univol tinism, heavy pigmentation, ochreous females, whilst 

in the lower reaches of the river valleys and plains to 

the East and lvest exist bivol tine populations without upland 

characters. Variation at electrophoretic loci was studied 

in these populations during the years 1977-9. 

The location of study sites is shown in Fig. 1. 

Important aspects of each population are shovm in Table 1. 
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Table 1 

Populations studied in th.~Y-ear~ 1977-9 
with im2ortant fe~~s of biolQgy 

No. of Broods 1* at Hartside indicates that a few second 

brood specimens were taken in 1978, but not in other years. 

Foodplants 

Androconial 
Types 

Ap 

Br 

Hm 

Bv 

Cp 

Ca 

No 

N 

M 

A 

Alliaria petiolata 

Brassica rap a 

Hesper is matronalis 

Barbarea vulgaris 

Cardamine pratensis 

Cardamine amara 

Nasturtium offic:i.nale 

1 napi 1 type 

1 meridionalis 1 type 



No. of· 
Localitl!: No. 

Pop~lation 
Altitude Broods/ 

Foodplants 
% Predominant 

{See Ei~_]J (m) Yr. Females Androconi al 
Ochreous scale type 

1 Durh c?.m. 37 2 Ap Br Hm 0 Nl'-"lA 

2 Croxdale 55 2 .Ll..p Hm Cp 0 Nl\'iA 

3 ~.Yi tton Park 78 2 Ap Br Hm 0 NH?. 

4 Vo/olsingham 148 2 Ap Bv Ca Cp 3 l'lil:·lA 

5 ~~earhead 336 1 Ap Cp 25 A 

6 Coldberry 380 1 Cp 43 A 

7 Lune Valley 390 1 Cp 28 A 

8 Holwick 262 1 Cp 10 A 

9 Langdon Common 440 1 Cp 25-33 A 

10 Alston 274 1 Hm Ca Cp 17 A 

11 Hart side 571 1* Cp 16 A 

12 La...'"'lgwa thby 118 2 No Cp 0 NM 
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It is seen that upland populations o:f A.napi are typically 

univoltine, with a few second brood specimens (four 

females) being found at Hartside (Fig. 1. Locality 11} 

in 1978. Voltinism in A.napi is partly under genetic 

control, but whether an individual enters diapause or not 

is also influenced by photoperiod (Oliver, 1970; Shapiro, 

1975 c, 1977). In upland areas of the Pennines, the 

distribution of obligate anc :facultatively univoltine 

A.napi populations is mosaic, with gene flow influencing 

local diff.erentation (Lees, 1970; pers. comm). The 

population at Langdon Common is said by Lees to be 

obligately univoltine. In other populations, it is 

usually possible to produce second broods from apparently 

univoltine stocks by careful manipulation of photoperiod 

(e.g. P.n.microstriata in California (Shapiro, 1975 C)). 

Univol tinism in upland forms of insects is usually 

held to be a response to a rigorous climatic environment, 

and a short developmental sea.son which does not allow the 

support of second or subsequent broods. Ho\'lever, in the 

populations studied here, the flight of upland A.napi, 

although two weeks or more later than lowland .forms 

(typically throughout June, as opposed to late Ivlay and early 

June) is not so late as to preclude a second brood (as at 

Hart side in 1978). Rather, as sug9ested by Shapiro ( 1975 c) 

univol tinism appears to be a derived state related to the 

restricted availability of vernal hostp1ants (as in 

A.virg_iniensis). C.pratensis, although present as a 

rosette l~ter in the season, is most abundant and easily 
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found (by humans) in Spring, flowering in upland areas 

being later th,;~..n in lower river vall2ys, and synchronous 

with A.napi £light. 1'he association of British univoltine 

A.n2E.! with C.pr·atensis has been noted by others (e.g. 

Rosie, 1976; Lees, 1970) , whilst \'IIee,Use ( 1973) believed 

tha.t the association of upland A.bryoniae with vernal 

Biscutella spp. was important in maintaining distinctness 

£rom lowland :&.!..gapi. 

Shapiro (1976 a} noted that local adaptation of 

vol tinism patterns in Pierini would be opposed and disrupted 

by gene flow from other areas. This is probably the 

situation at Hart side summit which, in spite of being at 

the highest altitude studied, produced a small s0cond 

brood in 1978. The population is typically 'upland' in 

all other respects, but is situated at the summit of a. 

steep escarpment and is subject to considerable invasion 

of animals from lm·1land areas. Numerous P. br assicae and 

A.rap;:o,e were capturecl. at this site, all flying Llp-slope; 

elsewhere these species were almost never captured on 

moorl.:~nd. The H;:~.rtside po;?ulation is only 6-8 km. 

from suitable 'lowlancl' habitat, and it seP.ms reasonable 

to suggest that it is subject to persistent immigration, 

thus al t1~1:ing the frequencies of genes present. 

Also shown in Table 1 are the typical emdroconial 

scale types o£ ~.!..~pi !J0pl!l3.tions surveyed. !vluch has 

b<?<~n ~ade o£ the use of a.r:.dro8~:mi.:tl scale sha.r:-es as 

indications of ~hylogen2tic o=igin (e.g. Warren, 1961; 

http://anc.ro
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Thomson, 1970), but the characters used are undoubtedly 

to a large part under environmental influence, with first 

and second brood specimens h<:wing different shaped 

androconia. The gro11ping s used in Table 1 ('napi 1 , 

'~!,dionalis 1 and 1 actalwinda 1 
) follow those of ~varren 

(1968) who described the northern populations of British 

A. napi as a rH:!W British species A. adalw:i,nsia Thomsoni, later 

relegated to subspecific status. Recently it has been 

shown by Bowden that Irish A.~:R.! also have the sa..ue scale 

types as Scottish and Northern English populations, and 

that therefore the original practice of referring to all 

such populations as A!..:n. br i ttanica should be retained 

(pers. comm). On tbe present evidence, it is clear that 

some scale types ( 1 C\dalwinda 1 , and 1 narina 1 -- presen~ in 

some upland Co. Durham populations) are directly associated 

with altitude, and that the delineation of subspecies on 

such environment all~· influenced characters is to be avoided, 

at least until the genetic basis (if any) of variation is 

knovm. 

Pigmentation differences similarly exist between 

upland and lowland populc;..tions. :t<Ielanic markings of the 

upper-side of females are known to be at least partly 

under genetic control, and these vary with altitude. 

I·Iov-.1ever, environmental effects may also be extremely 

important, as in underside melanic markings of both sexes, 

and great differences exist between the two broods of 

lowland populations. Again, these differences will not 

be discus sed further. 
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One aspect of pigmentation known to be under genetic 

control is the ochreous ground colouration of some upland 

females (Lorkovic, 1962; Bowden, 1979). The strong 

association of this character with uni vol tine populations 

in Table 1 indicates some genetic differentiation, 

probably under selection (Arctic-alpine populations of 

the A. nap~ group typically have such females - e.g. 

A.bryoniae, fulh_adalwinda, A.n.hulda). 

Populations were sampled during the flight period, 

and typically 25 a~ults were removed for electrophoretic 

study. This gives a large and sufficient sample for 

electrophoJ=etic study (n = 50) without risking dC\mc?.ge to 

the populations. However, the exact frequencies of rare 

alleles are not accurately measured by this sample size. 

Some of the populations studied in 1977 (a peak year 

following the good summers of 1975 and 1976) crashed in 

1978 and 1979. Thus some sam~)les in 1979 could not be 

tru<en due to population decline (Croxdale) or extinction 

(Holwick). Collecting in 1978 was greatly hampered by bad 

weather (some samples had to be taken by searching 

vegetation for quiescent adults) a..•d sampling was not 

completed in that year (e.g. at Hartside). 

In addition to the samples mentioned above, other 

collections were made. In the peak year of 1977, the very 

large populc.tion at Lant;~don Common was sub-sampled at the 

limits o£ the population (2 km NN.E, 520 m altitude; 3 km S, 

365m altitude). In 1978 and 1979 no animals were seen at 

the Northern sub-sampling site. A small number of animals 
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continued to be found at the southern site. Three sa."llples 

of Southern English A.neE_i were also collected - at 

Redbourne, Herts (grid reference, TL100165) in August, 

1977, by S. R. Bowden, and at Knodishall, Suffolk (grid 

reference D1 420720) in July-August, 1977, and 1978, 

by U. D. Courtney. 

A sample of ~n.bicolorata was collected at Oulu, 

Finland, by ~1. Pyornila in 1978. This univol tine sub

species was described by Petersen (1947) partly on the 

basis of females being of both ochreous and white types. 

The subspecies is typically more heavily marked than 

most Co. Durham specimens, but is al.\alagous with these 

populations in being intermediate between 1 lowland 1 

A.naoi n~ffi and Arctic A.n.adalwinda. 
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iii. Local variation in electrophoretical.!JL_deta£.1.g_Q_g~ 

The Electrophoretic techniques used are described in 

Appendices 9 and 10. Few loci were found to show variation 

in natural populations and, of these, some were discarded 

for surveying populations, since there was reason to doubt 

that apparent phenotypic variation reflected true genotypic 

variation (App. 9}. Of 24 loci which were suitable for the 

study of local variation, only 7 show appreciable degrees of 

polymorphism in A.~pi or related taxa within Pierinae.* 

This low level of polymorphism contrasts with many other 

organisms which have been examined using similar techniques, 

although similar results to this study have been obtained 

in some organisms, where little {e.g. Brittnacher et al, 

1978; Hedgecock et al, 1977) or no variation {!Vlashburn et 

al, 1978} was detected. Suggestions that degree of 

polymorphism may reflect underlying genetic strategies, 

for instance as adaptations to 1 fine' or 'coarse-grained' 

environments, have been made (e.g. Valentine, 1975; 

Hedgecock et al, 1977), but such suggestions are hard to 

test. The overall similarity of related species, in 

degrees of polymorphism exhibited, regardless of differences 

in population sizes and ecology and in inter-population 

movement (present study; Brittnacher et al, 1978) suggests 

that such ideas are unfounded. 

*Several of the discarded loci, viz. PGIVI-1, PGl, SOD-1 and 

GOT-2 undoubtedly show genetic variation. Hence 

heterozygosi t:iesand degree of polymorphism is probably 

underestimated here. 
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It was decided to investigate local variation and 

differentiation between populations at 6 enzyme loci -

Esterases 1 and 2 (EST-1, BST-2) Glutamate-Oxaloacetate 

Transaminase 1 (GOT-1), oe.-Glycerophophate Dehydrogenase 1 

(-'·GPDH-1) ~ Glucose- 6- Phosphate Dehydrogenase (G6PDH) and 

an enzyme which functions as ru1 Aldehyde Dehydrogenase 

{AlDH) but which is hi9&\1y active on hypoxanthine and 

related substrates (see App. 9). Of these loci EST-1 

is highly polymorphic with 6 alleles detected in local 

populations. EST-2 and GOT-1 are commonly polymorphic, 

with most populations exhibiting low frequencies at a rare 

allele. o< GPDH-1, G6PDH and AlDH are essentially 

monomorphic loci with only rare variants detected. All 

6 loci 'vere chosen for being easily and rapidly scored. 

Variation at the different classes of loci - highly 

polymorphic, weakly polymorphic and newly monomorphic, 

will therefore illustrate contrasting influences of 

selection and other factors on gene frequenc~s. 

The frequencies within populations of alleles detected 

are given in App. 11, for all loci. The variation of 

allelic frequency at one locus, E.ST-1, is shown in Figs. 

2 to 4, where gene frequencies over the range of populc?.tions 

studied in the years 1977-9 are given. 

It is seen that allelic variation at EST-1 is not 

associated with other aspects of local variation. 'Upland' 

populations do not have gene frequencies substc311tially 

different to those of 'lowland' populations. This is 



at EST-1 Figs. 2 to 4. Allel!ic Frequencies 

I 
for the years lr77-9. 

For names of sittes see Fig. 1 and legend 

thereto. 
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illustrated further in Figs. 5 and 6, where frequency of 

two alleles intermediate in abundance is shown to be 

unr8lated to attitude of populations. 

Variation at other loci also did not parallel 

obvious differences in population ecology (App. 11). 

EST-2 allelic variation appeared persistently at 

\volsingham and rnost upland sites. Similarly GOT-1 

variation was persistent at Durham and several upland 

sites. This patterr. was repeated at the remaining loci, 

where such variants as were detected were not associated 

consistently with either upland or lowland populations. 

However, there wa!:> some indication that upland populations 

might be supporting greater levels of polymorphism. In 

particular the population at Langdon COinmon showed allelic 

variation at all loci surveyed, with the highest frequencies 

of rare alleles at GOT-1, o' GPDH-1, G6PDH and AlDH. Other 

upland populations also showed frequent occurence of such 

alleles. Since differentiation at these loci is small 

even between species ( ol GPDH-1 and AlDl-1 are stable across 

many species, with all Pierini members having the same 

common phenotype), it seems reasonable to postulate 

stabilising selection at these loci.* If this is correct, 

then it may be that low levels of heterozygosity are 

maintained unch::!r favourable con(Ji tions for populations, 

or when popul a.tion size is very large. The a.ssoc i a.tion o£ 

-----·------·---
*The alternative suggestion o£ low mutation rates is 

opposed by the £act that some ~iation is found. 
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rare variants at these 5 loci with upland populations, 

particularly in the years 1~77 and 1978, then becomes 

understandable as a result of the relaxation of selectional 

constraints. During the warm summers of 1975 and 1976, 

A.napi undoubtedly prospered in many uplimd areas, such 

that population sizes in 1977 had reached very high levels 

(e.g. App. 8}. Under these conditions of large population 

size and favour able climatic conditions, selection against 

rare variants may have been relaxed. Elsewhere, in lowland 

areas, such high levels were not reached and rare variants 

may have continued to be eradicated. The decline in the 

frequency of rare alleles in 1978 and 1979 supports this 

hypothesis, but it remains untested until further fluctuations 

in population size and gene frequency are monitored. 

Variation at E.ST-1 shows some indications of 

perturbations during the course of this study, but, as 

with variation at the above loci, it is dif£icul t to 

definitely associate fluctuations in allelic frequency 

with fluctuations in population size alone. Such variation 

as does appear between years, in Figs. 2 to 4, may as easily 

represent sampling error. Only continuing to monitor these 

populations over succeeding generations, particularly 

following the recovery from present low levels, will 

unambiguously demonstrate whether shifts in allelic 

frequency have occurred. Where sufficient samples have 

been taken to observe any stability of allelic frequencies 

(i.e. at lov:land, b].voltine populations whe!:e 6 as opposed 
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to 3 flight seasons have occurred*), it seems that allelic 

frequencies are stable. l\'Ioreover, populations separated 

by relatively small distances appear to maintain stable, 

different gene frequencies - populations with similar 

allelic frequencies have dissimilar populations interspersed 

between them (e.g. the sites at Durham and Witton Park are 

sepe~.rated from similar populations at Langdon Common by 

dissimilar populations at Wolsingham). 

This result is even more surprising when inter-

population migration is considered. Lowland populations 

of A. napi are vagile, and ma.y even be migratory in some 

instances (particularly in the South of England}, whilst 

upland populations are typically colonial, and although 

extensive movements may occur in some upland areas, perhaps 

a majority of individuals remain within the colony. Thus 

lowland populations should be essentially panmictic, and 

there should be immigration of lowl<md individuals into 

upland areas, as was suggested by voltinism patterns (q.v). 

Similar conditions exist in the Alps, where A.bryoJ!iae is 

typically colonial, and may exist in large colonies, and 

is contrasted to lowland A.n.napi which is migratory (IvJuller 

and Kautz, 1939} a.r..d may invade A.bry~p.iae habitats as a 

season progresses (Petersen, 1955). 

Although extensive mark-recapture studies have not 

-----------------------
*This does not indic.::~.te 6 generations, since some cater

pillars from first broods, pc.rticularly at Wolsingham, go 

into dispause. Thus first broods in any year consist of 

individuals '·llhich were laid as eggs in first brood of the 

preceding year and of individuals laid as eggs by the 

succeeding generation. 



198 

been made to det~rmine long-distance dispersal, it does 

seem reasonable to assume migration between populations 

occurs (e. g. App. 1). Hov:ever, striking differences in 

allelic frequency are maintained, e.g. a.t \1/olsingh.?.m. 

Several explanations for this might be suggested. Firstly, 

it may be that random fluctuations in gene frequency have 

occurred in the past c.s a result of fluctuations in 

population numbers, and random genetic ever:ts (as is 

suggested for A.~ard~~ines, Section 2.viii). Gene 

freq..1encies \'.'Ould then be m<lintained in the a.bs~nce of 

strong im:migr at ion. However, the assumptions of this 

hypothesis do not seem re~sonable. The population at 

'rJolsingham is known to have been in good numbers for many 

yc:!ars (T. Dunn, J. "i<ichardson, pers. comm.), and extensive 

movernents of individuals away from the main colony sug~Jest 

that considerable migration is taking place between 

populations. 

Secondly, differences in allelic frequencies at 

different sites may reflect some form of undetected selection, 

either at the EST-1 locus or at a closely-linked locus. 

In the absc.'!nce of firm evidence in either direction, this 

hypothesis cannot be discussed further. 

Thirdly, the observed differences between populations 

"nay reflect the pr 2sence of co-adapted gene complexes. 

Cain and Currey ( 1963) described 1 area effects' in Ce.J2_a!ll!; spp. , 

where colour-banding P.Iorphs shoned sharp changes in 

frequency which could not be associated with any observable 

selective agent. Johnson (1976) extended this study and 
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showed that allelic variation at a number of electrophoretic 

loci also shov.red sharp ch.:1nges in frequencies at colour-

banding bounda.ries. In the absence of any observable 

selection, the above authors concluded that different co-

adapted genomes might hc:\Ve arisen which were equally vii.:l.ble, 

but which did not produce equally fit hybrids. In this case, 

different gene complexes would remain intact, with sharp 

boundaries in contact zones. 

Essentially similar mechanisms have been postulated 

by \-Jhi te ( 1978), who argued that local chromoso"al 

rea.rrangements, arising because of the protection afforded 

to local gene complexes, might be a major force in 

S?ecia tion. Vaurter and Brussard ( 1975), studying the 

variation ~£ five electrophoretic loci in the butterfly 

Plyciodes 'th~~ Drury, felt that 

"selective forces involved {in maintaining 
enzyme polymorphisms) are pl~obably associated 
with the maintenance o:f co-adapted gene 
complexes, rather than direct interaction 
with the environment". 

Again, like Bowden ( 1979), I find an 1 area effect 1 

hypothesis fo!: the 'boundary phenomenon' in Cornish Maniola 

~rtina the only satisfactory explanation. The evolution 

of two separate co-adapted gene complexes, with extensive 

action of modifiers, would seem to explain both wing-

spotting (Creed et al, 1970} and electrophoretic {Handford, 

1973) discontinuities in the boundary region, with current 

populations being derived from two isolatP.s in secondary 

contact. (Though they could even represent a sharpened 

cline (Endler, 1973)). 



200 

A major difficulty with postulating the coadaptation 

of gene complexes as an explanation for gene frequency 

dif:ferences, is that it is not an immediately testable 

hypothesis, given our present techniques for investigating 

gene interactions. Johnson (1976) recognised this: 

"An important difficulty in the controversy on 
the causes of area effects is that the major 
hypotheses are not mutually exclusive. Indeed, 
one would expect much synergism between is·ol ation, 
environmental selection and co-adaptation." 

Unequivocal demonstration of selective influences on 

E~T-1 alleles is at present the only direct test of the 

hypotheses given for the explanation of allelic differences 

in ~a12! populations. In the lack of such a demonstration, 

the circumstantial evidence points to an 1 area-effect 1 type 

of mechanism. Allele 94 is common in only three populations 

(Wolsingham 4, Coldberry 6, Lune Valley 7) which are of very 

different ecologys and population sizes, but which are near 

to each other in space. Since A.napi in Britain probably 

derive from several different invasions during the present 

Interglacial (Bowden, 1970; Lees, 1970; Dennis, 1978) ample 

opportunity for the evolution and recont~act of different 

gene complexes has occurred. 

The favoured hypothesis for the explanation of observed 

allelic variation at EST-1 is therefore that such variation 

reflects past isolation and recontact events, and does not 

reflect direct environmental selection. !Vlajor re-organization 

o£ the genome has not however taken place, with allelic 

frequencies remaining essentially similar. This last point 

is emphasised by the allelic frequency of the sample from 



Oulu, Finland, shown in Table 2. 

Table 2. 

,8.ll~li£ .freg!:!...~-~~-y __ a~ E.ST-1 for a 
~.!.~tion of A. n~_; __ §._S:!!'£!ed at 

n 

p92 

94 

100 

102 

104 

Ou11._!., ___ Fin1and 

36 

.06 

.oe 

.70 

.06 

.11 

201 
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iv. Genetic ch~~during~lution in_Pierinae 

A major assumption of the orthodox view of geographic 

speciation is that substantial genetic change must take 

place prior to recontact of isolates {e.g. Mayr, 1942, 1957). 

Although other modes of speciation may now be accepted as 

possible (e.g. sympatric, parapatric), the underlying 

assumption of the 'adaptive' nature of specific differences 

and of adaptive pathways to speciation remains unchallenged 

(e.g. Bush, 1975). 

However, recently suggestions have been made that even 

in 'normal' geographic or a.llopatric speciation, the amount 

of gene change necessary for reproductive isolation to arise 

on recontact is small. Particularly the work of Avise 

(1975, 1977), Ayala (1975) anli ,f\.yala et al (1974) has 

suggested that little reorganisation of the genome takes 

place prior to or during speciation. In the present study 

it was decided to investi9ate how many genes encod111g :for 

electrophoretic loci had changed during the evolution of 

Pierinae, and to what extent such changes were associated 

with speciation events, particularly the A.napi/br~Qnia~ 

semi-species but also other closely-related and (presumably) 

recently derived taxa such as Pieris cheiranthi and Pier is 

bras_:?_i_~-~' and Euchloe ~nia and E. a).;!_SO,!!id~ 1 

In all 21 or 22 loci were examined over 23 taxa or 

populations. (Numerous other loci were discarded for this 

work - see App. 12. In particular, Esterases were not used 

since homology of loci could not be reasonably assumed). 

This is a rela.ti vely large number of loci, compared to 
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other electrophoretic studies of butterflies, which have 

tended to investigate allelic variation at only highly 

polymorphic loci, with 5-10 loci being typically examined. 

{Johnson, 1971, 1976; tvlcKechnie et al, 1975; Jelnes, 

1975 abc; Schrier et al, 1976; \\latt, 1977; Eanes and Koehn, 

1978; Cullenward et al, 1979). Only one ·study {Brittnacher 

et al, 1978) has reported electrophoretic results at a 

comparable number of loci (16), including at essentially 

monomorphic loci. This study, on the genus ~~yeria 

(Nymphalidae) is also the only other study of genetic 

change during the evolution of a group of butterflies, 

and hence will be very useful for comparison with the 

present study. 

The results of electrophoretic analysis are given in 

detail in App. 12, and are summarised here. In Tabs. 3 and 

4 are shown the results of calculating the Indices of 

genc~tic Identity (I) and genetic Distance (D) proposed 

by Nei (1972). These Indices are computed as follows: 

D 

i X i yi 
r 2 2 ).1 
(~Xi • .t'Yi );a 

= - ln I 

where Xi and yi are the frequencies in samples x and y of 

the i1"h allele. I is the mean of all In over all loci. 

The values for I and D given undoubtedly underestimate 

genetic distance between the taxa studied, in that several of 

the more variable loci (and hence those most likely to be 

different between species) had to be discarded - in the case 



Tabs. 3 and 4. Genetic Identity (I) w~d Dist~LQ1_~£i_il972) 

calculated for all pairwise comparisons of taxa 

ba?ed upon 2l loci* 

I lower left comparisons 

D upper .right comparisons 

*Comparisons between P~, Pr, Pb, Pd ~1d Ac based on 22 loci (including GOT-1) 

Pn 

Pr 

Pb 

Pc 

Pd 

Ac 

Ab 

As 

Ag 

Ze 

Artogeia napi (Co. Durham) 

A.rapae {Co. Durham) 

Pieris bassicae (Co. Durham) 

P. cheiranthi 

Pontia daplidice 

Anthocharis cardamines 

A.belia 

A. sara 

A.genutia 

Zegris eupheme 

Ea 

Es 

Eb 

Ec 

Pnb 

Pbry 

Pm 

Pj 

Pv 

Pr2 

Euchloe ansonia. 

E.ansonides 

E.belemia 

Elphinstonia charlonia 

A.napi bicolorata 

A.bryoni ae 

A.melete 

A.japonica 

A.virginiensis 

A.rapae (r·Ial ta) 

Pr3 A. rapae (fvlorocco) 

PrC A.rapae crucivora 

Pb2 P.bassicae (Malta) 



Tabk2 

Pn Pr Pb Pc Pd Ac Ab As Ag Ze Ea Es Eb Ec 

Pn .103 .098 .100 .538 1.017 1.055 .966 .965 .851 .926 .960 1.033 .960 

Pr .903 .150 .153 .527 .903 .928 .966 .964 .948 .810 .936 .907 .963 

Pb .907 .861 .ou6 .415 1.017 1.109 .974 .858 .856 .933 .936 1.026 .965 

Pc .90.!:) .858 .994 .410 .986 1.025 .935 .826 .822 .931 .936 1.026 .989 

Pd .584 .591 .660 •. 663 .766 .783 .814 .818 .851 .789 • 769 .840 .782 

Ac .362 .405 .360 .373 .465 .253 .279 •. 215 .422 .521 .482 .537 .563 

Ab .348 .395 .330 .359 .457 .777 .063 .322 .321 .454 .475 .479 .544 

As .380 .381 .378 .392 .443 .756 .939 .349 .337 .406 .424 .488 .565 

Ag .381 .381 .424 .438 .441 .807 .724 • 706 .485 .471 .417 .460 .496 

Ze .427 .428 .428 .440 .427 .656 .725 .714 .616 .524 .476 .509 .562 

Ea .396 .445 .393 .393 .454 .594 .635 .666 .625 .592 .091 .061 .150 

Es .383 .392 .392 .392 .464 .618 .622 .654 .659 .621 .913 .089 .112 

Eb .356 .404 .359 .359 .432 .585 .619 .614 .631 .601 .940 .915 .080 

Ec .383 .382 .381 .380 .458 .570 .581 .568 .609 .570 S861 .894 .922 



I Pn Pnb P bry Pm PJ Pv Pr1 Pr2 Pr 3 Pre 

Pn .0008 .0007 .0007 .0~95 .0335 Pr1 .004 .002 .011 
Pnb .9992 .0007 .0007 .0(>14 .0420 Pr2 .996 .002 .002 

Pbry .9993 .9920 0 .0488 .0337 Pr3 .998 .998 .003 
Pm .9993 .9920 1.0000 I 

.0337 .989 .998 .997 .0488 Pre 
Pj .9516 .9404 .9524 .9524 .0842 

Pv .9670 .9588 .9669 .9669 .9192 

Pb Pb2 Pc 

Pb .001 .006 

Pb2 .999 .005 Table 4. 
Pc .994 .995 
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of Esterases, specific patterns were so different that it 

was impossible to say whether the same loci were being 

examined. Hmvever, the values for I and D given probably 

reflect actual differentiation at the loci concerned quite 

accurately. As Nei ( 1978) has shown, accurate calculations 

of genetic distance may be based on surprisingly small 

numbers o£ individuals if heterozygosity is low, as here. 

However, this is dependent upon assayin9 a large number of 

loci - as was also the case here. 

Table 5 presents the mean values :for I and D calculated 

for all pairwise comparisons of samples taken from 

populations at increasing degrees of divergence. In 

mal;:ing such comparisons, taxa below the rank of congeneric 

(i.e-. non-sibling) species were not used in compax-isons of 

higher taxonomic rank, since this VJould lead to considerable 

bias - for instance use of the many taxa of the A. napi 

group, in say, inter-tribal comparisons would heavily bias 

the mean inter-tribal result towards the distance betv.reen 

A.D..~i and all others. Similarly P.cheiranthl and 

E.ag~gides were not used for any comparisons other than 

at sibling species level, nor were P.bryoniae or 

P.n.bicolarata used a1: levels other semi-species and 

sub-species res?ectively. 

The values of I ru1d D given in Tabs. 3 and 4 show that 

littlE~ differentiation has tal<.en place at the loci surveyed, 

throughout the evolution of Pierinae. Table 6 presents the 

results of similar comparisons on other species. It is 



Tab~ 
Values o£ I and D (with standard errors) £or comparisons amongst 

taxa at different stages o£ divergence. 

No. o£ 
I D 

Level of Divergence Comparisons 

Geographic populations ) + + 
subspecies ) 8 0.9968 - .0014 0.0029 - .0012 

) 

Semi-species 1 0.9993 0.0007 

Sibling species 
+ + .011 8 0.958 - .011 0.043 -

Congeneric species 
+ + 

8 0.819 - .033 0.206 - .041 

Sub Tribes 4 0.888 ~ .016 0.120 :: .018 

Contribal species 22 + 
0.619 - .009 0.482 :: .015 

Tribes 32 
+ .007 

-1-
.011 0. t103 - 0.947 -



Table 6 

Ge~_etic Identity (I} betv.reen §xa of differing_~!lQ.mic level.§. 

Tax.:< !.....§.y_bs"?ecies I semi-speC~g§, 

§Qeye~ia (butterflies) 0.977 

H_g1ico!l!.bl§. ( II 0.963 

Q.!..Q.sonhila wi1listoni 0.795 0.798 

D.mul1eri 0.878 

Asterias (starfish) 0. 67~~ 

Ta.!:i.f.ha ( sal&-nanders) 0.836 -
Peromysc~ (mice) 0.793 -

II " II 0.949 0.837 

§E_ermopl]i1us (squirrels) 0.965 

Salrno (trout) 

Centr archidae (fish) 0.843 

I sibling- I conqeners 
51)£_~ 

0.833 

0.688 

0.517 0.352 

0.788 

- 0.745 

- 0.693 

0. 9£!:5 0.716 

- 0.32.1 

0.975 

0.544 

Ref 

Brittnacher et al, 1978. 

Turner et al, 1979. 

Ayala et a1, 1974. 

zo .. ros' 1973. 

.Sc:1op:f c:md I:ur:;hy, 1973. 

Eedsecock .:md Ayala, 1974 

Avise et al, 1974. 

Zil•E•l.ermcn et c>.l, 1978. 

Cothran et al, 1977. 

Rym.:m et al, 1979. 

~\vise an.d Smith, 1977. 

(I b£tween 9enera = 0.297). 
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seen that ']enetic differentiation in Pierinae is s:rnall 

compared to that of some other groups, particularly the 

highly polymorphic Drosophilidae. However, in the 

comparabl'2 study on 3neyeria by Brittnacher et al (1079) 

r el ati vely little di:ff<~ren tiation between species 1'va.s 

found, a:1d electrophoretic techniques were not able to 

distinguish morphologically quite separate species • 
.................. 

It may be that widely different rates o:f geneti~ change 

occur in different insect orders. 

In Fig. 7 is shown the percentage of loci giving 

particula.r values for genetic Identity I. It is seen 

that 1~ela.tively few intermediate loci occur - most .. re 

:fixed either at similar alleles or at different ones. 

-This is typica.ily the shape of such histograms and 

Ayala and Gilpin (1974) have discussed the possible 

causes o£ such U-shaped figures, in relation to the 

neutralist/selectionist controversy concerning enzyme 

polymorphisms. However, the fixation of alleles may be 

an outcome of either neutral or selective processes, and 

histograms such as Fig. 7 may not safely be used on either 

side of the controversy. 

In late 1978, Geiger published a short note concercing 

electrophoretic variation in A.l~~oae, ~oi, A.2Eyoni~ 

and P.brassig,g. The exact methodology used is obscure, 

and one enzyme reportedly surveyed is unknown in any other 

electrophoretic survey (Arginine kinase). Moreover a 

figure of electrophoretic mobility appears to have polarity 
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reversed to that normally used (most enzymes are shown 

migrating to the cathode). Despite these reservations 

about methods used, Geiger's study is useful for comparison 

to the present study. He gives values for I between 

E.br,es~.!2.£le and A.napi and A.rapae of 0.48 and 0.41 

I~espectively, and between A.naoi and A.rapae of 0.68 

These figures are much lower than those found here {Table 

3), but probably represent nothing more than the fact that 

Geiger 1 s survey was based on a substantially different and 

smaller set of enzyme loci, including several variable loci 

(SOD, f'Gl, PGI•1) which were discarded for use in the present 

study because accurate typing was not possible. In most 

other organisms studied l'Gl and PGI~i are variable. Probably 

the correct level of divergence between A.napi, A.raoae 

and P.brassicae lies somewhat less than the values given 

in the present study. HovJever a muclil larger survey of 

loci was undertaken here than by Geiger, and the present 

estimates of I and D are probably accurate. In only one 

case do the results of Geiger differ from the present ones -

Geiger's figure shows that Malate Dehydrogerase- 2 shows 

small differences in migration distances between species. 

This was not found in the present study, despite 

extensive searching (App. 10). Rather l\1DH-2 was 

invariate across the SubFamily. Until the details of 

Geiger 1 s technique become available, the truth of the 

situation cannot be ascertained. 

Geiger's results are, however, useful in that he 
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surveyed allelic frequencies in wild populations of 

A.bryoniae and found essentially similar frequencies to 

those in A.napi. He gives I £or ~api and A.br~onia~ 
I 

as 0.99. This is in agr~ement with the present study where 

I :: 0.9993 (where, however, A.bryoni~ was from a culture 

and not wild-caught - henc~ alleles are likely to be fixed 

and I over-estimated). Hot•Jever Geiger t-·.rent on to interpret 

this close similarity as indicating that the two taxa could 

not be good species, since the degree of difference between 

them was less than between conspecific populations of other 

organisms studied (particularly Dr.Q§.2.2h.ila spp). Such an 

approach is !2Q.1 permissible; the genetic difference between 

f~!! and Homo (I = • 54) is less than between sibling species 

of Drosonl'!,ila (King and Wilson, 1975), but no one would 

suggest that humans and chimpanzees <.U"e congeneric. 

Comparisons of genetic identity ~~thin groups may be useful 

as an indication of degree of difference, or more properly, 

time since isolation during which genetic differences may 

accumulate; however, they should not be used to define exact 

taxonomic status, particularly at the specific level -

Ryman et al ( 1979) have :for instance described sibling 

species of trout which are barely distinguishable at 

electrophoretic loci. The same was found for minnows of 

different genera by Avise et al ( 1975), whilst even in 

Droso2~1ila, animals of the D.p_seudobS.£!:!.!..2 group may share 

all alleles but have sterile crosses (Prakash, 1972). 
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v. Discuss_;!-_21! 

The classical statement of geographic/allopatric 

speciation, as advocated by 1\'layr (1942), and discussed 

by Bush (1975) was stated succinctly by Remington (1958): 

"Speciation may be defined as the accumulation 
in a population of genetic differences from 
other populations until these in sum constitute 
a barrier of sterility or inviability sufficient 
to prevent swamping out of the differences, 
when or if the population becomes sympatric with 
closely related ~Jopul at ions. 11 

Central to this model of speciation is the concept 

of 'physiological disunity', where hybrids between isolates 

a.re inviable due to genetic disruptions of ~;hysiology. 

Although the model does not specifically call for large 

genetic change there is an implicit assumption that under 

this mode of speciation, 'physiological disunity' aris(2s 

due to the gradual accumulation of m.?J-1Y small genetic 

differ<?nces , .. ,hich act in concert to disrupt hybrid viabili·ty. 

The widespread assumption of large genetic re-

organisati0n prior to or during speciation was challenged 

by the work of Spencer ( 1940) and Hubby and Throckmortol.l 

(1968) on Drosophila, which showed that genetic differentiation 

bet~veen sibling species was less than that between 

corgeneric species - in contrast to the predictions o£ 

~·1ayr. Later studies by Ayala et al ( 1974) showed that semi-

species and sibling species were not greatly more distinct 

than were subspecies, at electrophoretic loci. 

As shown in this study, large-scale genetic differ-

entiaticn is not associ~ted with speciation; this result 
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parallels that o£ other workers. Ayala et al (1974} felt 

that the genetic differenti~.tion between subspecies was 

sufficient for speciation, and that additional genetic 

differentiation was not necessary during the evolution 

of reproductive isolation. However this study was on 

Drosophila, where the genetic differentiation of sub

species is large. l·Iore recently, studies by Avise and 

Ayala (1976) on minnows, and Tilley et al (1978) on 

salamanders, have provided evidence in st.~P!)Ort of 

theoretical studies by Avise and Ayala (1975) and Avise 

( 1977), showing that speciation is !lQ.1 typically associated 

with major reorganis:3.ti.ons of the genome ( a.s detected by 

electrophoretic methods) a.1·1d that most genEtic di£f~rentiation 

takes place after speciation, perh<:~.ps partly as a result o:f 

gene flow being stopped- i.e. reproductive isol~tion may 

lead to an increased accumulation o:f differences. 

The evidence for little differentiation d'.uing 

speciation thus rests on 8lectro;,horetic studies such as 

the present investi9ation on Pierinae. To ~11ha.t extent do 

electrophoret7.c methods detect genetic vari2.tion? :Not a.ll 

base substitutions cause charge changes, and thus do not 

affect protein migration distances. Similarly the recent 

discovery o£ an unsuspectGd wealth of hidden variation 

within allelic classes may call into auestion some estimates 

of ge~~tic di£ferenti~tion, although earlier fears on this 

point are now somewhat allayed. This topic is discussed 

at length in App. 10., which describes attempts to discover 

hidden variation in Pierini. 
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The currently accepted view on electrophoretic 

techniques (e.g. Throckmorton, 1977) is that they form 

an adequ.::..te s.o~mple of· structural gene change during 

evolution. Ho~ever as noted by Carson (1073, 1976) such 

genes may not be the loci determining 'important' changes, 

particularly in speciation. Using excunples from the 

Hawaiian Drosophilidae, Carson showed th;:;.t recently 

der:i.vE:d species, which ma.y have I= 0.95, are not 

characterised by extensive modifications at isozyme 

loci; nor are point mute..tions or chromoso"'al inver.sions 

important in evolutiona.ry change. r<ather he felt (1973) 

ti-1at: 

"a drastic change in gene orga11ization or 
regulation could occur without strongly 
affecting elcctrophoretically det•2cted 
polymorphisrn. 11 

The realisation that changes in gene .::.ction {rather 

than in the structure of proteins produced) might be 

import.:mt in evolution was £i:rst sta.teri hy Wilson (1975 a,b) 

who advanced the hypothesis that regulatory genes were 

controU.ing im:)ortant morphological changes in the evolution 

of some vertebrates particular~y primates. Compared to 

other vertebrates, primates have undergone marked 

morphological changes, but remain relatively close at 

electrophoretic loci (Cherry et al, 1978). 

Models of gene regulation have typically been based 

upon studies o£ bacteria and other simple organ.isms. 

However, important studies by MacDona1d et al (1977), 
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r.·!acDonald and ii.yala (1978), Le,·Jis and Gibson (1978) on 

the enzyme Alcohol Dehydrogenase (ADH) in Drosophila have 

clearly illustrated the potential importa.nce of loci 

controlling activity of enzyme loci. MacDonald et al 

were o.ble to isolate many different strains from natural 

populations all sh'owing dif:ferences in the number of ADH 

molecales produced per individual. I"lo:Leover, their study 

also showed that many different loci all controlled 

activity of the ADH structural locus, and that the possible 

interactions amongst loci was thus very large. 

1\lacDonald ~~nd Ayala ( 1978) recognised that 1 structural 1 

and 'regulatory' loci were not mutually exclusive classes, 

a.nci that they did not include all loci within a genome. 
-

They offered the following working definition of regulatory 

loci as "those that control or modify the activity of other 

loci 11 • Such regulatory loci may affect activity of genes 

(as ADH in Drosophila) or timing of gene action (as in 

developmental genes) or act as switch genes for large scale 

gene-blocs, or as combinations of these and other actions. 

Such evidence as exists suggests that the proportion of 

the genome given over to regulatory activity may be very 

large, and that very small base sequence differences may 

have large regulatory effects - Calos (1978) using recom-

bina.nt DNA technology was able to sequence a gene 'promoting' 

a structural gene (lactose repressor - lac 1) and showed 

that a mutation causing a ten fold increase in expression 

was the result of a single base change in one position. 
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A number of authors have recently suggested that 

changes in regulatory ge-nes may be fundamental in 

inst()Jlces o£ specia.tion. Thus Richmond and Dobzhansky ( 1976} 

argued that ethological reproductive isolation among 

semi-species of Dro~QPl'!..=!-la ~li .. ~tO.!_!;!!!!, which was independent 

of allozymes and postmating isolatory mechanisms, might be 

due to regulatory differences. Kirkpatrick and Selander 

(1979} described sympatric sibling species of lake white-

fish that appeared to be very recently derived and showed 

that: 

"speciation apparently has involved changes in 
genes regulating rate of maturation and time 
of spawning, rather than extensive modification 
of structural gene loci." 

A similar situation was described by Ryman et al (1979} 

who showed that sympatric sibling species of trout differed 

in growth rates. Again Heinbach (1978) showed that two 

sympatric sibling species of Chironimidae differed in diel 

emergence time. Finally, on theoretical grounds, Endler 

( 1977) has shown that co adaptive modifiers of the kind 

postulated for !b.!l.§..Pi populations, may lead to speciation 

by modifiers leading to a deficiency in major gene heterozygote 

fitness. 

Although these studies are plausible, they do usually 

lack exact mechanisms :for gene action leading to speciation. 

l'·ioreover there is a real danger of attributing every specific 

difference to 'regulatory loci'. Such, in fact, may be the 

case - it is indeed hard to imagine any pre-reproductive 
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isolating mechanism which is not affected by developmental 

genes, for instance. The exact genetic mechanisms under

lying both hybrid inviability and reproductive isolation 

should be carefully considered in each separate case. 

Nevertheless the conceptual advance gained by the 

postulated importance of regulatory genes does allow the 

re-examination of two aspects of speciation theory. 

Firstly, the evolution of isolating mechanisms between 

taxa may depend upon genes affecting the timing of activity 

of animals. Gwadz (1970) has for instance shown that r?CJily 

breeding in an aberrant strain of Aedes atropalpus is under 

the control of a single locus affecting corpora allata 

hormone production. Alternatively,regulatory loci 

determin·ing the activity of other genes·, for instance the 

genes encoding for pheromone components in Pierinae, may 

affect reproductive isolation by varying the proportions of 

major constituents (Hayashi et al, 1978). 

Secondly, the concept of 'physiological disunity' may 

be useful in examining hybrid in viability. It is likely 

that populations differing at 'structural' genes only will 

not form inviable hybrids, since such structural differences 

do not affect activity - heterozygotes at isozy~e loci are 

just as fit as homozygous individuals. Nor is it likely 

that popul ~.tlons differing only at loci encoding amount 

of activity should form inviable hybrids. IviacDone~.ld and 

Ayala ( 1978) showed that high activity alleles tended to 

be dominant over low activity alleles of ADH (this has long 
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been suspected to be the cause of most dominance). However 

populations differing in timing of gene activity might well 

be expected to form inviable hybrids, since basic 

developmental changes may well be de-synchronised in h.yln··ids. 

Oliver {1977, 1978, 1979), working on nymphalid 

butterflies of the genera Boloria and Phyciodes, observed 

that variance of morta1i ty in inter-population and inter-

specific crosses was high, with some broods being viable, 

others not. He attributed this variance as being the 

result of relatively few genes causing disruption of 

'metabolic integration' (:physiological disunity). 

He was able to show that the cause of Phyciodes tharos x 

P.campestris hybrid failures was incorrect developmental 

interaction bet1Neen egg cytoplasm and sperm nuclei, and 

that other developmental failures \\Tere probably due to 

the effects of juvenile hormone levels. He went on to 

consider other studies, particularly those on the A.napi 

group and felt that: 

''Incompatibility between P.napi and P.mel~~ 
thus appears to be largely meiotic and 
structural in nature, whereas that between 
P.napi and P.br.Y_Qniae is basically regulatory". 

This statement was based on the work of Bow·den, 

particularly one paper (1953) describing the effect of 

hybridisation between A.napi and A.bryo:nB.e upon emergence 

times of the two sexes. Typically males of either taxon 

eraerge a few days prior to females, as is typical o:f most 

butterflies. However in hybrids, this pattern was disturbed. 
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If the male parent of broods was A. napi then Fl females 

emerged before males. However if the male parent was 

A.br)!oniae, female hybrids emerged months a:fter males. 

These rc~sul ts indicate that developmental genes were 

different in the two taxa, and that emergence time was 

probably under relatively simple genetic control, on the 

sex chromosones. \1/hether such perturbations of emergence 

times are important in preventing gene flow between A.~_;. 

and A.bryoniae is not clear. Other modifying genes, 

responsible for differences between ~na,oi, ~.!.J:>rY.oniae, 

A.virqil'}iel!§..is and other taxa at the pigment encoding 

locus sulJ?h:ur-~.§: are described by Bowden ( 1979) • 

A. br_Y.Q_piae is unusual in that it appears to be a 

relatively ancient taxon which is present on different 

mountain ranges, a.nd yet which is imperfectly isolated from 

its sister species, A.napi, in some populations. Petersen 

( 1963) :regarded these populations as resulting from the 

1 brr~akdown 1 of previously rigorous species isolating 

barriers. If this supposition is correct, it must indicate 

that the b-;o taxa are very close genetically. The results 

of this study support this suggestion. However the ~reak-

down' o£ isolating m8chanisms requires some expl<.mation. 

It may be that A~napi and A.bryoniae are distinct at oTily 

a very fev1 regulatory loci which cause hybrid inviability 

in crosses. These genes appear in at least one case (Bowden, 

1953) to be concerned ;:i.th development.:-~.1 uro;:ra.mming. - -
Addition~l support for this hypothesis comes £rom the fact 



that it is the univoltine po:.:>ulations o£ A.bryg_nia~, in 

close conto:.ct with bivoltine ~.n.:_)£J:., which appear to 
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have good reproductive isolation. However in the Eastern 

Alps at f\iodling, nr. Vienna, the bivol tine A. br:~-onia;,g 

flavescens occurs at lower altitudes than the nomin;;:..te 

race of Switzerland, and it is this bivoltine race which 

interbreeds :freely with A. napi. Thus degree of isolation 

appears to vary with voltinism patterns. It is suggested 

that tbe specic•.tion o:f 1\.br_Y.oniae from A.naoi-like ancestors 

is based upon few genes encoding developmental programmes 

fitted to rigorous alpine environments. It is further 

suggested that this pattern of little structural gene 

chcmge is typical of other speciation events in Pierinae 

(for instance the montane A.~gan_g and the woodland 

!}..!_~2-..E..9ini§?E..?-i§. both :from ~~.B! ano~stor s, P. c_tl e_ir il!l!.hi 

from ~br_2S§.!_s:a~, and the various Nearctic members of the 

Euchloe auS..Q.l)i.§: complex) which may however be based on 

relatively minor adjustments of physiology, as a result 

of 'regulatory' gene changes. 



Chapter 5. 

General Discussion. 
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The publication of books by Dobzhansky (1938) and 

Mayr (1.942, 1963') constited an important event in the 

study of speciation. Both authors provided a wealth 

of theory and example in support o.f geographic 

differentia;tion and speciation, and the then lack of 

-evidence· supp01:ting alternative modes of speciation 

(such .as sympatric differentiation) m1:1st have led many 

· · to agree with Verne Grant: 

"Some readers may feel as I do that 
we are now close to having a 
satisfactory general theory of 
speciatio·n." 

''The Origin of Ad·~ptations", 1963. 
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However the "classical" allopatric model of speciation, 

based on selection in isolated populat-ions leading to 

adaptiv~e differentiation, is now s_upplemented by other 

models, e.g: 'founder-£lush', 'area-effect', c;linal and 

s:ympatric scenarios ·(terminology of 'White, 1978 a). Also 

important may be chromosomal events, particularly in some 

insects and mammals (e.g. Patton and Young·, 1977; Bu·sh 

et al, 1977; White, 1978 b) • 

An interesting assumption remains in much work on 

speciation, however. That is that speciation takes place 

as a tesul t of adaptive phenom.!2.na. Thus Bush {1975) 

stated: 



"Speciation is L!l tirnately an 
adaptive process that involves 
establishment of intrinsic 
harriers to gene flow." 
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1•n1i te ( 1978 b) has similarly argued that even "non-

adaptive 11 g0netic events such as chromosomal rearrangements 

have impor tax1ce in adaptation and become fi:x:ed in 

populations because of their protection of locally 

adapted gene complexes. On this view, chromosomal 

rearrange1;1en ts become a second stage in 1 area-effect' 

speciation, where loca.l adaptation and evolution of gene 

complexes (as suggested for A. napi in Chapter 4) are the 

necessary first stage. 

l\1ore explicitly 1 adaptive' a.re the remaining 

currently accepted modes of speciation such as host-

plant shifts (in the sympatric mode), sharpened clines, 

and when temporary :relaxation of selection leads to 

populations inhabiting new 1 adaptive pealcs'. Adaptation 

is, however, most impOl~tantly an assumption of theory in 

the classical allopatric mode. This scenario holds that 

isolated populations adapt to their environments 

differently, and that these genetic differences are 

sufficient, on secondary contact, to keep gene pools 

se!)ar ate, by mech a.r"! isms such as 'physiologic a.l disunity 1 
• 

It was particularly the latter assumptions concerning 

adaptation that lead Slobodkin and Rapoport ( 1974) to 



comment: 

"The assertion thL\t speciation is a generally 
adaptive r<'!Sponse regardless of environmental 
cond.i tions seems to be untenable as a 
predictive theory, v1ba tever value it might 
or might not have in retrospect." 
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The substance of Slobodkin and Rapoport 1 s criticism 

is _that of predictability*: a pr iq,£i theJ:e is no method 

o:f determining whether adaptation will favour speci.:~.tion. 

Rather in Pierinae the converse appears to be true 

(Chapter 2). Although host plant specialisation appears 

to play an important role in speciation in Pierinae (and 

other phytophagous insects) most species of Pierinae are 

wide-ranging and are oligophogous t,!pon Crucif_erae_. _In 

Chapter 2 it was shown that the factors favouring 

oligophaay (shortage of oviposition time and possibly 

unpredictability of larval rr~sources) were much stronger 

in A. ca.:;:_damines than factors favouring foodplant 

specialisation (differences in foodplant suitability 

for larval growth and survival). Hence specialisation 

and thus speciation in ~~£damiQ~~ is strongly opposed 

by such 1 adaptation 1 • Similarly the widespread 

similarity of Pierinae in the form of mating behaviour 

. (Chapter 3) is most simply interpreted as the result of 

-----------------------------------------
*Predictability in evolu tion<-.:.ry studies is discussed in 

App. 15. 
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strong diLE!Ctional selection maintaining ancestral 

behaviour. This will similarly oppose the formation 
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of Reproductive Isolating Barriers and hence speciation. 

Sexual selection need not, hov.Jever, oppose 

speciation. The suggestion that sexual selection has 

played an important role in the evolution of Hawaiian 

Drosoph ilidae, and possibly in Pier inae and other 

insects, was also discussed in Chapter 3. Although 

this 1 sexual-selection 1 hypothesis has been fused 

somewhat with the 'founder-flush' scenario (Templeton, 

1979), there is an important distinction to be made. 

The 1 founder-flush' idea hy:poth esises t_hat -~ _11ew ada.pti y~ 

peak is found as a consequence of small population size 

and the relaxation of normal selective constraints. 

The sexual-selection hypothesis similarly suggests a 

change to new characters (although not necc~ssarily as a 

result of small population size) as a result of 

arbitrary changes in e.g. female choice, which will 

be largely unrelated to the environment. Hence in any 

organism existing in demes (as most species do), changes 

in sexually selected characters, and hence speciation, 

may arise in a way unrelated to the external environment. 

In Chapter 4 it was shown that a 'genetic revolution', 

involving most of the genome, was not typically found to 
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have occurred in speciation of Pierinae, as in other 

organisms. The hotion that large parts of the genome 

underwent such reconstruction during speciation, was 

one of the tenets of the classical allopatric mode of 

speciation, which held that 'physiological disunity', 

the cause of the evolution of barriers to mating, was 

dependent upon the additive effects of many different 

loci, which had differentiated in isolates. However, 

as shovm by Oliver ( 1979), in Phyc.!_ode~ butterflies 

'physiological disunity' may be the result of very few 

loci. Oliver emphasised the importance of developmental 

or regulatory genes, and suggested that asynchromy at 

these loci could be a major cause of e.g. hybrid 

inviability. 

The possible importance of regulatory genes in 

speciation in the &napi complex was discussed briefly 

in Chapter 4, where· it was suggested that selective 

influences at such loci had led to differences between 

populations ~1d hence to speciation. It may, however, 

be worth pointing to the possible plurality of influences 

at such loci. 

In Chapter 2 it was shown ·that allelic variation at 

a structural locus, GOT-1, in th£.2.!.2~ines appears to 

conform to the expectations of theories of genetic drift 

and sampling. The importance of such random effects to 

speciation vvas realised by Wright, who entitled one of 
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his seminal works on ef:fecti ve population size: 'Breeding 

Structure of Populations in Relation to Speciation' 

( ~vriQht, 1940). In particular r~1dom effects on gene 

frequency are to be expected when many loci affect the 

same aspect of a single phenotype. McDonald and Ayala 

(1978) showed for instance that many different loci 

affected the activity of the ADH enzyme locus in 

DroS.Q.I?.hila. When, as in this case, such loci also 

happen to be effecting developmental or regulatory 

changes, the way is open for random fixation and 

differentiation at such loci, and hence, plausibly, to 

'physiological disunity' via a non-adaptive route. 

The allopatric model of speciation, once so 

monolithic, is flOW supplemented with alternative modes 

which students of speciation recognise may be equally 

important. In future investigations of the evolution 

of species, it may be useful to supplement 1 adaptive' 

arguments with 'non-adaptive' mechanisms, and to recognise 

the plurality of factors affecting a species characteristics. 



Appendix 1. 

Floral Use and ~ollen-Carrying by Anthocharis 
cardamines 

Several studies have been reported on the flower-
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visiting behaviour of Holarctic butterflies. Watt et al 

(1974) and Wiklund (1977) showed that such species are 

typically generalist feeders and tend to concentrate their 

attention on the most abundant nectar-providing plant species. 

However, Watt et al also noted that floral colouration may 

be important in attracting insect pollinators, and that 

Colianae butterflies may visit primarily flowers of particular 

colours. Kay (1976) has shown that different coloured 

morphs of Raphanus raphanist~ L. differ in their attrac-

tiveness to A.rapae and other pollinators, with highly U.V. -

reflective morphs being preferred. Miyukawa (1976} has 

investigated the flower-visiting behaviour of A.rapae in 

Japan, and has shown that the species prefer p~rple or blue 

model flowers to white, red or green ones, but shows little 

other preference. However, Scott (1975,b) stated that some 

preference amongst flowers occurred in a population of 

Euchloe ausonides which appeared to concentrate feeding 

upon the cruciferous larval host. 

Many Cruciferae are self-incompatible; thus, .£illratensis, 

H. matronalis and many species of Bras sica. Sinapis, etc., 

require cross-pollination by insects. However, other species 

such as A.petiolat~h B.vulgaris and C.bursa=J2_astoris are able 

to self pollin,\te if ou tcrossing does not occur (Bateman, 1955; 

Free and ~villiarns, 1977). Some butterflies are good pollinators 

and carry much pollen (fvlcNeil, 1977) , but others appear less 

good and may be 'parasitic' on the nectar-providing plants 

(Wiklund et al, 1979). 

In order to examine a.dul t nectar resources in the 
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Durham and Shincliffe populations of A.£!!rda!!!ines, the 

flowers visited by animals in the field were noted. These 

results, for 1977 and 1979, are given in Table (A.l.l). 

Also included are the results of identifying pollen carried 

by ~rdarni~ (1977) and other butterflies {1979) (expressed 

as the number of pollen grains of each plant species, and as 

the percentage of animals carrying such pollen). 

Pollen analysis on Lepidoptera was pioneered by Mikkola 

(1971) in an effort to determine the origin of inunigrant 

Lepidoptera, and has usually employed light microscopy (e.g. 

\vil<lund et al, 1979). However, as shown by Turnoch et al 

(1978), Scanning Electron Microscopy (S.E.r<l.) is a much more 

accurate tool for finding and identifying pollen on specimens 

since it allmvs cl.ose exrunination of surface texture. This

method was employed here, pollen being identified against a 

reference collection of plants growing in the study areas. 

The results in Table (A.l.l) therefore allow one to 

see whether A.cardamines is a specialist or generalist forager, 

and whether it concentrates on larval host plants or plants 

of a particular colour; additionally the presence of any 

pollen from plants not found in the area strongly suggests 

that that animal has immigrated into the study areas. The 

other species of butterfly, which are all vagrant or 

migratory to a greater or lesser degree, are useful for 

comparisons. 

It is seen that A.cardamines concentrates upon nectar 

sources in their order of abundance, and that blue and white 



Tab 1 e A. 1 • 1 • 

The relative abundance of nectar providing plants, 

with the number of visits (i) by butterflies 

during observation, the number of pollen grains 

found (ii) and the percentage of butterflies 

examined with pollen of a particular species (iii). 

Relative abundance assessed dEring early June. 

Feeding records for A.urticae in t·iay, for oth~r 

species in June. 

Pollen analyses made for 1979 specimens, except 

for A._£e!..2.9f!tlJ:._~_§. when 1977 specimens were used. 



Table A.l.l The relative abundance of nectar providing p~s, with the number of visits 
(i) by butterflies during o~servation, the number of pollen grains found (ii) 

and the percentage of butterflies examined with pollen of a particular snecies (iii) 

Plant Species or type 

Alliaria petio1ata {type). 

Stellaria spp. 

Eudymion non-scripta 

Si1ene spp. 
Hesperis matronalis 
Taraxacum officinale 

Barbarea vulgaris 

Lathyrus pratensis 

Rubus idaeus 

Crataegus monogy.na 

Lamium album 
Bellis perennis 

Petasites hybridus 

Others 
Unknown 

Total 
No. butterflies surveyed 

Ranked Abundance 
1977 1979 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

2 

1 

5 

4 

9 
3 

8 

10 

12 

11 

6 

7 

~ardamines 

i77 ii iii i79 

65 205 68 29 

6 6 26 6 

18 2 

12 26 42 14 
19 458 53 20 

8 4 11 8 

1 1 5 

2 3 

4 

3 

1 

1 

2 11 

0 

1 

140 700 83 
19 

~rdamines 

i77 ii iii !.79 

23 176 77 22 

3 9 38 

3 

5 41 54 7 

2 248 62 1 
4 15 

1 8 

3 15 

5 23 

15 31 

36 .502 30 

13 

A.naoi 

i ii iii 

104 65 64 

50 5 18 

4 

6 4 6 

37 12 
16 54 41 

3 2 12 

1 

15 35 

184 165 

17 



Table A.l.l. cont'd. 

Ranked 
Plant Species or Type Abundance A. raoae A. brassicae A.urticae 

I 

1979 
i ii iii i ii iii i ii iii 

Alliaria petiolata (type) 2 3 25 50 81 46 1 59 24 

Stellaria spp. 1 1 4 10 2 10 

Endymion non-sccipta 5 4 

Silene spp. 4 2 10 8 31 

Hesperis matronalis 9 1 106 30 1 168 54 12 15 

Taraxacum o££icinale 3 10 76 90 4 132 100 18 196 91 

Barbarea vulgaris 8 2 10 

Bellis perennis 2 29 30 2 5 23 1 5 

Petasites hybridus 10 68 48 

Others 6,7,10 1 1 5 

Unknown 4 20 32 54 27 38 

Total 24 248 10 426 29 366 

No. butterflies surveyed 10 13 21 
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flowers are particularly strongly represented. However, 

there also appears to be some association with Crucifer.f.e.. 

This is particularly apparent in some additional results 

from ~Jolsingham in 1977, given in Table (A.l.2), where there 

are many potential nectar sources, but adult feeding is 

concentrated upon Cruciferae. 

Tab 1 e A. 1 • 2 • 

No. of observed visits of A.cardamines 
to flowers at Wolsingham, 1211. 

Plant_§l2..g~ Males Females 

Geranium sylvaticum 14 18 

Cardamine pratensis 28 13 

Cardamine amara 20 

Hesperis matronalis 7 

Rubus idaeus 1 

69 32 

Similarly, A.napi concentrates its feeding upon larval 

hosts at Durham, and at many other sites. Since only ~rapa 

and H.matronalis (of the Cruciferae at Durham) require out-

crossing for seed set, it is unlikely that a rnutualistic 

relationship has evolved between these and their herbivores. 

There may perhaps be some interaction of feeding and host-

locating stimuli in A.napi and A.cardamin~. In Thlaspi 

alpes~ populations in Colorado, self-pollination accounts 

for c.70% of seed-set; the remaining pollination is effected 

by Phyllqtreta abionica, a crucifer specialist, which is a 

major herbivore on the plant populations (Petersen, 1977). 

In the populations of A.cardamine§ studied by Wiklund and 

Ahrberg {1978) butterflies tended to feed upon blue or purple 

file:///vhich
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flowers, particularly Viola spp., but not from Cruciferae. 

However, elsewhere in Sweden, where A.oetiQ!iU_.§: is 

abundant, it is heavily used by A.cardami~ (C. Wiklund, 

pers. comm.) 

The results indicate that of 19 male and 13 female 

~~~dami~ surveyed for pollen, only 4 females were seen 

to carry pollen from outside the immediate study area. !'his 

contrasts with 6 of 17 A.napi, 2 of 10 A.rapae, 7 of 13 

kbrassicae and 8 of 21 A.urticae. This strongly suggests 

that the A.cardamines males surveyed were not immigrants, 

but that some females were visiting areas outside the study 

areas (i.e. immediately around the river-banks). ~Vhether 

such females were truly migrating between populations or 

merely s~owing periodic inc~rsions i~~o the surrounding 

areas is not clear from these data. The 'unidentified' 

pollen carried on such females was of a uniform and large 

tricolpate form, with pitted surfaces. 'Unidentified' pollen 

on other species were of many dif:ferent plants, and show·ed 

a great diversity of form. 

Recently 1tJiklund et al ( 1979) have proposed that adult 

butterflies may be parasitic upon flowers, in the sense that 

nectar is removed from the flower by the long proboscis 

without transferring significant amounts of pollen. This 

hypothesis tends to oppose other opinions on the pollinator 

activity of butterflies (Levin and Bernbe, 1965; Wilson, 

1969; Watt et al, 1974; Cruden and Hermann-Parker, 1979), 

but is given credence by the small loads of pollen carried 

by individuals of Leotidea si_napis L. in the study of vl1iklund 
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et al. These authors may have under-estimated the total 

numbers of pollen grains carried by butterflies, since their 

light-microscopic methods are not as efficient as S.E.M. 

In particular pollen carried within the facial cavity, behind 

the palps and proboscis, will not be shown by their methods. 

However, as pointed out by tvil<lund (pers. comm), the 

significant portion of pollen carried by a butterfly is 

that which is easily transferred to another plant. It is 

not readily apparent how easily pollen carried within the 

facial cavity or upon the legs or even eyes (e.g. A.u..!j:icae) 

will be transferred to another flower. It seems reasonable 

to assume that pollen carried upon the proboscis is most 

easily transferred. The percentage of pollen carried upon 

different structures of the adult butterflies surveyed is 

given in Table (A.l.3). 

It is seen that in all 3 Pierini, most pollen is carried 

in the facial cavity. In A.cardamines likewise, a majority 

of pollen is carried in the cavity, but occasional individuals 

had very large numbers of t!.:..!!§.!f2.nalis pollen (which appears 

to transfer readily to Lepidoptera probosces). A.urt!£~ 

similarly carried a large proportion of pollen on the 

proboscis - in laboratory experiments, great numbers of 

grains were :found to be present immediately after removal 

from a flower. Thus it appears that ~~tica~, and to a 

lesser extent A.cardamines, would be relatively good 

pollinators, and transfer a significant amount of pollen, 

particularly over short distances (when consecutive visits 



~~- A.~ A.r P.b 
Pollen Type Fe P. Fe P. Fe P. Fe P. 

A lliaria petiolata type 82 18 88 12 84 16 100 0 

Hesperis matronalis 63 37 100 0 95 5 95 

Caryo ,?hyllacae 86 14 89 11 100 0 

Taraxacum officinale 75 25 42 48 89 '11 95 

Petasites hybridus 

Total Pollen 72 28 75 25 93 7 96 

Table A.l. 3. %of pollen in the Facial cavity (F.C), on the probocis (El-2£ 
eyes (E) of butterflies surveyed 

5 

5 

4 

A.u 
Fe P. E 

33 64 3 

- 100 

29 64 7 

46 35 19 

33 59 8 
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are most lil<ely to be directed to conspecific flowers). 

The significance of pollen loads carried elsewhere than 

the proboscis, and the importance of butterflies as 

pollinators over long distances must await further study. 

l.Yiklund et al' s interesting hypothesis must similarly await 

corroboration from other studies. The present data indicate 

that some butterflies may indeed be 'nectar-parasites', 

whilst others may be good pollinators. 
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Fisher-Ford [1·1ethod of t·1ark~£2-pture 
~lysis 
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The method uses date-specific marks, which are placed 

on every butterfly captured. The outline below follows 

that of Begon (1979). 

The total number of marks caught on day i is given by: 

where j is the day of mc.rking. Each roark is i- j days 

old, and the total age of all marks is 

~ miJ. (i-j) 
j 

Stuniiling this quantity for all days, the 1 total days 

survived' by marks is: 

~ ~ ""ij (i-j) 
J 

= observed Total Days Survived (T.D.S) 

The mean Age of all marks on day i is calculated thus:-

Ai = mean age on day i 

Mi = r.larl<S 1 at risk 1 before day i sample 

ri = Marks from day i 

At this time Mi marks have a total age of Ai Mi whilst ri 

marks have an age o:f 0. The mean age of all marks is therefore 

Immediately before the i + 1 sample, the mean age is there-

:fore: 
= Ai l'vli 

l\li + ri 
+ 1 

The procedure is now to find, by trial and error, a daily 
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survival rate, 0, which in combination with tl1e known number 

of marks Ct:\ptu:r.ed and released, will give a value of 

~ Ai M.i equal to the observed T.D.S. 

This is computed as .follows. 

Begin by constructing Trellis Diagram of marks and J:eleases. 

The data used are from Orange Tip males in 1977. 

Time of release of marks j 

Day Capt- Rel- 1 2 3 4 5 7 9 10 14 15 16 17 23 26 35 36 
ured eased 

i n· l. r· l. 

1 1 1 

2 0 

3 1 1 

4 2 2 1 

5 2 2 1 

7 12 12 

9 13 13 1 5 

10 10 10 1 1 2 4 

14 14 14 2 2 2 

15 31 31 4 2 2 7 

16 39 39 2 1 5 18 

17 37 37 2 1 2 5 7 13 

23 27 27 1 1 2 2 6 

26 19 19 1 2 4 9 

35 5 5 1 3 

36 3 0 1 2 
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From these data the days survived by marks in the samples 

are calculated - ~. ~-ij (i-j) 
~ 

-~ = 0.75 ~ = 0.8 
Day 

Mi 'Mij(i-j) t-'li Ai M. i AifYI· A; Ai.flli 
~ ~ -:::. 

1 0 0 0 0 0 0 0 

2 0 0.75 1 0 0.8 1 0 

3 0 0.53 2 0 0.64 2 0 

4 1 3 1.14 1.69 1.71 1.31 1.78 1.8 

5 1 1 2.36 1.61 1. 61 2.65 1.70 1.7 

7 0 0 2.45 2.87 0 :~. 98 2.97 0 

9 6 14 8.13 2.49 14.9 9.58 2. 60 15.6 

10 8 17 15.85 1.96 15.7 18.07 2.10 16.8 

14 ·6 32 8.18 5.20 31.2 11.50 5.49 32.9 

15 15 61 16.63 1.91 28.7 20.40 3.48 52.2 

16 26 52 35.73 1.67 43.4 41.11 2.38 61.9 

17 30 84 56.04 1.78 53.4 64.09 2.22 66.6 

23 12 91 16.56 7.08 85.0 26.50 7.41 88.9 

26 16 97 18.38 5.69 91.0 23.30 6.67 106.7 

35 4 39 2.10 11.79 47.1 5.68 11.67 50.7 

36 3 12 6.08 4.06 12.2 9.34 7.16 21.5 

503 425.9 513.3 --- ---
= T •. D. S. 

Calculate Mi by I>-1i+~ = ~X {Mi + ri) 

A· by Ai Ivli 1+x + X 

l"li + ri 

{Thus making allowances for days on which no captures were made) 

Trying {6 0.75 first, ~ Ai fl'"lj_ <T.D.S. :. TRY BIGGER~ 

For (ll o£ 0.8 ~Ain1i = 513.3. 

From Regr"~ssion line calculate true {6 to give ~ Ai "'1'Y1i of 503 

= 0.799. 



233 
To calculate Population size, :first calculate the population 

size on each day N1 

(ni + 1) vllhen N. = l\1j 
l. c~i + 1) 

The number entering the population is then 

Day i Ni ¢Ni B 

1 0.799 0.001 
2 0.8 0.6 0.7 

In calculating Bi, the normal 
3 1.3 1.0 2.9 

4 3.9 3.1 0.9 procedure is abandoned, and 

5 4.0 2.6 32.1 it is assumed that no animals 
7 38.7 24.7 -5.5 

enter on days when no captures 
9 19.2 15.3 6.8 

10 22.1 ~.0 13.6 occur. This is a reasonable 

14 24.6 19.7 21.1 assumption here:~-,- -where adult 
15 40.8 32.6 28.3 

butterflies will not fly in 
16 60.9 48.7 29.9 

17 78.6 20.5 36.6 days of unsuitable weather. 

23 57.1 29.1 -1.7 

26 27.4 3.6 4.4 

35 8.0 6.4 2.9 

36 9.3 7.43 

Assume a 50:50 sex ratio. 

Number of A.cardamines - 1977 = 346. 

From the tables of Hobson an.d Reigier ( 1964) re-calculated 

by Began ( 1979) a population of 2.5-50 animals requires daily 

samples of 15, 20 or 30 animals for 0.5, 0.25 and 0.1 accuracy 

respectively. The indicated accuracy of the results, and 

population sizes, appro~\Ches 0.1 on most days. 
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Survival data for various populations of 
A.cardamines, 19Z.Z-79 
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Data refer to site, year and the number of animals 

entering and leaving each stadium on different foodplants. 

Thus:-

1 

82 76 76 49 

Hm 116 99 98 24 

Indicates that 82 eggs upon 1kJ?.etiolata gave 76 animals 

in the 1st instar and 49 in the 2nd instar. However, of 116 

eggs on H.matronalis, 99 survived that stage, but one 1st 

instar· larva was subsequently destroyed by human action, and 

only 98 are recorded as entering instar 1. 



Eggs 1 2 3 4 5 

Croxda1e Ap 105 85 80 so 48 37 37 25 25 23 23 23 
1978 

Croxda1e Ap 87 76 76 39 39 35 35 30 30 26 26 26 
1979 Hm 15 12 12 5 5 2 2 1 1 0 

Bv 8 8 8 2 2 2 2 2 2 2 2 2 

Witton Pk. Ap 28 27 27 15 14 13 13 12 12 12 12 12 
1978 l-Im 72 59 59 12 12 6 6 5 5 5 5 5 

Br 7 7 7 6 6 6 6 6 6 6 6 6 
Bv 14 11 11 6 6 4 4 4 4 3 3 3 

~vi tton Pic. Ap 169 152 137 69 66 55 52 44 44 44 44 44 
1979 Hm 120 92 75 14 14 11 11 10 10 10 10 10 

Br 38 34 24 17 11 9 9 6 6 5 5 5 
Bv 18 16 16 4 4 1 1 1 1 1 1 1 

Lvo1 singham Ap 32 27 27 18 18 15 15 14 14 13 13 13 
1978 Bv 31 20 29 18 18 13 13 9 9 7 '7 7 I 

Cp 30 30 28 26 26 22 21 17 17 17 17 17 
Ca 20 19 19 16 16 15 15 13 13 13 13 13 
Ri 2 2 2 1 l 1 1 0 

Wolsingham Ap 91 85 85 35 35 30 29 27 27 26 26 26 
1979 Bv 172 163 163 70 70 64 64 56 56 48 48 48 

Cp 27 27 26 17 17 16 16 15 15 15 15 15 
Ca 45 45 41 25 25 22 21 18 18 18 18 18 
Ri -12 survive all stadia 

Durham all 198 197 197 117 97 98 98 81 81 74 74 73 
1977 plants 

Durham Ap 58 53 so 36 36 26 25 17 17 17 17 17 
1978 Hm 88 78 78 27 27 21 21 12 12 12 12 12 

Br 28 27 27 18 18 18 18 14 14 14 14 14 
Bv 15 13 12 3 3 3 3 3 3 3 3 3 

Durham Ap 82 76 76 49 49 45 44 34 34 33 33 3.., .:J 

1979 Hm 116 99 99 24 24 22 21 10 10 10 10 10 
Br 45 42 41 26 25 24 24 21 21 19 19 19 
Bv 22 20 20 4 4 4 4 1 1 1 1 l 



The eff~Lof l~_y~ deg.§_i ty~,22!l 

la~a~-~Q£!al!!~ 

Data from cohorts described in App. 3. 

Fig. t\.4.1. The mortality of larvae at 

diffc~rent numbers of larvae/inflorP.scence 

(all foodplant species). 

Fig. A.4.2. The mortality of larvae at 

different instars upon &.:..J2etiolata, 

at different larval densities. 

(all sites summed). Density is taken 

as the number of l.:uvae within 1m. 
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It has been suggested in Section 2.vii that plants of 
0 

A.petiolata of size classes 1 and 2 receive fewer eggs than 

larger plants, because the visual cue attr;;~cting the animal 

to the plant is less. This section illustrates a simple model 

of searching behaviour of female ~a.rdamines for A.petiolata 

plants of different sizes, and compares this to the observed 

data. 

Females are observed to orientate to the plant (from 

varying distances) and to fly towards and inspect inflorescences. 

Since larger plants, with several flowerheads, spread over a 

wide area, are visibl~ over a larger area than smaller plants, 
- . -

it is t·o be expected that they would receive more visits and 

thus eggs from females. This reasoning is illustrated thus. 

• 
INFLORESC· 

• D I 

ENCE 

R ::: distance of D =· distance between 

~ A.C. visual response n ~~d n + 1 inflorescences 

However, the increase in area over which the plant is 

visible will not be linear with respect to inc'reasing flower-

head numbers, since every additional inflor ~?scence will 

'overlap' to a greater degree with previous ones. The resultant 

graph of 'area over which plant is visible' and 'flowerhead 

number on plant' will be asymptotic. 
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Unfortunately a simple two-dimensional model will not 

suffice, since the female butterfly searches in three 

dimensions. In order to model this, a series of physical 

analogues were built. Apples were cut into hemispheres (since 

butterflies search from the side and from above, but not from 

below) and then into shapes illustrating varying degrees of 

overlap, as above. The weights of the resulting pieces were 

then obtained, and from these, assuming that weight is 

proportional to volume, the relative volumes of each increment 

in 'volume over which plant is visible'. 

It should be noted that the model depends on two variables: 

D - the distance between successive A.petiolata inflorescences, 

and R - the visual range of female A. carda.rnines. Neither of 

these need be measured, since the model depends only on the 

ratio between these two. Increasing the visual range of the 

model animal will decrease the relative amount of each 

increment. Thus by comparing the model produced with the 

observed data on responses to, and egg loads on plants of 

different sexes, and given an average value for D, it will 

be possible to make predictions on the actual visual range 

Qf the female butterfly. 

Fig. AS.l represents the results of the apple models 

(mean of six trials) for ratios of R : 0 of 1:1 and 2:1, 

whilst Fig. A5.2 represents the data of Figs.33 and 34, 

-and Table 22 (.~~ eggs upon different sized plants and observed 

searching behaviour). All values are given as relative to 

that for plants with three flowerheads. 

It is seen that egg load data agree reasonabl~ well 
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with the predicted distribution o£ the model, but that the 

limited data on female searching has an under-represented 

value for plants of two flowerheads. 

The model produced thus far therefore indicates that 

female A.cardamines should have a ~ reaction distance to 

A.petiolata inflorescences approximately equal to that o:f 

A.petiolata plant width. This appears to agree well with 

:field observations, where reaction distances o:f ~ to 1 m. 

appeared common. This prediction could be adequately 

tested by filming female behaviour. The model may also be 

refined by the addition of further :flowerheads, and by 

placing these in three dimensional space, rather than 

assuming that they are all in one plane, as here. (This 

assumption will produce an underestimate of pr€!£li~ted __ va!ue~ 

for plants of 1 and 2 flowerheads). 
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Appendix 6 

~iposition deterrents in A.cardami~ 

'It is a wise instinct, if the expression may be pardoned, 
that prompts the female to lay only one egg on a plant, 
as in the case of such foodplants as Cardamine pratensis, 
one larva will devour the whole plant' 

H. B. Williams, 1915. 

'On May 20th I noticed a female ovipositing on Cansella 
bursa-pastoris. The ova (sic) was deposited singly on 
the side of the clump of flower buds at the end of the 
stem. I afterwards examined the neighbouring Caosella 
plants, and found more eggs, all laid in a similar 
position and never more than one on each shoot' 

J. F. Bird, 1913. 

The ova of Euchloini, as already noted, are unusual in 

*1 being brightly coloured. This fact, when considered in 

conjunction with the strong cannibalistic tendencies of the 

larvae, suggested to me that the eggs' colour might act as a 

signal to approaching females that the inflorescence was 

already occupied. Initially this idea was suggested by the 

similar situation in Heliconius butterflies, where again 

cannibalism is common, and females refuse to lay eggs on 

already laden leaves. (This has led to the evolution of egg 

mimics (Gilbert, 1975). To this end, data were collected 

during 1977 on egg distributions, to see if eggs were 

distributed randomly upon flowerheads of foodplants. If 

females were avoiding competition between their own eggs and 

prior occupants, by avoidance behaviour, and refusing to 

oviposit near another egg, then one would expect the egg 

distribution over flowerheads to depart from the random, 

Poisson distribution. The preliminary results of 1977 supported 

this view (Table A.6l) 

--------------------------------------------·---------------------~---------*1Th.e only Holarctic Pierini members to lay red eggs are 
Pontia spp, which are also unusual in laying eggs upon 
inflorescences. 



Tab. A. 6.1. 

The distribution of A.cardamines eggs 

over .!i:.g,g!iolaU infJ.orescences, 1977. 

Durham Croxda1e 
Number of 

Eggs/ 
Inf~scence Obs ~ Obs Exp 

0 lSSi: 155'4-.8 2 14.1 

1 132 12-9.6 35 22.8 

2 3 5".4- 23 18.4 

3 1 I s 10 10.0 

4"t 1 5.4 

X 2 
I. 1.4- 21.65 = 

d. :f. = 1 3 

n.s. p < 0.005 
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The same conclusion was found to have been reached 

independently by a number of other researchers. Baker 

(unpublished) formulated similar ideas c.l968, and was able 

to show that females spent longer surveying egg-laden plants. 

He felt that the response was purely visual. The same view 

was reached i:t:l 1979 by J. Waage (pers. comm), and is 

in1plied in the comments of the entomologists above. Wiklund 

and Ahrberg (1978) were the first to publish such a conclusion. 

They also independently used comparisons with the Poisson 

distribution to test their hypothesis, and were able to show 

that ''specimens of ~~nsis bearing a single egg were 

heavily over-represented, whereas specimens bearing two, 

three or more eggs were strongly under-represented, as were 

specimens bearing no egg at a11.'' 

However, comparisons with the Poisson distribution are 

not always a useful way of testing the hypothesis. Size, age 

and particularly the pronounced edge/density effects tended 

to produce a ~ped distribution of eggs (especially in 

populations such as those at Alston). Thus it may not be 

valid to compare the actual distribution of eggs with the 

Poisson, since not all hostplants are equally available for 

oviposition. The study of Wiklund and Ahrberg was made on 

C.pratensis, a small and solitarily growing crucifer, which 

should not be subject to size or density effects. However, 

their comparisons were made with data collected throughout 

the flowering period of C.pratensis. Especially in a species 

·With a very short individual flowering time such as £:...2ratensis, 

this procedure of summing data may cause departures from the 
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Poisson as an artefact, since once again flowers are of 

unequal availability - and may senesce after, e.g. receiving 

one egg. Summing several different Poisson distributions 

will lead to a distribution which departs significantly from 

the Poisson. 

Nevertheless casual observation of female behaviour 

confirmed that a deterrent effect was taking place. Similar 

overdispersion has been noted for A.mannii {also cannibalistic 

(.Powell, 1909)) A. rapae and P. brassicae (Rothschild and 

Schoonhaven, 1977), although this is contested by Traynier 

*1 
(1979) for~~~· The means by which ovipositing 

P.brassicae detect the egg batches is at least partly olfactory 

(Schoonhoven and Behan, 1978) although visual responses are 

also implied. In order to better test the hypothesis that 

ovipositing A.cardamines discriminate amongst egg-bearing and 

bare plants, some trials were made in 1978 using females 

in the labor a tory. These females, in individual cages, were 

offered for a standard length of time (5 minutes), plants 

of A. petiolata which bore either a red (mature) A. cardamines 

egg, a ~lite {freshly laid) egg or were unladen. It was 

predicted that if a visual response to the red egg was alone 

responsible for avoidance behaviour, then pl~~ts with such 

eggs would have less new eggs laid upon them than those 

plants either bare or with white eggs. Females were captured 

from the field and brought into the labor a tory, and were 

allowed to lay at least one egg before beginning the experiment. 

------·---------·--------·----- ------------·-··----
*1 .:.:.vo1· ••'ar1ce f b · 1 t · 1 · f tl u _ o egg- ear1ng p <Jl1 s J.s a so Known or o 1er 

butterflies, e.g. Battu~ spp (Rilllsher, 1979), moths, e.g. 

Hadema spp {Brantjes, 1976) and a weevil ~lJ.osobruchus 
r.1aculatus (F') (rHtchE.~ll, 1975). 
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Only females which did lay eggs were used, and of 17 females 

brought in, only six readily laid eggs. The·number of eggs 

laid by each female, and the randomized sequence of 

presentation are given in Fig. A.6~. It is seen that both 

red and white eggs have deterrent effects upon oviposition, 

strongly suggesting that other responses, apart from o.r 

additional to a visual response to the red egg, are involved 

in avoidance behaviour. 

One further interesting observation on eggs as 

deterrents was made. In the field, A.cardamines females 

consistently refuse to lay an egg upon an inflorescence 

already occupied. However, certain of the recorded egg 

distributions show extraordinary numbers of eggs upon plants. 

For instance, at Egglestone, in ~~77, one H.matronalis p_lan_t __ _ 

received 68 eggs. Similarly at Alston, excessively clumped 

distributions were found. In these circumstances, sub

optimal areas of the plant were chosen as oviposition sites, 

such as stems and leaves, which were never recorded elsewhere. 

(See Williams, 1915, for another example). It is apparent 

that in circumstances of low foodplant availability, probably 

as a response to the female having flown a very long distance, 

that an Orange Tip female may choose to •escalate' a contest 

that she would normally have settled by prior occupation. 

1 Escalation 1 is to be expected if the chance of finding an 

alternative site for her egg is lower than the chance of 

'winning' the contest between her egg and the 'territory 
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holder' (c.f. !Vlaynard Smith and Parker, 1975)*1 • The 

evolution of this strategy of avoiding competition and 

cannibalism, which may be stable across many f:j.erinae 

species (and which may have inter-specific effects, e.g. 

in N. Africa) would make a fascinating topic for further 

study. 

-----------------------------------
*1The behaviour of females emigrating .from oviposition sites 

except when these are at low density, may also be viewed 

as a strategy optimizer, where the 'costs and benefits' of 

emigration and oviposition are weighed (Parker and Stuart, 

1976). Similar behaviour is known for Callosobruchus 

(Mitchell, 1975) and Coleoplora alticollela (Randall, 

pers. comm.) 



l'able A.6.2 

The resEonse of ovi2ositing females 

to egg-bearing plan!!_i~~eggs lai£1 

Egg Colour 

Female No. White Orange No Egg 

1 0 2 9 

2 0 0 3 

3 4 2 10 

4 4 3 3 

5 4 1 4 

6 1 1 7 

13 9 36 

Sequence 

n n w n o n o w w o o n n w n o n o w w o o o w n n w o 
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Appendix 7 

Hostp!..2n_!s of A.c~_in~ 

The following species of Cruciferae have been noted 

as bearing A.cardam~ eggs (but not necessarily supporting 

larval growth). 

Nasturtium officinale 

Rorippa sylvestris 

Barbarea vulgaris 

Cardaminopsis are~osa 

Arabis hirsu ta 

A.gerrardi 

A.albida 

Turri tis glabra 

Cardamine ama·ra 

C.pratensis 

C.hirsuta 

Draba muralis 

Cochlearia officinalis 

Armoracia rusticana 

Hesperis matronalis 

Lunaria annua 

L.biensis 

Erysimum cheiranthoides 

Ar abidopsis thaliana 

Sisymbrium officinale 

Alliaria petiolata 

Brassica oleracea 

B.napus 

B.rapa 

B. nigra 

Sinapis arvensis 

s. alba 

Capsella bursa-pastoris 

Lepidium smithii 

rhla.?_pi alpe_s_tr_e __ _ 

T.arvensis 

Isatis tinctoria 

Raphanus raphani.strum 

Reseda lutea (Resedaceae) 
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Ma~k_recapture _studies on A.napi 

Originally it had been intended to investigate 

population size and individual movement in A.napi in order 

to complement studies in population genetics (Chapter 4). 

It was rapidly found that very few recapture events 

occurred when marking a population at Durh~n, and this 

attempt was abandoned. However, unusual circumstances 

at Langdon Common, where in 1977 enormous numbers of A.napi 

were in flight in late June and early July, allowed some 

mark-recapture studies to be undertaken. Although 

individuals were seen dispersing from the main centre 

of the colony, and were quite conmton for miles around, 

most butt-erfli-es were concentrated on a flat area of some 

200 metres square, which had an abundant growth of 

Card~ni~ E,~t~g.§i.§. in bet~veen grass tussocks. Harking 

took place over a period of six days in July, on four days 

of which captures were made. Effort v•as not equal on the 

four days of study: although 1~ man hours was put in to 

capturing animals on each day, butterflies were not equally 

active on each day due to weather conditions. After 

capture, individuals were brought to a holding cage and 

kept there until catching was completed. Then each 

individual was removed from the cage, sexed, a note taken 

of- its wing condition and a number applied in red ink to 

the underside .fore·wing (obscured at rest). The animal was 

then released at a centro.l point. In all 563 individuals 

were marked and released (all damaged individuals were 
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killed). 0£ the 503 individuals marked between the 7th 

and the 11th, 101 were recaptured at least once. 

Notes were taken o:f the amount of wing damage and 

seale wear shovm by each individual. Wing damage, 

although related to scale wear, also occurred on some 

very :fresh specimens (these may have been attacked by 

birds). 

1. 

I") 
.:... 

3. 

4. 

5. 

6. 

The 

a9e cla.ss 

Scale wear w.?l.s placed into 6 classes: 

'Very Fresh' 

Fresh 

Good 

Aver C:\ge 

\'Jorn 

Very vJorn 

Animal still moist froiil 
emergence. 

Few scales lost • 

Some scales lost. 

~~lear noticeable. 

Few sca.les remaining 

number of individuals captured on r~ach date 

is given below: 
Date 

V·J e ~-C 1_~.§. 7/7 8/7 11/7 12/7 

1 25 36 33 18 

2 60 82 43 36 

3 31 68 35 25 

4 34 49 18 13 

5 26 15 15 4 

6 7 4 2 2 

183 254 146 98 

in 

681 

E:'ach 

lndi vidu a.l s that were recaptured were seen to change 

wear class as shown :i_n Fig. A.B.l., \llhe-z::e each line si9ni:fies 

recaptures between d<:..tes moving from one age class to another 

(or staying in the same class). TI1c width of the line 

signifies the number of individuals observed. 
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I 

Fig. A.S.l. Changes in ~ge class of individuals of 

A • d . ·1: d. • do .nap1 ur1ng ~aptu~e-recapture stu 1es, Lang n 

Common, 1'977. The Lidth of each line is 

proportional to thel:number of individuals • 

• ,1 

I 
"I 

' I 
·•' 
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It is seen that only two individuals were classed in 

a lower wear class on subsequent captures, and that 

only rarely did an individual move rapidly from a low 

wear class to a high class. In general, scale wear 

increased gradually with time, and the age classes used 

therefore appear to be an appropriate index of 

individual age since emergence. 
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El:_ect_fo_phoretic Technic~ 

The methods in use in this study were starch gel 

electrophoretic techniques based on the original methods 

of Smithies (1955), Hunter and Markert (1957) and Poulik 

(1957), as developed by Shaw and Prasad (1970) and as 

applied to butterflies by l~'icKechnie et al ( 1975). The 

enzymes ;:,vailable for study in this way are soluble proteins, 

and are predominc.mtly glycolytic enzymes (Chefurka ( 1958) 

reviews the differences between insect and vertebrate 

glucose metabolism). 

Gels were made at a concentration of 13% st:arch, 

32.5 g o£ starch/250 ml of gel huffer, cooked, and after 

degassing, were refrigerated until use. For assaying 

enzymes which used NAD or NADP as co-factors, 10 mg of 

the co-factor were a.dded to the gel immediately prior to 

degassing, as this was found to sharpen bands markedly. 

Animals were prepared for electrophoresis by removing 

abdomens, or rarely heads, and grinding these individually 

in a small volume of deionised water. (Initially grinding 

buffers were used containing co-factors, but these were not 

found to increase resolution). \tJhen volumes pend tted, 

siU11ples v<r?.re then centrifuged to remove large cell debris; 

however frequently volumes were too small for this step. 

In such cases samples were absorbed thfEU9~ a layer of 

filter paper. Samples were absorbed onto pieces of filter 

paper (Whatman No. 1) 6 mm x 8 mm and loaded into slots 
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in the gel. 

Electrophoretic conditions followed those of McKechnie 

et al (1975). After initial experimentation with buffers, 

thrGe buffer systems were used. 

1. Discontinuous Tris-Citrate (Poulik) (DTC) 

Electrode buffer 0.3 M borate pH 8.2. 

{18.55 g Boric Acid, 2.4 g NaOH/L) 

Gel buffer 0.076 I•1 tris o.oos M Citric acid pH 8.7 

(9.2lg tris, 1.05 g Citric acid /L) 

2. Continvonstris Citrate (CTC) 

Electrode buffer 135 m}\1 Tris, 45 m M citric 

(16.34 g Tris, 9.45 g Citric/L) pH 7.1 

Gel buffer 1:14 dilution of electrode buffer. 

3. Tris-versene-Borate (TBE) 

Electrode buffer o.sivl tris, 0.02 !Vi EDTA, 

0.65 i'-'l boric acid, pH 8.0 

( 60.6 g tris, 40.0 g boric acid, 6.0 g Na2 EDTA I L ) 

Gel buffer : 1:9 dilution of electrode buffer. 

Electrophoresis was continued until front markers (broltiOphenol 

blue) or migration front (in DTC) had migrated 8 em towards 

the anode. Gels v.rere then removed and sliced horizontally, 

and the inner surface o£ each slice stained for enzyme 

activity. 

The following staining procedures were used: 

Este_;: _ _9.~~ (.CST) 3 ml 1% .c-napthyl acetate (in acetone/ 

water 50°/5o) 

100 mg Fast Blue RR 

100 mg EDTA 

in 100 ml buffer. 
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EST-1 and EST-2 were inhibited by eserine but not 

EDTA, suggesting that these loci were co din' for 

cholinesterases. However strong inhibition of background 

esterases was effected by EDTi\, making adult esterases more 

easily read. (Larval esterases are unaffected by eserine 

and are probably carboxylesterases (Clements, 1967)). 

~.£l~ir~.~~}.in~_Pe.E_"t:_ida;~~~ (LAP-1, 2, 3) 

1 ml 0.1 M Mg Cl 2 

10 mg lewcyl B napthylamide HCL 

in 100 ml buffer. 

Incubate for 1 hour, then add 20 mg Black K. 

li2.!h ES!_and LAP staining_.8f.ocedures involy:!L_hi9.b..!Y 

~cinoqenic material. 

Peptidases (PEl?- 1, 2, 3) 

Following the method of Lewis and Trulove (1969) 

In 50 ml of bu££e:r were added 50 mg MgC1 2 , 50 mg f\1n.Cl2, 

50 mg 0-dianisidine (HCl2), 1000 u Peroxidase and 10 mg 

purified Crotalus adamanteus (Diamondback Rattlesnake) 

venom, together with 80 rug of di- or tri- peptides. 

The gel slice was then incubated overnight. 

A tripeptide (Glycylglycyl glycine) gave no Peptidase 

activity. 

A dipeptide (Glycyl-L-Leucine) gave two peptidase loci (P.liP- 1,2). 

A second dipeptide (L-Valyl-L-Leucine) gave a third peptidase 

locus (PEP-3). 

Glu ta1•1ate - Oxaloaceta:t~ Tr:_~_!l.~,min§:g.§_ (GOT- 1, 2) 

To 100 ml buffer, add 0.5 mg Pyridoxal-5-Phosphate, 
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200 mg Aspartic acid, 100 mg Ketoglutaric Acid and 

150 mg Fast Blue BB. 

Pe~~da~e and Catalase (PER, CAT) 

Soak gel slice at pH 6 for 45° mins, 0 
at 4 C. 

Then soak for 60 seconds in 1 g k I , 1 ml Acetic Acid 

in 50 ml of water. 

i-'Jash thoroughly in distilled water, then add l ml 3% 

Permcidase should stain as dark bands, Catalase as white 

bands on background. Catalase bands, po0rly resolved, were 

visible on DTC gels, in approximately the same position as 

SOD bands. 

The same basic staining procedure was follov.Jed for 

sc-~veral loci. 

In 100 ml of buffer, 20 mg NAD, 20 mg Nitro Blue 

Tetrazolium and 3 mg Phenazine r.·Jetasulfate were added to, 

for: 

10 mg r.tg c1 2 , 500 mg NaCl and 250 mg 

B- hydroxybutyric acid. 

ii. ~Glycerophosphate De~Q.!'_9..9~~.~ ( ..c GPDH - 1, 2) 

10 mg l~igC1 2 and 50 mg Na2 co<.O L glycerophosphate 



iii. ~k_QghY.dro_genases (MOB - l, 2) 

10 mg IvigC12 and 250 mg I•1alic Acid. 

iv. ~h.Y.9£. or Xanthine Qeh~£roqenases {AlDH/XDH) 

20 ml Benzaldehyde or 25 mg Hypoxanthine 
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X.:mthine dehydrogenase is a highly active enzyme in 

Pieridae (Lafont and Papi.J.lon, 1972), and varies 

greatly in activity during development, as might 

be expected in organisms where uric-acid 

synthesis is so important. 

v. Stainin9 £or Alcohol and Octanol Dehyc"!rogen;:~ses 

was not successful, although Helias (1977) has 

shmm. that these are active in larvae of P. pr assi~. 

~~:~l)p -:__.QeD_§!_l}_~~_!: __ Enzymes 

These en~ymes were stained using the following basic 

&tain: 

10 mg l'-IADP, 20 mg NBT and 3 mg HiS in 100 m1 of 

buffer, added to, for: 

J.CJO mg Glucose-6-Fhosphate. 

ii. NADP -=-De2endent t·"IDH or l\~alic En~me (l"lE) 

100 n1g l\lalic Acid, 10 mg NgC1 2 . 

iii. I SQCi!.I at q_Qgbvd.!_Q_gg~?.S'?. ( IiJH) 

10 mg MnC1 2 , lGO mg Isocitric Acid (Na salt). 

i v. G-Pho§2_hq_g_1_~£Q!!a\,?_)1~~d~!?.slgP.a.se ( 6zPGDH) 

10 mg Mg C1~, 100 mg Ba-6 Phosphogluonic Acid. 



The following en?.ymes included coupling reactions to 

other enzymes: 

Fum~trase (FUM) 

In 100 ml buffer, add 10 mg HBT, 3 m9 PMS, 

20 mg NAD, 1CC• mg i<~um2.ric Acid and 300 u 1'-iDH. 

Phosphoa1ucpmut~.:;_s..§. (PGfl'l) 

In 100 m1 buffro:r, add 12 mg NADP, 20 r.vJ t•"IT. T 

3 mg Pl'-'1S, 1 m1 0.1 ~-! r1gC1 2 , 100 mg G1ucose-l-Phos;;.,ha:te 

and 15 units G6F.DH. 

Pho~ho_g_.l~-~~se.:i.~Qm.~_;-_f\;?..Q ( l-'G1) 

In 100 ml bu-ffer, add 10 mg NADP, 10 mg NBT, 3 mg Pl"1S, 

1 m1 0.1 r.J l'igC1 2 , 25 mg Fructose-6-Pho~>phate and 

20 units G6PDI-l. 

~~ol-s~i.nases (HK- 1, 2, 3) 

In 100 rr1l buffer, add 10 mg NADP, 10 m.g NBT, 3 mg PlvJS, 
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1 ml 0.1 ~~! l\'igCJ.
2

, SO mg Glucose, 20 mg ATP and 20 units 

G6PDH. 

Fho~r.h.Q.mannose Isome_£.§!..§_g (PI\11) 

Following the method of ~icho1s et a1 (1973) 

In 100 ;111 o£ buf:fer, add 20 mg Ba-D-mannose -

6-Fhosphate, 10 ro1g i'{.'\DP, 10 mg NBT, 3 mg PMS, 10 mg MgC12 , 

100 u PGl, 80 u G6PDH. 



Ade~_y).ate ki~~ (AK) 

To 100 m1 buffer, add 0.5 m1 0.1 M MgC1 2 , 

20 1 8miVi "nC12 , 50 mg Glucose, 12 mg NADP, 3 m9 PMS, 

20 mg ADP, 20 mg l\i T. T., 50 u HI<, 20 u G6PDH. 

~Q.J.ase (ALD) 

To 100 ml buffer, add 250 m9 Fructose-1 6-Diphosphate, 

75 mg Arsenic Acid, 50 u Glyceraldehyde Dehydrogenase, 

20 mg :Nf>.D, 3 mg PI\IS, 20 mg i'IBT. 

Fru~!os~-l-6-J?-~phos~hatase (FDP) 
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To 100 ml buf·fer, add 125 mg ~-1g504, 20 mg 

Fructose-1-6-Diphosphate, 1 mg Pi"lS, 10 mg iVITT, 10 mg NADP, 

20 u PGl, 20 u G6PDH. 

Suneroxide Dis~~tase (SOD) 

OthervJise known as Indophenol Oxida.se, or i.etrazolinm 

Oxidase, this enzyme a.p~)E':a.rs as white bands against the 

blue backgrounds of many of the above stains. 

The stain buffers in use (after initial trials) 

were·: 

1. 0. OS 1"1 Tris-HClpH 7 .l 

2. 0.076 M-Tris- ·citric pH 8.7 
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The stain buffers were used as follows: 

!f!!.~m~ Stain ElectrQ_ph~:>r eti 9, 
Enz:lme Commission No. buffer buffers ----

EST-1,2 3.1.1.8 2 DTC 

LA.P-1,2,3 3.4.11.1 2 TBE 

PEP-1,2,3 3.4.13.11 1 TBE 

GOT-1,2 2.6.1.1 1 DTC 

BDH 1.1.1.30 2 DTC 

o«. GPDH 1.1.1.8 2 DTC 

IviDH 1.1.1.37 2 DTC 

AlDH 1.2.1.3/1.2.1.37 2 DTC 

G6PDH 1.1.1. 49 2 DTC 

GPGDH 1.1.1. 43 1 TBE 

J.'.iE 1.1.1.40 2 DTC 

FUM 4.2.1.2 1 DTC 

HK 2.7.1.1. 1 CTC 

P!Vll 5.3.1.8 1 CTC 

AK 2.7.4.3 1 CTC 

ALD 4.1.2.13 1 CTC 

FOP 3.1.3.11 1 CTC 
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~ri ter,;!.a £or acceptin_g loci for §_urvey work 

Obviously, it is essential to have good activity at 

enzyme loci before they are sui table for electrophoretic 

survey work. BDH, IDI-I a."1d eX. GPDH-2 were insufficiently active 

under the prf:•sent procedures for accurate typing and were 

discarded. Similarly l'-'lDH-1 (w·hich appeared to distinguish 

Euch loini from Pierini) and GOT-2 (which, running cathodally, 

appeared polymorphic) were insufficiently resolved for 

accurate typing. PGl was discarded since this enzyme-

stain exhibited G6PDH activity under the procedure used. 

PGI'•I and SOD ( 3 loci) exhibited good activity and good 

resolution but were also discarded because of difficulties 

in accurate typing. These two enzymes have different forms 

in the larvae (as have est erases) which are sometimes 

1.11aintained in the adult. Especially in the case of PGI\'1, 

\'lhich does not form hybrid ba.nds (being a monomeric enzyme), 

there is no way to tell apart individuals heterozygou,s for 

adult PQ~I, and individuals homozygou.s for adult PG1'1 but with 

some larval PG~-l remaining. Nair et al ( 1977} have described 

sindlar regulatory chunges which may have caused over

estimation of heterozygosity and genetic distance. Similar 

problem.s exist ,.Ti th anodal SOD loci, where larval enzymes 

migrate similar distances to adult enzymes and cause complex 

over-lapping patterns. Cathodal SOD (SOD-3) gave easily 

typed bands (and appeared to distinguish between Art9..9..~i~ 

and Pi~ .. EJ-~) but v1as not present in all samples surveyed. 

Esterases were also not used for comparing taxa, 
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despite their being easily resolved and scored. The reason 

for this is that evolutionary homology of different alleles 

and even loci cannot be assumed at esterases. Homology of 

loci is an assumption of comparative electrophoretic work, 

and appears justified at most enzymes, where for instance 

the number of loci encoding for a particular enzyme does 

not change. 1\ second assumption is that alleles which 

migr a.te a similar distance have the same structure, and 

are genetically identical. However migration distance 

might be subject to convergence, where different genotypes 

give similar phenotypes. The net result of this second 

assumption will be a slight under-estimate of genetic 

Dista..nce (one example may be the presence in tkn~ and 

~pae of the phenotyp~ G6PDH-105 which is the common 

allele of An1~·1o~h~ris qenutia), but it usually is disregarded 

as being negligible, and impossible to correct for. However 

when staining for esterases neither of the assumptions 

appears justified - most species have very distinct 

phenotypes, with varying numbers of bands. It appears 

likely that the number of E-:sterase loci varies between 

different species of Pierinae, ar:.d in cases where migration 

distances are similar (for instance EST-1 in &._napi and 

some esterases in A.c~_9_ei~i!l..£§.) the assumption of genetic 

identity does not appear justified. 
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Electrophoretic hetef£Qeneity_gf_allglic cla§§~ 

Coyne {1976) dismayed many workers in electrophoretic 

r8search by showing that genetic heterogeneity existed 

within previous electrophoretic classes of XDH in Drosophila 

persimilis. He demonstrated that allelic differences of 

migration distances were detectable at extremely small 

differences such as 0. 4%. (For instance he distinc;~uished 

alleles 98.4 and 98.0). By varying the concentration of 

acrylamide strength and buffers in the system he was using 

he increased the number of alleles detected at XDH from 5 

to 23. He also indicated, by heat treo.tment, that further 

genetic variability might exist, in resistance to heat, 

aJ. though C\S Beckenbach and Prakash ( 1977) point out this 

could reflect variability at loci other than the XDH 

structural locus. If Coyne's finding had proven general, 

then r:J.any earlier findings using electrophoretic techniques 

·would have been falsified, including estiro1ates of genetic 

identity and distance. Some research supported this 

suggestion and enzymes of Drosophila pseudobscura (J'vlcDowell and 

Prakash, 1976) and Colias butterflies (Johnson, 1976, 1977) 

were shovm to have 'hidden' vari2.bility. (However the 

results on Colias butterflies have been challenged by 

Cobbs and Prakash { 1977) on tnethodological grounds). 

However other recent studies, for instance on I-lK of 

i.irosophila R~~Edob~~!".£: and !?-.!..J?.er.si!!!__?.:lis by Bec'i<enbach 

and Prakash ( 1977) using many di£f er ent conditions o:f 

electrophoresis have failed to find increased variability. 



As \!Jatterson and Ander son ( 1978) and Coyne et al ( 1978) 

point out, it appears that there are essentially two 

classes of enzyme variation - nearly monomprphic and 

highly polymorphic. 
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In the present study it was judged important to 

search for such 'hidden' variability, since the presence 

of such variability might invalidate the main conclusion 

of Chapter 4, that is that little gene change at electro

phoretic loci has taken place. 

To this end vertical slab acrylamide electrophoresis 

was undertaken, following the methods of Coyne (1976). 

Four buffer systems were used: 

Tris-HCl pH 9.0. 

Tris-HCl pH 7.0. 

Tris-citric pH 8.7. 

Tris-citric pH 7.1, 

and two acrylamide strengths (5% and 77i)were used. Samples 

were prepared in the usual way, except that they were 

routinely centrifuged and loaded on the top of the gel using 

micropipettes. 

Staining for enzymes was followed as in App. 9. 

The following enzymes were examined using the eight 

electrophoretic conditions outlined: 

JvlDH-2, O(GPDH-1, AlDH, EST-1, B:.ST-2 

For esterases, A.napi specimens were examined. 

were compared 

At MDH-2, o< GPUH-1, AlDH and E.ST-2 no additional variation 

was detected. 



At EST-1, results indicated that allele 104 comprised 

two alleles (one being rare, but distinrJuishable by 

slower migration distances). Other alleles (94,100) 

shmved no evidence of hidden variability. 

Thus at essentially rnonomorphic, and at slightly 

polymorphic loci no evidence was gained of the pr~sence 

260 

of additional Viiriation. A.t one highly polymorphic locus, 

an r-.1d.di tion;;~l variant was found. Thus in Pierinae, which 

were studied here u sin9 predominantly monomorphic loci, 

the high genetic Identity found is probably !!!2.1 due to 

cr)rptic: va.riv.tion being Ptissed. Throckrnorton ( 1977), 

reviewing pr9...~ophila systematics nsing electrophoretic 

techniques, felt that nevJ data on cryptic v;.-!.riabj_li ty h<.>,d 

not altered t!1e idea o£ ninimal genetic change during 

speciation in thc:.t :Jroup, but th.=,.t such new d;).ta did a.rgue 

against electrophoretic results heing used for phylogency 

or as molecular clocks. Finally, using the yet more 

accnr;;.\te techniques of two dim1msional elP.ctrophoresis on 

SDS-Acrylamide, Bro;vn and Langley ( 1979) l1o.ve investigated 

Ll. large number of structural proteins in Q._.meJ.anogaster. 

They found that only 6 of 54 loci ware polymorphic, and 

s~ggest that ea~lier estiMates of heterozygosity in 

Droso.,:.)hil a m.:..y be over-estim2.tes. 
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The following pages give the allelic frequencies 

of SST-1, EST-2, GGT-1, .c-GPDH-1, GGPDH and ALDH in t).1e 

po:;;mlations o£ A._!:!2Pi studied. Frequencies are e}q_:Hessed 

.:~.s prop0rt:i.ons of the sample. 

Different alleles are noted and named under their 

mobility relative to the most common allele, which is 

arbitrarily assigned a migr<.'l.tion distance o£ 100. Thus 

an enzyme coded by allzle 94 migrates anodally 94f-~ of the 

distance coded by allele 100, a:1d has a frequency o£ p.94. 

The first brood in bivoltine populations is designated 

by the letter a, the second brood by b. Univoltine 

populations have no letter attached. 



ESTERASE - 1 

Durham 

1977a b 1978a b 1979a b 

n 42 56 56 46 48 76 

p94 .10 .07 .13 .11 .10 .11 

100 .71 .71 .68 .78 .71 .67 

102 .02 .02 

104 .19 .21 .18 .09 .19 .17 

107 .os 

£!:Qxda1e 

1977a b 1978a b 

n 32 40 32 28 

p94· .03 .08 .06 .04 

100 .69 .73 .78 .82 

102 .03 

104 .25 .20 .16 .14 

107 

~vi ttop Park 

1977a b 1978a b 1979a b 

n 50 48 42 74 18 48 

p94 .02 .06 .10 .16 .11 .06 

100 .88 .79 .83 .73 .78 .83 

102 .04 

104 .10 .13 .07 .11 .11 .06 

107 .02 



i.l/o1.s:Ll"!stham 

1977a b 1978a b 1979a b 

n 40 50 54 48 66 72 

p94 .25 .28 .31 .35 .27 .28 

100 .65 .58 .56 .54 .sa .61 

102 .02 .02 

104 .10 .12 .13 .10 .14 .11 

107 

Holwick Coldberrv: 

1977 1978 1979 1977 1978 1979 

n 48 30 0 46 48 46 

p94 .08 .03 .48 .29 .22 

100 .81 .73 .41 .so .65 

102 .02 .02 .02 

104 .08 .23 .11 .17 .11 

107 .02 

bgne Va11e_y Alston 

1977 1978 1979 1977 1978 1979 

n 46 4.0 36 44 44 44 

p94 .20 .40 .14 .09 .07 .11 

100 .76 .so .83 .84 .89 .70 

102 .02 

104 .04 .10 .03 .07 .05 .16 

107 



St. John's 
Lanqdon Common Chaoel:_ Lag,9don Beck 

1977 1978 1979 1977 1977 

n 98 46 48 46 36 

p94 .15 .11 .06 .15 .14 

100 .69 .67 .78 .72 .69 

102 .02 

104 .13 .22 .13 .13 .17 

107 
I 

p89 .04 

Lana\vathb" 

1977b 1978b 1979a 1979b 

n 48 54 16 58 

p94 .08 .04 .os 

100 .85 .94 1.00 .90 

102 .01 

104 .04 .02 .05 

107 

\vearhead Knodisha11 

1978 1979 1977b 1978b 

n 56 28 34 36 

p94 .02 .07 .03 .06 

100 .91 .79 .72 .81 

102 .06 

104 .07 .14 .21 .14 

107 



Hart side Redbourne 

1977a 1978b 1979a 1977b 

n 46 8 48 16 

p94 .04 .08 .13 

100 .61 1.00 .71 .75 

102 

104 .35 .21 .06 

107 .06 

ESTER.t\SE --.a 
SAJ·.-IPLE SIZES AS ESTERASE 1 

plOO = 1.00 in all samples except: 

!2!:!£!1.£J1! Wolsingharo 

1977b 1978b 1979b 1977a 1977b 1978a 1978b 

p96 .02 .04 .03 .03 .06 .06 

100 .98 .94 .92 .98 .89 .96 .92 

103 .02 .os .04 .04 .02 

11Ql_s ,in_g~ Holwick f.Qldberry 

1979a 1979b 1978 1977 1979 

p96 .06 .08 .03 .07 .04 

100 .91 .92 .97 .93 .96 

103 .03 



b.ll!J£....Y&l ey Alston 

1978 1979 1978 

p96 .08 

100 .90 .97 .95 

103 .03 .03 .OS 

Langdoi!,_.£.q_~ 

1977 1978 

p96 .03 .02 

100 .96 .96 

103 .01 .02 

GOT- 1 

Sample sizes as EST-1 

plOO = 1.00 in all samples except: 

p35 

plOO 

p35 

100 

Durham 

1977a 

.os 

.95 

Coldberry 

1977 

.04 

.96 

l977b 

.05 

.95 

1978 

.04 

.96 

1978b 

.07 

.93 

Knodishall 

1978 

.06 

.92 

.03 

tvi tton Park 

1979b 

.02 

.96 

.02 

1979a 

.02 

.98 

Lune Valley 

1977 

.05 

.95 

1978 

.05 

.95 

1979b 

.04 

.96 



p35 

100 

p35 

100 

p35 

100 

Langdon_ Common 

1977 

.09 

.91 

1978 

.07 

.93 

~qwathby 

1977b 

.02 

.98 

1979b 

.OS 

.95 

1979 

.04 

.96 

St. John's Chapel 

1977 

.07 

.93 

\vearhead 

1978 

.04 

.96 

1979 

.04 

.96 

Knodisha11 Redbourne 

1977b 1978b 

.06 

.94 

.14 

.86 

.13 

.87 



-' GPDH-1: rare variants were present in the following 

freq•_l8ncies: 

Durham l977b pl02 = .04, l978b pl02 = .02 

vii tton l978a pllO = .07' l978b p102 = .01 

Coldberry 1977 pl02 = .02, 1978 pl02 = .04, 

Langdon Common 1977 pl02 = .os, 1978 p102 = .04 

~'iearhead 1978 pl02 = .01' pllO = .01 

Knodishall 1977b pl02 = .03 

G6PDH : rare va.ric.nts were present in the following 

frequencies: 

Coldberry 

Langdon Common 

Knoc1i sha.ll 

1977 plOS = .02 

1977 plOS = .03 

1977b plOS = .03 

1979 pl02 

ALDH: rare variants ·were present in the following fre.-:-:tuencies 

Alston 

Langdon Conmon 

1978 pl03 

1978 pl03 = 

.02 

.02 

= .o::: 
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App. 12 

Allelic frequencies at 22 loci in Pierinae 

Allelic frequencies in 23 samples are presented, at 

loci discussed in App. 9. Alleles are assigned to classes 

based on their electrophoretic mobility relative to the 

most common allele in ~..!..napi (s;ounples o:f which were run 

as s ta.nda.r ds} • 

The following notation abbreviates sample species or 

popul a.tions. 

P.n 

P.nb 

P.br 

P.m 

P.j 

P.v 

P.r 

Pr(2} 

Pr(3} 

Frc 

Pb 

Pb(2) 

P.c 

Pd 

A.c 

Artooeia napi. Co. Durham populations (summed) 

A.n.bicolc~~ from Oulu, Finland, 1978. (3.7.78). 

A.bryoniae 

A.mel~te 

A. lll) onica 

A.raoae 

1-\.ranae 

ex 

II 

II 

stocks of Bowden. 

II II " 
" II II 

ex stocks of C. G. Oliver (6) 
wild- s.:unple 

North Bramford, NewHaven Co., 

CT., U.S.!\. 28.4.79. 

Co. Durham 

Qormi, Malta 7/78. 

Asni, nr. l'-12-l=rak.esh, 1\!or.occo 5/78 

A.raoae crucivora I-Iokkaido, Japan 7/78 

Co. Durham 

Qormi, f\~alta 7/78 

E.!~ris cheiranthi Tenerife, Canary Islands. 5/78. 

~ia daolid_ice Asn i, \\·tor occo. 5/78. 

Co. Durham (summed) 

. ~ .. 



A.b 

A.s 

Ag 

Ze 

Ea 

Es 

A.belia 
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Ifrane, Middle Atla.s, l\1orocco. 4/78. 

Gates Canyon, Vaca Hills, Solano Co., 
California. 

ir•Jest Rock, NewHa.ven Co., Ct., U.S.A. 

4/79. 

6/5/79. 

Ze9£is eupheme If.r ane, I•iiddle Atlas, r>iorocco. 4/78. 

Euchloe ausonides 

Asni, Morocco S/78. 

Rc:mcho cordova, Sacramento Co., 
California, 4/79. 

Eb §!:!.£!.!1.2~ belemia Asni, f•iorocco S/78 



AK 

ALDH 

Pn f""ll b Pbr Pm Pj Pv Pe Pr(2) 

n 42 16 20 8 12 34 16 

p35 

100 1.00 1.00 1.00 1.00 1.00 .94 1.00 

110 

120 

n 

Pr(3) 

16 

1.00 

As 

6 

1.00 

Pn 

2260 

Pr3 

24 

As 

6 

Pre 

6 

1.00 

Ag 

12 

.92 

.08 

Pub 

22 

Pre 

6 

Ag 

12 

Pb 

30 

1.00 

Ze 

14 

1.00 

Pbr 

16 

Pb(2) 

16 

1.00 

Ea 

26 

1.00 

Pm Pj 

20 8 

Pb Pb(2) Pe 

84 28 10 

Ze Ea 

16 28 

all have p100 = 1.00 

except Pn p100 = .999 Pr plOO = 
p103 = .ocn pl12 -

Pe 

10 

1.00 

Es 

14 

.79 

.21 

Pn 

18 

Pd 

32 

Es 

14 

.96 

.04 

Pd: 

22 

1.00 

Eb 

24 

1.00 

Pr 

96 

Ae 

656 

Eb 

24 

Ae 

22 

1.00 

Ee 

10 

1.00 

Pr(2) 

32 

Ab 

20 

Ee 

22 

Ab 

14 

1.00 



ALD 

Pn 

n 42 

p36 

45 

52 

56 

100 1.00 

105 

Pr3 

16 

1.00 

Pab Pbr Pm Pj 

16 20 8 

.I 1.00 1.00 1.00 

Pre Pb Pb2 Pc 

6 30 16 10 

1.00 1.00 1.00 .so 

As 

6 

1.00 

Ag 

12 

1.00 

Ze 

14 

1.00 

.20 

Ea 

26 

1.00 

Pv 

12 

1.00 

Pd 

22 

1.00 

Es 

14 

1.00 

Pr 

34 

1.00 

Ac 

22 

1.00 

Eb 

24 

1.00 

Pr(2) 

16 

1.00 

Ab 

14 

1.00 

Ec 

8 

1.00 



FDP Pn PJ\b Pbr Pm Pj Pv Pr Pr(2) 

n 42 16 22 8 16 32 

p10 

33 

75 

78 

80 

100 .95 1.oo 1.00 1.00 .94 .16 

110 .os .06 

120 .84 1.00 

Pr3 Pre Pb Pb2 Pc Pd Ac Ab 

16 6 24 16 10 22 222 14 

.86 

.135 .07 

.860 

.005 .07 

1.00 1.00 1.00 .95 

.06 .OS 

.94 1.00 

As Ag Ze Ea Es Eb Ec 

6 12 14 26 14 24 8 

1.00 .08 1.00 .92 1.00 .92 1.00 

.76 .04 

.16 .04 

.04 

.04 



FUM Pn Pnb Pbr Pm Pj P\l Pr Pr(2) 

n 64 20 12 22 8 12 38 16 

p20 

so 
90 

100 .Cif7 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

108 .03 

120 

142 

Pr(3) Pre Pb Pb(2) Pc Pd Ac Ab 

16 6 30 16 10 22 26 12 

1.00 

.03 1.00 

.94 1.00 .97 1.00 1.00 1.00 

.06 

As Ag Ze Ea Es Eb Ec 

6 12 18 26 14 24 10 

.12 

1.00 

1.00 

.88 .86 1.00 1.00 

.14 

1.00 



G6PDH 
Pn Pnb Pbr Pm Pj p~ p~ Pr(2) 

n 2260 22 16 20 8 18 96 32 

p45 

48 

72 

91 .99 1.00 

100 .998 .99 1.00 1.00 1.00 1.00 

105 .002 .02 .01 

Pr(3) Pre Pb Pb(2) Pc Pd Ac Ab 

16 6 30 16 10 22 658 12 

.998 1.00 

.002 

1.00 

1.00 1.00 

1.00 1.00 1.00 

J=i,S Ag Ze Ea Es Eb Ec 

6 12 20 26 14 24 16 

1.00 
1.00 

.96 1.00 .96 1.00 

.04 

.04 

1.00 

~GPDH 
Pn Pn.b Pbr Pm Pj Pv Pr Pr(2) 

n 2260 24 16 20 8 18 122 32 

p97 

100 .991 1.00 1.00 1.00 1.00 1.00 .88 1.00 

102 .007 .04 

110 .002 .08 



Pr(3) Pre Pb Pb(2) Pc Pd Ac Ab 

24 6 80 24 ]_Q 32 656 20 

04 

1.00 1.00 .91 1.00 1.00 1.00 1.00 1.00 

.05 

As Ag Ze E~ Es Eb Ec 

6 12 18 28 14 24 16 

1.00 1.00 1.00 

1.00 1.00 1.00 1.00 



GOT-1 

Pn Pnb Pbr Pm Pj Pv Pr Pr(2) 

n :~280 50 16 18 8 20 142 32 

p25 

29 

35 

76 .024 .06 .23 .19 

9.2 

1()() .976 .94 1.00 1.00 1.00 .96 .77 .81 

120 .04 

132 

Pre Pb Pc Pd Ac 

6 44 8 6 656 

0.043 

0.006 

0.878 

0.064 

1.00 

0.009 

1.00 1.00 1.00 

HK-2 
Pn Pnb Pbr Pm Pj Pv Pr Pr2 

n 46 24 16 20 8 18 34 22 

p20 

68 

76 

82 

90 .12 

100 1.00 .88 1.00 1.00 1.00 1.00 .96 .95 

118 .24 .OS 



HK-1 

HK-3 

Pr ( 3) Pre Pb Pb(2) Pc 

20 6 34 18 10 

.20 

.85 1.00 1.00 1.00 .80 

• tlS 

As Ay Ze Ea 

6 12 18 28 

.07 

1.00 .83 1.00 .14 

.17 

.79 

Both loci n' s as above. 

Both loci plOD = 1.00 throughout. 

Pd Ac Ab 

34 42 18 

1.00 .os 

.78 1.00 

.17 

Es Eb Ea 

12 28 14 

.17 .14 

.09 

.74 .86 1.00 



LAP-1 

n 

p95 

100 

104 

108 

L.~-\P-2 

(n's 

PV' 

48 

.02 

.98 

Pr{3) 

28 

1.00 

as 
in LAP-1) 

Pn 

p90 

95 

100 1.00 

102 

105 

Pttb 

22 

1.00 

Pre 

6 

1.00 

As 

6 

1.00 

Pl\b 

1.00 

Pbr 

16 

1.00 

Pb 

38 

1.00 

Ag 

12 

1.00 

Pbr 

1.00 

Pm 

20 

1.00 

Pb{2} 

20 

1.00 

Ze 

20 

.10 

.90 

Pm 

1.00 

Pj Pv Pr Pr(2) 

8 16 48 28 

.02 

1.00 1.00 .96 1.00 

.02 

Pc Pd Ac Ab 

10 38 46 22 

.17 .36 

1.00 1.00 .83 .18 

.46 

E. a Es Eb Ec 

32 12 28 18 

.21 

.15 1.00 .36 1.00 

.58 • 64 

.06 

Pj Pv Pr Pr(2) 

1.00 .25 1.00 1.00 

.75 



Pr(3) Pre Pb 

1.00 1.00 1.00 

As Ag Ze 

1.00 

1.00 .75 

.25 

LAP-3 n's as above. All 

except Pd p95 = 
100 = 
108 = 

Pb(2) Pc 

1.00 1.00 

Ea Es 

1.00 .83 

.17 

have plOO = 

.08 

.87 

.05 

Pd 

.24 

.76 

Eb 

1.00 

1.00 

Ac Ab 

1.00 1.00 

Ec 

1.00 



MDH-2 

11 

ME-l. 

n 

p97 

98 

100 

ME-2 

Pn Pl\b Pbr 

68 120 16 

Pr{3) Pre Pb 

26 6 62 

As Ag Ze 

6 12 20 

all have p 100 = 

Pn Pt\b Pbr 

40 22 14 

1.00 1.00 1.00 

Pr3 Pre Pb 

16 6 30 

1.00 1.00 1.00 

As Ze 

6 12 14 

1.00 1.00 1.00 

Pm 

20 

Pb(2) 

20 

Ea 

28 

1.00 

Pm 

22 

1.00 

Pb(2) 

16 

1.00 

Ea 

26 

1.00 

Pj 

6 

Pe 

10 

Es 

12 

Pj 

10 

1.00 

Pe 

10 

1.00 

Es 

16 

1.00 

Pv 

12 

Pd 

32 

Eb 

28 

Pv 

16 

1.00 

Pd 

22 

1.00 

Eb 

28 

1.00 

n' s as t•IE-1 All have plOO = 1.00 

Pr 

84 

i\e 

44 

Ee 

12 

Pr 

64 

1.00 

Ac 

34 

1.00 

Ee 

12 

1.00 

Pr(2) 

22 

Ab 

20 

Pr{2) 

20 

1.00 

Ab 

14 

1.00 



PEP-1 

n 

p100 

110 

114 

PEP-2 

p32 

72 

78 

100 

116 

Pn Pr.\b 

48 22 

1.00 1.00 

Pr(3} Pre 

20 6 
1.00 1.00 

As 

6 

1.00 

Pbr 

16 

1.00 

Pb 

32 
1.00 

Ag 

12 

1.00 

n's as PEP-1 

Pn Pl\b Pbr 

1.00 1.00 1.00 

Pr(3) Pre Pb 

1.00 1.00 1.00 

Pm 

22 

1.00 

Pb(2) 

16 
1.00 

Ze 

18 

1.00 

Pm 

1.00 

Pb(2) 

1.00 

Pj 

10 

1.00 

Pc 

10 
1.00 

Ea 

28 

1.00 

Pj 

1.00 

Pe 

1.00 

Pv 

16 

1.00 

Pd 

28 

1.00 

Es 

14 

1.00 

Pv 

1.00 

Pd 

1.00 

Pr Pr{2) 

66 16 

.97 1.00 

.03 

Ac Ab 

44 16 

1.00 1.00 

Eb Ec 

28 12 

1.00 1.00 

Pr Pc{2) 

1.00 1.00 

Ae Ab 

1.00 

1.00 



As Ag Ze Sa Es Eb Ec 

.14 

1.00 1.00 

1.00 1.00 1.00 .86 1.00 

PEP-3 
Pn Pl\b Pbr Pm Pj Pv Pr Pr(2) 

n 46 22 16 22 10 16 42 16 

p39 

78 

100 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Pr(3) Pre Pb Pb(2) Pc Pd Ac Ab 

20 6 26 16 10 28 40 16 

1.00 1.00 

1.00 

1.00 1.00 1.00 1.00 1.00 

As Ag Ze E. a Es Eb Ec 

6 12 18 28 14 28 12 

1.00 1.00 1.00 1.00 1.00 1.00 1.00 



PMl 

Pn Pftb Pbr Prn Pj Pv Pr Pr{2) 

n 42 16 20· 8 12 34 16 

p80 

90 

100 1.00 1.00 1.00 J .• oo 1.00 1.00 1.00 

lOS 

Pr(3) Pre Pb Pb(2) Pc Pd Ac Ab 

16 6 30 16 10 22 22 14 

.36 

.64 .09 

1.00 1.00 1.00 1.00 1.00 

.91 1.00 

As Ag Ze Ea Es Eb Ec 

6 12 14 26 14 24 10 

.08 .28 .16 .20 

1.00 .os .08 

1.00 1.00 .84 .72 .76 .so 



6PGDH 

Pn 

n 48 

p48 

68 

75 

82 

100 1.00 

110 

112 

Pr(3) 

20 

1.00 

Pnb Pbr 

22 16 

1.00 1.00 

Pre Pb 

6 32 

1.00 1.00 

As Ag 

6 12 

1.00 

1.00 

Pm 

22 

1.00 

Pb(2) 

16 

1.00 

Ze 

18 

.78 

.22 

Pj Pv Pr Pr(2) 

10 16 66 16 

1.00 

1.00 1.00 1.00 

Pc Pd Ac Ab 

10 28 44 16 

1.00 1.00 

1.00 1.00 

Ea Es Eb Ec 

28 14 28 12 

1.00 1.00 

.79 

1.00 .21 
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The Genetics of EST-1 in ~ap! 

Allelic variation at EST-1 was confirmed by rearing 

families of fhnapi. Pairings were achieved by mating 

virgin females reared from larvae; the male was killed 

after successful copulation, as was the female once eggs 

had been laid. Both adults were then subjected to 

electrophoretic analysis as were offspring on their 

emergence. The results of these experiments are given 

below. 

Parental 
phenotypes 

Fi phenotypes 

Expected numbers 

Observed numbers 

Cross_g 

Parental 
phenotypes 

Fi phenotypes 

Expected numbers 

Observed numbers 

100/100 (~) 100/104 (<f)-

X 

100/100 100/104 

23.25 7.75 

25 6 

100/100 (~) 100/104 (0) 

X 

100/100 100/104 

16.5 5.5 

18 4 



f~s 3 

Parental 
phenotypes 

Fi phenotypes 

Expected numbers 

Observed numbers 

Parental 
phenotypes 

Fi phenotypes 

Expected 
Observed 

94/94 (~) 

94/94 

17.5 

20 

100/100 (~) 

100/100 

28 

X 

X 

100/94 (8') 

100/94 

17.5 

15 

f' 
100/100 (0) 

All 4 crosses were between animals homozygous at EST-2 

and GOT-1, as were all offspring. 

Population samples were in agreement with the predictions 

of I-Iardy-t·veinberg distributions, with the exception of 

samples from Wolsingham in 1978 (1st brood) and 1979 (1st 

brood), at Hartside in 1977 and Durham in 1979 (1st brood). 

In all these cases heterozygotes were less abundant (n.s.) 

than predicted. This may have been the result of mixing 

within a sample animals derived £rom different r>opulations 

(The vJahlund effect}. 
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App. 14 

§Y-ste~atics anQ_ClassificatiQn_of Pierinae 

The \vhite and Orange-Tip butterflies are a group which 

has been studied repeatedly by taxonomists and is the cause 

of much controversy yet. Some a.uthors regard the two basic 

subdivisions, discussed in this thesis as the tribes 

Pierini and Euchloini, as worthy of sub-Familial rank, 

equal to the status of Rhodocerinae ('Yellows'), for 

instance Klots (1931) and Higgins (1975). However, the 

two groups are clearly closely related in some taxa (such 

as Pontia and ~}lee), as noted by Verity (1947), and 

intermediates occur (such as Colotis). It is preferable 

to retain the two tribes within a single Sub-Family, as 

in Ehrlich and Ehrlich ( 1961). 

It is within tribal groupings, however, that most 

controversy exists. In this section I shall briefly 

discuss the current status of each taxon used in the text. 

Within Pierini, there is great disparity in generic 

usage, Most American authors persist in using Pieris for 

a wide range of species including r apa~, napi, virginiensis, 

beckerii (= chlor~dice), sisymbrium and E£Qto~ (= ca11idice). 

J~rlost other authors have sp1i t this heterogeneous group into 

several genera. Thus Talbot (1932), Dixey (1932) and 

r•lariani ( 1937) split the genes Pier is into 4, 2 and 3 

genera respectively. Klots (1931) and Verity (1947) 

retained these subsidiary groups as subgenera, whilst 

Bernardi ( 1947) recognised some a.s genera (e. g. Pon!_ia) 
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but retained others within Pieris, although recognising 

that this genus remained heterogeneous. Most authors 

(e. g. Higgins and Riley, 1970) currently recognise three 

genera as follows: 

Pieris 

brassicae 

rapae 

mannii 

napi 

ergane 

virginiensis 

melete 

krueperi 

canidia 

Ponti a 

daplidice 

chloridice 

Synchloe 

callidice 

However recently many authors have felt it desirable 

to recognise the di.fference between r.brassicae and other 

species members formerly in Pieris. Kudrua (1974) summarised 

the grounds for doing so, and emphasised the distinctness of 

P. brassicae from most related species, in androconial shape, 

male genitalia, chromosone number and other characters. He 

proposed the genus name ~togeia for other members of ~is, 

in accordance with Verity's ( 1947) subgenera, and in agree

ment with that author's and with Klot's (1931) retention of 

brassicas. as the type of Pieris. Pieris is accordingly now 

restricted to !?rassi..£.2_~, br a§_§iCQ.;ides and cheir~thi, with 

nap,i as thE! designated type of ~,log_ili. This usage, 

favoured by Higgins (1975) and others, is retained through-

out this thesis. 
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~.Vi thin the genus Pier is, in the restricted sense 

currently accepted, there is an interesting example of 

speciation via geographical isolation. Upon the Canary 

Islands has evolved a distinctive isolate of P.brassicae -

P.cheiranthi, which is unusual in feeding upon Tronaeoleum, 

as opposed to Cruciferae, and which is distinct from 

!':..!.brass~~ in androconial and genitalic shape, as well 

as by heavily increased pigmentation. On the Azores and 

Madeiran Islands occur superficially similar forms 

( azorensis and wollastoni) which are, however, little 

different from P. b1;_.:.ssic,1e brassicae. Kudrna ( 1973) felt 

that all the differences of P.cll_g_ir_~thi were sufficient 

to raise it to specific status, a procedure which has been 

followed here, but which has not yef found general approval. 

Certainly P. cheiranthi is very close to ~-· b~_§>ic~ and 

might best be regarded as a sibling species. 

~·Ji thin Artogeia, several groupings of species are 

apparent. One, including A. r apae, A.mannii ar.d A. canidia , 

are clearly rela.ted, although superficial resemblances may 

be deceptive. A.erqane is very alike in appearance to 

~.ra12ae, but is in fact derived from an A.napi like ancestor. 

In {h.£.~..!!§., n = 26, as in many ~Pi populations; 

A. ergane and A.napi also show many similarities of genitalia, 

and androconial structure and scent (Lorkovic, 1968, 1974). 

A.e!_g~ is also very unusual in being monophagous as a 

larva, feeding only upon Aetpi~~~ in moDtane areas. 



291 

Its larvae are likewise distinct in being blue, as opposed 

to the typical apple-green of other t\ltogeia. 

Other species closely allied to A.napi include 

A.virginiensis, a univoltine species monophagous upon 

.Q_en}:aria spp., ·which flies sympatrically with Nearctic 

A.napi and may form inter-species pairings (Chew, pers. 

comm.). Closely allied also is A.melete of Japan, which 

however have sterile F'i crosses to napi in the females 

(Bov,rden, 1975), with much chronosomal disturbance (Lorkovic, 

1974). Extremely simil.=,r in appearance to A.M_lete is 

A.japonica, originally recognised as distinct from A.melete 

by Shirozu (1952). Until recently :&_~J~\RO_!ldf:~ has been 

regarded as a subspecies of A.na2!, but Bowden has 

demonstrated that it is not in fact conspecific with A.n.napi, 

but will interbreed with A.n.nesis, also from Japan. 

He therefore raised A._j aD£!lica to specific rank, to include 

A • .i:...!?.~:h.~· However, thllP..Q...llica may yet prove to be 

conspecific with arwther Far-Eastern taxon, A._n. dulcinea, 

which has priority (Bowden, pers. comm). 

The diffentiation of other taxa within A. napi, 

particularly f..bryoniae, A.n.bicolarata and A.n.thomsoni 

are discussed in the text. 

Within Euchloini, there has similarly been controversy 

over the specific status of some taxa, notably the several 

Nearctic members of the Euchloe ausonia complex (Opler, 1966). 

Klots ( 1930) completed a generic revision of the Tribe, and 

recognised the distinctness of Zegris, particularly its 
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habit of pupating in a rudimentary cocoon. Hm11ever he 

recognised its similarity to some Euchloe, particularly 

~.olympia. Dixey (1932) went further and placed olyrnnia 

within Ze£lFis. \:Jhether Q.l.Y!!l.J?.ia is in fact near to ~~gr~...§. 

is debatable, since essentially superficial characters 

were used. Unfortunately, although material of !h.,Q!,Y.mpia 

was obtained, it a:r:r:i.ved too latP. for electrophoretic 

analysis which may have illuminated this point. 

For a long period 1nany authors used the generic name 

fu.lchloe indiscriminately to cover all species nmv within 

Anthocharis and Euchloe; Klots ( 1930) gives details. It is 

undoubtedly correct to regard then as sepa.rate genera a.s 

confirmed by the distant chromosomal identity inferred from 

the results of Lorkovic ( 1974). l,vithin Anthof.bJ~.ris, Klots 

recognised two subgenera A~_1:_hoch_ari_.§. (to include ~.damines, 

~' belia, ~~A' etc.) ru1d Falcapi~-~ (to include genutia, 

bieti, lanceolata and scolymus). 

,,vi thin ~ucg]:..Q.£, Klots recognised two subgenera, ~uG._hloe 

and :\i!2!!j.n:u_g_pia. Iviost species he referred to the former, 

to the latter only tag~.§. v.nd charlonia. Bernardi (1945) 

however removed E. f_9-lloui from §."!:!.f.h19~ to ~12.hi_I_:J.s-~_on ia 

on the grounds of male genitalia similarities. These 

results are surprising in view of the close similarity 

between ~sonia (subgenus Euc11~oe) an.d E._:tagis and 

between E.be_l_~lllj..a (also Euchloe) and E.fall~Ui. It 

may be that genitalic characters are giving spurious 

groupings within Euchl<?~.· Higgins and Riley ( 1970) retain 
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E.tagis (and the sibling species E.pechi) within the genus 

Euchloe, but regard E.!.£parl~nia as sufficiently distinct 

to warrant generic status. This procedure is followed 

here. 

It is not a safe procedure to place over much confidence 

in electrophoretic results for taxonomic work. Although 

in general agreement with conventional taxonomy is good, 

exceptions occur. A particular drawback is that the 

characters provided by enzyme phenotypes would be · 

ideal for cladistic approaches, except for the total 

lack of knowledge as to ancestral types. Thus only 

distantly related animals might be viewed as closely 

similar due to both possessing ancestral isozyme patterns. 

Nevertheless the r;::sul ts of Chapter 4 do bear close 

resemblence to the relationships outlined above. Pierini 

and Euchloini are readily distinct from one another, 

although some similarities do exist, notably between 

~!1loe spp. and P.daplidice, especially at GGPDH. This 

similarity could represent retention of ancestral types 

or convergence or both, or it could indicate that EQn!i~ 

and Euchloe and perhaps closer than currently acknowledged -

as both Verity (1947) and Higgins (1975) have felt. 

Tab. 3 of Chapter 4 places P.bf_'2:.§.Sica~ closer to ~~!!P-..2.! 

thc:m that taxon is to A.rapae. This is undoubtedly partly 

an aberrant result - some of the discarded loci (e.g. SOD) 

linked the Artogeia species together. Nevertheless the 

small degree of difference bet, .. -..,een subtribal groups (E,ie!_is V 

Artog£ia spp; EtJchloe spp. V. ElQhir~~!Q.nia) when compared 
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with congeneric species, (D is less for subtribal groups. 

J) = 0.120 as opposed to 0.206) may indicat1~ that one if 

not both of these groups is over-split. 

The relative distinctness of E.ausonides from 

E. ausonia may or may not indicate that the two taxa are 

specifically distinct (see discussion of Chapter 4 for 

the merits of using electrophoretic methods to assess 

specific status). This must await further study, 

particularly breeding experiments. 

Finally, one sug9e:-~stion that has been made repeatedly 

is that Pierini and perhaps Euchloini as well are involved 

in fvlullerian mimetic complexes, and have evolved 

superficial resemblances for this purpose. This suggestion 

would certainly go a lon9 way towards explaining the 

surprising convergence of some disparate taxa such as 

A.rapae and ~~~r~ane, and explaining sexual dimorphism 

in some Anth.QCll_eris (Chapter 3) 

Early work on the evolution of mimicry proved that 

birds attacked some betterflies, and that butterflies 

varied in their acceptability to such predators (e.g. 

Morton Jones, 1934; Carpenter, 1937). Marshall and Poulton 

(1902) recorded some African Pierinae as a posematic, and 

suggested that Holarctic reprE~sentatives might equally be 

distasteful. This suggestion has been slow of acceptance. 

Col thrup ( 1913) for insta .. Tlce recorded Sparrows 'toying' 

with &.!.rapae (i.e. tasting and rejecting the butterflies) 

for 1 sheer devilment 1 , but felt "! should be very sorry to 



295 

at t:r ibute the rejecting of A. r apae to distastefulness". 

Shapiro ( 1974) discussed the incidence o:f beakmarl<s 

on some common butterflies and recorded a very high 

incidence of such marks in U.S.A. A.rapae populations. 

In the present study, some beakmarked individuals ,Nere 

found, including one A.raoae at \vitton Park in 1978 which 

had evidently been 'tasted' and lost or released (the 

thorax of the insect was pierced). Other authors such 

as iV!arsh and Rothschild (1974), Aplin et al (1975) and 

Pettit et al (1977), have shown that Pieris and Artogeia 

may have biologically active chemicals, possibly 

sequestered from larval host plants, which may act as 

deterrents, but experimental proof has been lacking until 

the recent elegant work of Pough and Brower ( 1977) oh the 

related Ascia ~uste. 

Some preliminary results were obtained in the present 

study using captive predators. It was found that hungry 

Dunnocks (Prunella modularis) a..nd some starlings (Sturnus 

vulgaris) would take individuals of any Pierinae species 

offered (specimens from the deep freeze), although other 

starlings would greet P. brassiCC!;_g especially with alarm 

calls. A few experiments were carried out using the methods 

of Pough and Brewer, withJackdaws (Corvus monedula) as 

the captive predatoJ~. These experiments involved offering 

the predator a choice between the hypothesised distasteful 

species a.ncl a 1m own palata.bl c~ butterfly species, after 

allowing the bird to become familiar with each butterfly 
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type. By offering birds a choice, one overcomes problems 

caused by indi•;idual personal:t ty (as in starlings) and 

physiological states (e.g. hunger differences). If 

palatable prey are uneaten, then clearly the predator is 

"of£ -cc)lour". The critical experimental measure is the 

ratio of unpalatable to palatable specimens taken. 

Two Jackdaws were succes~;fully trained in captivity. 

One was allowed to exr.'lerience P. brassicae and Maniola 

jurtina (presumed palatable), the other experienced 

fu.!.~ and :\'i. jurtina before commencing the experiment. 

Bir~ §i!._d 2 

No. f-L. jurtina offered 17 18 

No. attacked 14 15 

No. eaten 14 15 

No. P.brassicae offered 18 

No. attacked 10 

No. eaten 0 

No. A.rapae offered 17 

No. attacked 14 

:No. eaten 12 

Bird 1 subsequently attacked but refused to eat 2 P!..hf..assicae. 

Bird 2 attacked and ate 2 A. rapae and a :female lh.£~~rdami!!£.§.. 

From these Tesults it is apparent that t!1ese Jackdz.ws did 

not find 1:\_o:_L.~a~ distasteful. I'!or did Bird 2 show 

sigr1ificant evidence of learning within the short confines 

of this experiment, but contint.~ed to attack most 1Nhite 
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butterflies presented, despite the evident distastefulness 

of E..!..brassicae. 

Clearly the hypothesis of Batesian or quasi-Batesian 

mimicry of E:.£~ic~ by A. !:_~]2.~, A.napi and fu_£ardamines 

is far from corroborated. Nevertheless the hypothesis 

does offer one explanation of the surprising superficial 

resemblence of Art~geia, E,!,g_;j . ...§. and fu:l£hloe, if white 

colouration is a signal to birds of distastefulness. That 

th{'~ white colouration of Pierini rrlight be confusing as to 

identity is established - the bird-orientated Erl\-St Jv1ayr 

felt ( 1942} that the 3 common species of Pieri.§_ were 

:familiar ex.::unples of sibling-species - which they most 

certainly are not. 
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In Chapter 5, Slobodkin and Rapoport's (1974) criticism 

of the 'adaptive' viewpoint in speciation studies was 

noted. A number of other authors have recently felt 

compelled to challenge the accepted methods of 

evolutionary science, as being tautologous, historical 

or leading to untestable hypotheses. Platnick ~1978) £or 

example, criticised the~ E.Q_2!eriori methods of phylogenetic 

reconstruction as 'historical narratives', whilst Gould 

(1978) for similar reasons attacks sociobiologists for 

telling 'Just So Stories'. Peters (1976, 1978) used 
- -

somewhat similar arguments to attack most current 

ecological theory as tautologous. These charges have 

prompted a number of defences of evolutionary theory in 

systematics (Dottlning, 1978) and ecology (Stebbins, 1977; 

Caplan, 1977; Castrodeza, 1977; Hairston, 1979). However 

with most authors addressing different problems confusion 

is now typical. 

In this brief discussion I shall attempt to isolate 

those issues concerning natural selection and the methods 

of evolutionists which are major problems, by reference to 

the most influential (Popper) and effective {Lew.ontin) 

critics and defenders (Maynard Smith). 



11 1 have come to the conclusion that 
Darwinism is not a testable scientific 
theory, but a metaphysical research 
progr alllme •••..•.......•....••..••• 
•••... Adaptation or fitness is 
defineg by modern evolutionists as 
survival value, and can be measured 
by actual success in survival: 
there is hardly any possibility of 
testing a theory as feeble as this." 

K. Popper. 'Unended Quest', 1976. 
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These quotes are often used to suggest that Popper, 

the foremost advocate of deductive scientific method, 

regards evolutionary biology as unscientific. However, 

as shown below, he has in fact made progress to solving 

some of these problems, but is particularly hampered by 

his lack of familia.ri-ty wit-h- modern genetics (as shown by 

Ruse, 1977). Evolutionary Science to Popper is the 'New 

Synthesis' of Huxley ( 1942) (p. 170, 'Unended Quest'). 

By contrast, a prominent population geneticist, 

Lewontin, has also launched a number of attacks on 

evolutionary methods in some fields (Lewontin, 1977, 

1977, 1978). His criticisms are particularly levelled 

at evolutionary ecologists who participate in the 

1 adaptationist programme', which Lewontin regards as 

intending to prove adaptation by repetitive example 

(as in the earlier field of ecological genetics). 

The essentials of these criticisms are then that 

adaptation and natural selection are tautologous 
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statements* and that the underlying principles and 

particular hypotheses of evolutionary studies are 

untestable. The problems of historical science, which 

Popper opposes, are not fundamentally at issue here, 

and have been discussed satisfactorily elsewhere (Olding, 

1978), and I agree with Domning: 

"Discovery of the historical details of 
past selective pressures, though perhaps 
difficult or impossible in a given case, 
is both possible in principle and a logically 
separate problem anyway. 11 

It is also important at this point to avoid the 

confusion caused by the Spencerian term 'survival of the 

fittest', which is undoubtedly a tautology. Although the 

term is not favoured by current evolutionists, some critics 

(e.g. Brady, 1979) have used it as a straw man to attack. 

In actuality, the fact that some £: posteriori arguments 

have been used in evolutionary studies does not mean this 

is always so. 

Maynard Smith (1978) in his clearly stated defence 

of optimality arguments surrounding adaptation recognised 

that three classes of assumption were routinely made , 

concerning the heritability of, and constraints upon 

characters under consideration, together with their 

*Formally, tautologous statements are those from which 
no other statement is deducible. However, in common 
usage, tautology means 1 saying the same thing twice', 
and it is in this sense that it has been most frequently 
used in relation to natural selection. 
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relationship to fitness.* The essential point of 

t-1aynard Smith 1 s defence is tha.t it is these ce!_£_fis 

parib\.!2, assumptior.s which are at test in optimality 

arguments rather than the general theorem of natural 

selection. Falsifying any particular adaptationist 

argument does not falsify natural selection itself. 

Similarly evolutionists routinely distinguish other 

evolutionary pathways than natural selection, such as 

prcadapta.tion (as in the use of only young A.ll_iaria 

petiolata inflorescences by A.c~d~ine~), mutation, etc. 

There is no 'adaptationist programme' aimed at proving 

the generality of adaptation. 

As shown by Brady (1979) the current debate has 

polarised opponents over two quite separate issues: 

"Critics have worried about the 
formulation of tests, defenders, 
about the formulation of the theory." 

Brady, 1979. 

Considering first the theor~ of natural selection, 

Brady asked when, if £_eteri s par.ibus are usually tested, 

is the principle of natural selection itself under test? 

I contend that in fact it is never tested, and is in 

----------
*Lewontin ( 1977) and Brandon ( 1978) make similar 
points. 
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1 
fact untestable.* As noted by Brady, a favourite ~Q h9.£ 

defence to the charge of tautology is to retort that 

mathematics is also tautologous. He quoted Haldane 

(1935) as stating: 

"The phrase ''survival of the fittest' is 
something of a tautology. So are most 
mathematical theories. There is no harm 
in saying the same truth in two ways. 11 

J. B. s. Haldane, 'Darwinism under 
Revision', 1935. 

Brady suggests that Haldane here missed the important 

distinction betVJeen deductive (e.g. mathematical} truths 

and those aimed at causal explanation. In fact the phrase 

'survival of the fittest' is at fault, since it implies 

such a causal approach. Haldane was, howc:?ver, uri.ao\.\otedly 

using it as a form of shorthand for a more precise genetic 

*2 argument and was making the simple point that, at the 

genetic level, natural selection does approach mathematics 

(or better, arithmetics). Given two types of replicator, 

replicating at different rates, then at any point in the 

future the type which replicates more often will be more 

numerically abundant. This statement is not testable in 

--------·------------------·--------------------------
*1 Untestable, that is beyond the suggestion that 

environmental influences can affect gene frequencies. 

*2 This perhaps regrettable approach may have been .fostered 
by the need for evolutionists at this time to emphasise 
the unity of evolutionary science, and to reconcile 
genetics with the natural selection of the naturalists. 
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the normal sense of the vmrd, and no other statements 

are deducible from it (i.e. it is a formal tautology). 

Moreover it is not restricted to biological replicators 

(genes, chromosomes, genomes) but to all replicators in 

~circumstances. Popper. (1976) himself recognis8d this: 

"Darwinism becomes not merely applicable, 
but almost lo9ically necessary in 
situations of self-reproducing variable 
bodies." 

Natural selection then is not a testable theory*, 

but rather has at its base an arithmetic rule, which leaves 

the empirical description of factors affecting rate of 

replication to the observer. 

As Brady points out, the most serious criticisms of 

evolutionary thought, although framed as attacks on 

theory, are really critical of methods - r.1ayna.rd Smith 

showed that this typically meant the quality of ceteris 

2ariQ~ assumptions. On this point Lewontin (1977) 

singled out the problem of assumptions regarding fitness -

reL::.tcd characters, and showed that optimality studies 

often made great assumptions here. However, this is not 

always the case. In Section 2 ix is shown an optimality 

model concerning oviposition behaviour in ~£2rdamines 

------------------------------------
*This view is not shared by some, e.g. Maynard Smith 

(1978). 
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which is constructed directly in terms of offspring 

number. 

!\'lore importantly, Lewon tin points out the tendency 

to explain away unpredicted results with ad hoc 

arguments. Wasserman (1978) and Gould (1978) make 

similar points, whilst Wilbur, in criticising the 

field of behavioural ecology, as exemplified by Krebs 

and Davies (1978) said: 

"The !!!Odus operandi of the behavioural 
ecologist, like that of the ethologists 
before, seems all too often to be -
mal<e field observations first, compare 
populations or species, reflect for a time 
and then construct a plausible explanation 
for the observations that is consistent 
with the latest evolutionary theory." 

Wilbur·, 1979. 

Certain procedures may allevi~te these problems. 

Several authors have felt that such problems arise from 

an insufficient base of knowledge of the particular 

species before hypotheses and models are constructed 

(e.g. Lewontin, 1977). Similarly, Dayton (1973) 

discussing the disadvantages of simple models in ecology, 

felt that the only way to guard against making the 'right 

prediction for the wrong reasons' is to 'obtain a thorough 

understanding of the relevant natural history . .1. Again, 

Stanton (1979) has made the valid point that studies of 

foodplant exploitation in Pieridae usually ignore the 

limits to discrimination by oviposi ting females. (In 
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Chapter 2 it was sho\m that such physiological limits 

may be very important in determining oviposition by 

A. cardel!!!ines). 

These observations therefore suggest that a 

Baconian collation of data is necessary in evolutionary 

studies, where several plausible mechanisms for evolution, 

and typically several adaptive explanations are possible. 

Baconian methods are also implicit in the testing of such 

hypotheses. The concept of 'evolutionary stable 

strategy' (E.S.S.) makes this particularly clear; for a 

strategy to be considered stable, alternative strategies 

must be specified. Implicit in this statement then is 

the need for the method of 'strong inference' (Platt, 

1964) and the setting up of many opposing hypotheses, 

as has typically been attempted throughout this thesis. 

This appears to be the consensus position also: 

"It is becoming the received view in 
the philosophy of science that hypotheses 
are not evaluated in isolation, but rather 
in comparison with rival hypotheses." 

Brandon, 1978. 

Ecologists such as Holling (1965) and Wilson (1975) 

have also recognised the need for the method of strong 

inference to distinguish between hypotheses, and Holling 

in particular has emphasised that the only rigorous test 

of a hypothesis is one which distinguishes between it 

and its rivals. 



Finally, it is worth emphasising that of all 

evolutionary arguments, those concerning strategies 

are most open to abuse and, used ~ £Q~te~iori, may 
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even be used to explain aw-ay results entirely contrary 

to those predicted (e.g. Rausher, 1979). Given the 

fact th~t arguments concerning strategies also often 

unwittingly use group-selection scenarios (e.g. Levins, 

1968) and the notion that oligophagy in A.c~£damines is 

a result of foodplan t unpredictability) it is apparent 

that such hypotheses are best considered in the light of 

competing hypotheses. 
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